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Argumentation cannot suffice for the discovery of a new work, since the subtlety of
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ABSTRACT

The mechanism of enzyme regulation through conformational changes is a key pattern
in governing cell behavior. In this thesis the focus is on three protein complexes that reflect
how protein activity can be regulated by different effectors. Different spectroscopic
techniques, like IR and Raman spectroscopy, were used is order to follow the secondary and
tertiary conformational changes in protein structure to identify their roles. The first protein of
interest was PDZ1 from MAGI-1, involved in cellular signaling. This scaffold domain is
known to interact with the E6 protein from HPV16. It was demonstrated that the different
conformational states and their affinities to the C-terminus of the viral protein is regulated by
the dynamics of the hydrogen bonding network formed by the connection of specific amino
acids in three regions of the protein. Study of mutations around the C-terminal area of the
protein and the PC strand were performed; demonstrating that both regions are crucial for
assembly of the hydrogen bonding network to stabilize the substrate binding. These results
leads to conclude that the pathogenicity and prevalence of a particular virus like HPV16 is in
its ability to build a stronger hydrogen bonding network in comparison to the natural binder.
The allosteric model and the “shift population” model agree that, upon binding,
conformational changes distant from a carboxylate binding group might be the key to
understanding the binding dynamics between the PDZ domains and the viral proteins.

The second protein of interest was a model that constitutes a small scale prototype of
the conformational changes observed in more complex proteins; it is a short Copper-binding
peptide, the amyloid-beta peptide, known to be involved in Alzheimer’s disease. The
objective with this model was to describe the effect of histidine ligands in the metal centers
upon Copper (Cu) reduction, a key electrochemical reaction in the development of
Alzheimer’s. FTIR difference spectroscopy showed two different spheres of coordination for
Cu(ll) and Cu(l). The major changes in the structure are dominated by the contribution of the
imidazole ring of His residues (His6, Hisl3 and His14), in addition to Aspl and Tyrl0
residues. Changes in the coordination geometry could be key to the pH-dependency of the
aggregation observed in the presence of Cu(l). Accordingly, it can be suggested that the
formation of the fibrils observed in Alzheimer’s patients is not only triggered by the presence

of Cu but it is strongly affected by its redox state.



The last system of interest was a metalloprotein, the NADH:ubiquinone
oxidoreductase (complex 1), which plays a key role in the cellular bioenergetics. This protein
bears several Fe-S clusters and one flavin and its activity is regulated by the energy produced
by a bound substrate and the electron transfer of its cofactors. The metal ligand-vibrations of
the cofactors are described in their oxidized and reduced states. Using electrochemistry
coupled to FTIR, Resonance Raman and Fluorescence spectroscopies, the investigation of
complex | led to the conclusion that the properties of the metal centers are dictated, to a large
extent, by their surrounding environment. In addition, changes in the conformation of the
protein have a high impact on their redox properties and by the same token on the proper
function of the protein. Furthermore, site-direct mutagenesis was used to probe the properties
of N1a and N2. Besides the metal cofactors, this study proved the presence of a new quinone
cofactor located close to the membrane domain.

Based on these studies, it is evident that the regulation of protein function through
conformational changes is ruled by different factors where the effectors usually target specific
amino acids that trigger a cascade reaction through other regions or domains of the protein.
An interesting fact obtain from the result summary is that the far infrared region can become a
new approach for the study of protein function. This work adds evidence that conformational
transitions are more widespread than previously thought and that structural plasticity is
essential for the biological activity of proteins.



RESUME

Le mécanisme de régulation des enzymes a travers les changements conformationnels
est un processus clé dans le contréle du fonctionnement cellulaire. L'un des procédes, les plus
fondamentaux, l'instant fascinant biologiques est le pliage d'une séquence linéaire d'acides
aminés dans la structure tridimensionnelle d'une protéine fonctionnelle. La capacité des
protéines a se replier en structures uniques et pour genérer un large éventail de fonctions
dépend directement de la séquence d'acides aminés et sur les interactions moléculaires entre

chacun des acides aminés et de leur environnement.

Une protéine fonctionnelle doit étre plié dans la "forme active™ a droite. Néanmoins, il
arrive que, sous certaines conditions, une protéine mal repliée devient une "forme inactive".
Trés souvent, ce repliement conduit a un dysfonctionnement cellulaire et la réaction
biologique indésirable peut arriver. Dans les cas extrémes, le mauvais repliement des

protéines peut conduire a des modeles cellulaires qui sont traduits dans les maladies.

Il existe de nombreux mécanismes par lesquels les activités des protéines sont
contr6lés. Les plus couramment décrit un est par la liaison de molécules effectrices, qui
fonctionne souvent en induisant des changements conformationnels qui produisent des formes

inactives ou actives de la protéine.

Cette thése est focalisée sur 1I’étude de trois complexes protéiques qui reflétent
comment D’activité¢ de protéines peut étre est régulée par différents effecteurs. Pour cela,
différentes spectroscopies ont étaient utilisées pour suivre les changements conformationnels

des structures secondaire et tertiaire d’une protéine.

Spectroscopie de vibration est le terme générique utilisé pour décrire des techniques
d'analyse qui permettent d'analyser les vibrations des obligations. Les plus couramment
utilisés sont l'infrarouge et la spectroscopie Raman. Les deux techniques sont
complémentaires caractéristique fournissant des vibrations fondamentales qui sont largement
utilisés pour la détermination et I'identification de la structure moléculaire et capable suivent

interactions moléculaires.

Les vibrations IR et Raman sont généralement caractérisés par leur fréquence
(énergie), l'intensité (caractére polaire ou polarisabilité respectivement), et de I'environnement
des obligations; comme l'agencement géométrique, la présence de groupes fonctionnels et la
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résistance de la liaison elle-méme 10. Etant donné que les niveaux d'énergie de vibration sont
uniques a chaque molécule, I'IR et le spectre Raman fournissent une "finger print" pour un

type particulier de molécule.

Comme l'objectif de cette thése est de caractériser les systemes de proteines différentes
ou la fonction de la protéine est réglable via des interactions moléculaires avec une

extrinséque et / ou I'agent intrinseque. Trois systeme différent a été choisi.

La premiére protéine d’intérét est PDZ1 de MAGI-1, impliquées dans la signalisation
cellulaire. Les domaines PDZ ont été initialement caractérisés comme un séquence de 90
acides aminés répétée de trois protéines différentes appartenant a la famille MAGUK: un
humain PSD-95 située dans les densités postsynaptiques de neurones, une protéine
cloisonnées de jonction Drosophila: disques grande DLG et ZO-1 et un protéine de jonction
serrée présent sur la surface de la membrane cytoplasmique. Les protéines PDZ sont
généralement ciblés lors de I'infection par différents virus avec des cycles de réplication bien
distinctes. L'association de certains PMP virales avec les protéines PDZ entraine une perte de
la fonction de PDZ, soit par le biais de la dégradation par le protéasome ou des changements

dans le contréle de conformation des protéines clés dans les structures cellulaires.

Dans cette étude, les résultats de l'interaction entre PDZ1 et de petits peptides qui
imitent la protéine virale suggéré, que les différences d’affinités sont directement corrélées
aux liaisons hydrogene, ce qui mene a conclure que la pathogénicité et la prévalence d’un
virus particulier comme le HPV16 sont liées a son habilitée a former un réseau de liaison
hydrogene trés solide comparé au substrat naturel. Le model allostérique et que le de “shift
population” sont en accord que, lors de la coordination du substrat, des changements
conformationnels loin d’un carboxylate, sont la clé pour la compréhension de la dynamique de

liaison entre la PDZ et la protéine virale.

En particulier, cette étude de these de l'interaction de PDZ1 domaine de MAGI-1 et la
protéine E6 du virus du papillome humain 16. Les PDZ motifs de reconnaissance de domaine
encodés en haute risque papillome humain Virus (HPV) sont la cible de diverses protéines
cellulaires via la protéine -les interactions protéiques. Il est important de noter que le «risque
élevé» reste virus HPV qui agissent comme l'agent étiologique des cancers du col, il s'agit
notamment de HPV16, HPV18, HPV31l et HPV45. Leur potentiel oncogeéne repose sur
I'action coopérative de deux produits de genes viraux précoces, les protéines E6 et E7; Ces
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protéines sont connues pour se lier a de nombreuses protéines et de modifier I'activité du cycle

cellulaire, ayant un réle direct dans le développement et le maintien de I'état malin

Comme résultats, il a été démontré que les différents états conformationnels et leurs
affinités vis-a-vis le C-terminal de la protéine virale sont régulées par la dynamique des
liaisons hydrogene formées par un réseau qui connecte des acides aminés localisés dans les
trois domaines de la protéine. L’étude de mutations aux alentours du C-terminal de la protéine
et de la chaine BC était réalisée et elle a démontré que les deux domaines sont critiques pour

I’assemblage du réseau des liaisons hydrogene afin de stabiliser la coordination du substrat.

En outre, le dernier modeéle allostérique, le modéle de la «shift population», a proposé
que lors de la liaison, des changements conformationnels distales au groupe carboxylate peut-
étre la clé pour comprendre la dynamique de liaison entre les domaines PDZ et les protéines
virales. La dynamique du ligand-dépendante de ce comportement allostérique et la
signalisation inter-moléculaire peuvent étre directement liés a des chaines latérales méthyle.
La p-augmentation lors de la liaison déclenche les groupes d'acides aminés spécifiques CH
rend le réseau d'hydrogéne forte, comme cela a été observé dans nos résultats. Cependant, les

détails moléculaires de cette allostery interdomain ne sont encore pas connus.

La deuxieme protéine d’intérét est une protéine modele qui représente un petit
prototype du changement conformationnel observé dans des protéines plus complexes. Il
s’agit d’un peptide court capable de coordinner le cuivre. Ce n’est autre que le peptide f-
amyloide, connu d’étre impliqué dans la maladie d’ Alzheimer. Les ions métalliques jouent un
role crucial dans les systémes vivants. Environ un tiers des protéines besoin de lier les métaux
pour leur stabilité et / ou de la fonction. Ils peuvent servir d'agents de reticulation, étant donné
que les ions métalliques se lient généralement a travers plusieurs interactions avec des chaines
latérales d'acides aminés; ils peuvent également servir de centres redox pour la catalyse ou
réactifs comme électrophiles en catalyse et ils peuvent jouer un role de regulation dans les
protéines conformation. L’objectif ici est de décrire I’effet des ligands histidine lors de la
réduction du cuivre, qui est une réaction électrochimique critique pour le développement
d’Alzheimer.

Pour cette étude, nous avons utilisé le peptide tronqué AP16 contient les 16 premiers

acides aminés (aa) de la partie hydrophile qui contient le site de liaison de haute affinité, a été
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étudiée comme un modele pour la coordination des métaux de transition, EPR, Raman et IR
les études de la coordination de Cu (Il) avec la courte (16 acides aminés) et le natif (39-42
acides amines) peptide ont montré que la différence de monomere aussi bien que dans la
forme agrégée, entre le peptide court et long, ce qui rend Af16 modéliser un trés bon candidat

pour des etudes spectroscopiques..

La spectroscopie FT-IR différentielle a montré deux spheres de coordination pour le
Cu(l) et le Cu(ll). Les majeurs changements spectraux sont dominés par les vibrations de
I’imidazole des différentes histidines (His6, His13 et His14) ainsi que la contribution des
résidus Aspl et Tyrl0. Les modifications de la géométrie de coordination peuvent étre la
cause de la dépendance-pH de 1’agrégation du peptide observée en présence du Cu(l). Pour
cela, il est possible de suggérer que la formation des fibrilles observées chez les patients
d’Alzheimer n’est pas seulement stimulée par la présence du cuivre méme mais elle est

fortement affectée par ses réactions rédox.

Changements dans la structure ont été observés, ou les groupes C = O, NH et CN du
squelette sont perturbées en raison de la liaison Cu. Dans le réduit aussi bien que dans le
complexe oxydé CuAp la structure semble étre formée principalement par B-feuille. Bien que
la réduction en cuivre ne induire un réarrangement de la chaine principale, telle que le
réarrangement de la structure lors de la réduction se traduit par des déplacements des bandes
d'amide pour réduire le nombre d'onde, en comparant les spectres de différence avec les
spectres des complexes CullAP16 de études® précédente. Ceci indique que la formation de
fibrilles observées chez les patients AD n'est pas déclenché uniquement par la présence de Cu
et de son processus d'oxydo-réduction. Il peut étre proposé que l'effet des ions métalliques
dans la maladie d'Alzheimer est un processus en deux étapes comme il a été décrit par

145,350 ot par Hardy et Selkoe®*. En premier lieu, la mise au point des fibrilles est

Faller
dépendante du pH et de la contribution de la protonation des autres acides aminés est suggére.

La deuxiéme étape sera la production de ROS induite par AR.

La derniere protéine d’intérét est une métalloprotéine, la NADH:ubiquinone
oxidoréductase (complexe 1), La membrane lié NADH: ubiquinone oxydoréductase, le
complexe respiratoire I, est le premier complexe d'enzyme dans les chaines respiratoires des
mitochondries et plusieurs bactéries. Il est le principal point d'entrée d'électrons de la chaine

respiratoire, cette protéine joue un réle majeur dans la bioénergétique cellulaire. Cette
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protéine contient plusieurs centres Fe-S et une flavine et son activité est régulée par 1’énergie

produite par la liaison avec un substrat ainsi que le transfert d’électrons de ces cofacteurs.

Il a été suggéré que les éléments centraux de la bioénergétique modernes, tels que le
couplage de réactions d'oxydoréduction et la translocation des ions sont bases sur I'interaction
des cofacteurs dans une variété de protéines. Comment transfert d'électrons est réversible
converti en changements structurels ou vice versa est une question qui reste encore sans
réponse. L'objectif de ce travail sera centres Fe-S, une classe importante de électrons

cofacteurs de transfert.

Les vibrations métal-ligands de ces cofacteurs a 1’état oxydé et a 1’état réduit sont
décrites ici. En utilisant 1’électrochimie couplée aux spectroscopies FT-IR, Raman de
résonance et de fluorescence, les investigations sur le complexe | ont conduit a conclure que
les propriétés des centres métalliques sont largement influencées par I’environnement proche.
De plus, les changements conformationnels de la protéine ont un effet considérable sur les
propriétés rédox et par la méme, sur le bon fonctionnement de la protéine. Par ailleurs, la

mutagenése dirigée était utilisée pour étudier les propriétés des centres N1a et N2.

A part des cofacteurs métalliques, cette étude a montré 1’existence d’un nouveau
cofacteur, une quinone localisée proche du domaine membranaire. Par les spectres d'émission
de fluorescence obtenus avec une technique d'électrochimie couplé permis de suivre le titrage
d'oxydoréduction d'un éventuel co-facteur de la quinone de complexe | qui n'est pas présente
dans le fragment, en outre, le potentiel point milieu a été déterminée et les propriétés décrites.

Suite a ces études, il est évident que la régulation de la fonction de protéines a travers
les changements conformationnels est imposée par leurs différents cofacteurs ou les effecteurs
ciblent en général des acides aminés spécifiques, qui déclenchent une cascade de réaction a
travers d’autres domaines protéiques. Ce travail offre une nouvelle affirmation que les
transitions conformationnels sont beaucoup plus répandues que I’on croyait. De méme cette

étude offre une évidence que la plasticité structurale est essentielle a I’activité des protéines.
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Introduction

1 INTRODUCTION. Protein mechanics: conformation vs. function

All organisms require a tight regulation of their molecular machinery to be able to
react dynamically and adapt to their environment. The first and primary units of this
molecular machinery are proteins, the major working horses of the cell. One of the most basic,
yet fascinating, biological processes is the folding of a linear sequence of amino acids into the
three-dimensional structure of a functional protein®® ?°. The ability of proteins to fold in
unique structures and to generate a wide range of functions depends directly on the amino acid

sequence and on the molecular interactions between each amino acid and their environment*"
23

A functional protein needs to be folded in the right “active form”. Nevertheless, it
happens that, under certain condition, a misfolded protein becomes an “inactive form”* 2.
Very often, this misfolding leads to cell malfunction and undesired biological reaction can
happen. In extreme cases, the misfolding of proteins can lead to cellular patterns that are

translated into diseases®®?8,

As the conformation of the protein is important for its function, studying the causes
that can change or perturb its conformation had been the objective of thousands of studies®®*.
The mechanism of enzyme regulation through the changes of its conformation is a key pattern
in governing cell behavior. Virtually all proteins known today have been suggested to be
regulated in one way or another; as a consequence, the intriguing question of protein
regulation has been studied intensively over the last decades. The need for a better
understanding of how proteins are regulated is still a major field of endeavor in biology,
chemistry and physics; even new multidisciplinary areas have emerged in the search for better

and more precise answers.

There are many mechanisms by which the activities of proteins are controlled. The

most commonly described one is by the binding of effector molecules, which often work by

inducing conformational changes that produce inactive or active forms of the protein® %%,

Effectors may be as small as protons or metal ions, or as large as another macromolecule, or a
protein. These effectors may bind non-covalently or may modify the covalent structure of the

protein, reversibly or irreversibly'® .
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When the effector is a metal ion, the protein is denominated as metal binding protein.
In these proteins their activity is regulated by the presence or absence of one or several metal
ions, which compete for binding in a specific arrangement forming a sphere of metal
coordination with specific amino acids that can act as donor or acceptor according to the metal
ion valence®®. In other cases, when the effector is added to the protein as part of the post-
transductional process, the effector becomes a cofactor. Some cofactors are Iron-Sulfur (Fe-S)
clusters and flavins®**°. When the protein bears this type of cofactor, they are called
metalloproteins and flavoproteins, respectively. When an enzyme’s catalytic activity is
initiated by a covalent modification, such as the presence of a cofactor, it can process
thousands of substrate molecules per second and if that substrate is another enzyme, the

amplification is further magnified® %2,

When the effector is another protein it is usually called a ligand. Ligands, including
reaction products, may also bind to sites remote from the active site and in doing so either
activate or inhibit the protein®® %%, Proteins regulated in this way tend to be oligomerically and
allosterically regulated®®. Although, non-covalent modification of a protein provides a simple
mechanism, it can be a regulatory signal than can produce a very large output®® %, Many
proteins that regulate cell behavior are constructed in a modular pattern from a number of
different small domains with distinct binding specificities and functions. Interaction domains
can be divided into distinct families whose members are related by sequence, structure, and
ligand-binding properties® ** *°. Different members of a family recognize somewhat different

sequences or structures, providing specificity for the proteins into which they are inserted** %°,

The focus of this work is to study three systems that reflect how protein activity can be
regulated by these effectors. The first protein of interest is involved in cellular signaling,
PDZ1 from MAGI-1. It is a scaffold domain that is known to interact with viral proteins.
Their different conformational states and their affinity to several ligands had been proposed to
be regulated by the dynamics of the hydrogen bonding network. The second molecule of
interest is the amyloid-beta 16 peptide (AB16) that is a model compound for the naturally
occurring AB39-42. The latter peptide forms (-sheets rich fibrils in the brain which leads to
Alzheimer’s disease. The exact mechanism of action of AB39-42 is not clearly known. But
nevertheless, it is strongly believed that the binding of transition metals, such as copper, to its
hydrophilic part formed by the first 16 amino acids, leads to the production of Reactive
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Oxygen Species (ROS). The objective of studying AB16 is to better understand the binding of
Cu ions and how the redox reaction induces significant changes in the conformation of the
peptide. More precisely, particular attention is given to the role of the histidine residues in the

coordination, and by the same token, in the conformational changes.

The last system of interest is a metalloprotein, NADH: ubiquinone oxidoreductase
(complex I), which plays a key role in the cell’s bioenergetics. This protein bears several Fe-S
clusters and one flavin and its activity is regulated by the energy produced by a bound
substrate and the electron transfer between the cofactors. The aim is to describe the metal
ligand vibration arising from the Fe-S cluster and how their changes between the reduced and

oxidized state may control del conformational changes of the protein.

1.1 MAGI-1

Membrane-Associated GUanylate Kinases (MAGUK) are a widely expressed and
well-conserved group of proteins that play an essential role in the formation and regulation of
scaffolding processes*. MAGUK consist of three modules: multiple N-termini PDZ domains,

the Scr homology (SH3) domain and the guanylate kinase (GuK) domain®’.

All the MAGUKS studied to date are localized in cell-cell contact regions, such as
tight epithelial junctions or synaptic junctions found in neurons*®. Their main function is
primarily based on their ability to form protein-protein interactions with cytoskeleton proteins

microtubule/actin based machinery and molecules involved in signal transduction®®>*.

Recent studies have found a new kind of MAGUK proteins that have been designated
as MAGI-1 for Membrane-Associated Guanylate kinase with an Inverted arrangement of
protein-protein interaction domains. There are three main features that characterize this
protein; the first, the GuK terminus is in the N-terminus instead of the C-terminus. This is
where the category of “inverted” comes from; the second is the replacement of the SRC
Homology 3 Domain (SH3) domains with two WW domains. They are so called due to two
conserved tryptophan residues that bind to proline-rich peptide motifs. Finally, it contains five
PDZ domains rather than the usual two or three®®. Several in vivo and in vitro studies of this
protein have shown the importance of the interactions between different ligands and their PDZ

domains®>®°.
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1.1.1 PDZ domains-Background

The PDZ domains were originally characterized as a repeated ~90 amino acid
sequence from three different proteins belonging to the MAGUK family: a human PSD-95
located in neural postsynaptic densities, a Drosophila septate junction protein: discs large
DLG and ZO-1 and a tight junction protein present on the surface of the cytoplasmic

membrane®®°,

Although all proteins from the MAGUK family contain PDZ domains as part of their
structure, a variety of other proteins also have this scaffold domain as part of their structure®
%2 These domains show considerable variation in their sequences, which is reflected in their
functional roles and the diversity of binding specificities, that go from signaling in assembly
pathways to ion channel signaling, cellular organization as well as protein trafficking and

transport®,

PDZ domains can be engaged in homotypical interactions (PDZ-PDZ dimers) or, more
commonly, in heterotypic interactions in which the ligands are usually the C-terminus of a
transmembrane or cytoplasmic protein®’. These differences in interaction suggest that
multiprotein complexes formed by different PDZ domains are able to perform different
functions according to their target. The functionality is directly correlated to the specificity of
the ligand®® ®,

PDZ domains are predominantly found in multi-cellular organisms, more than 250
human PDZ domains are found in over 150 different proteins. The low abundance of PDZ
domains in unicellular organisms could imply that PDZ domains may have co-evolved with
multi-cellularity®. The functionality of PDZ domains can be modified by various means such
as changes in physiological buffer conditions®®, electrostatic interactions®®, allosteric
changes®’, auto-inhibition® and phosphorylation® which makes them a dynamic reference in

the mechanism of regulation in cellular signaling.

1.1.2 Canonical structure of PDZ domains

Several crystal structures of PDZ domains have been solved by X-ray
crystallography® "°, X-ray scattering or NMR™". The comparison of these studies has

provided detailed information on the conserved architectures among PDZ domains. Their

4
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structure (Figure 1.2-1) consists of six antiparallel B-sheets (BA ~ BF) and two a-helices, one
short (¢A) and one long (aB)™*. The canonical PDZ family has a highly conserved fold, but
secondary structures vary in length.

The N-terminal and the C-terminal domains are usually in close proximity to each
other, on the opposite side from the peptide-binding site in a groove between the aB-helix and
BB-strand structures, facilitating their integration into pre-existing protein scaffolds. The
binding loop is located in a groove on the surface between the aB helix and the B strand. The
ligand peptide (colored yellow in Figure 1.1-1) is usually oriented antiparallel to the BB strand
% The C-terminal and the N-terminal do not have any specific secondary structure; in many

PDZ domains these regions remains non-organized until the ligand binds>,

The sequence identity between the PDZ domains is approximately 30% and even if
they share the same core structure, PDZ domains often have variable loop regions and may

contain additional secondary structural elements that affect the structure and function”.

N-Terminal

C-Terminal

Figure 1.1-1. PDZ domain canonical structure. Ribbon diagram of PTP-BL PDZ2 (PDB: 1GM1)

1.1.3 The carboxylate binding site

Ligand binding occurs via a B-strand addition mechanism’® so-called since the ligand

binds as an anti-parallel extension of the fB-strand. The PDZ domains recognize specific C-

5
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terminal sequence motifs that are usually four residues in length, although in some special

cases the specificity in the recognition can be extended to 8-10 residues’”.

The main chain of the BB strand interacts with the peptide ligand via the carboxylate
binding loop, this single binding site is positioned in a groove between the oB and B strand,
is a highly conserved sequence, R/K-XXX-G-®-G-®, where X is any amino acid and @ is a
hydrophobic residue, such as Val, lle, Leu, or Phe (Figure 1.1-2)". The first Gly residue can
vary among the canonical core and be replace by Ser, Thr or Phe’®. The side chains of these
residues forms a hydrophobic binding pocket that is part of the main properties of PDZ
domains and is usually named as the GLGF motif. This carboxylate binding loop is critical for
binding the free carboxylate of the C-terminal residue, also hydrophobic, of the peptide

ligand.

Ile

>(;I)
f Leu

- Gly

BA-BB loop S
R

PA-BB loop

Figure 1.1-2. Representative structure of a PDZ domain with its ligand. A. PDZ domain (a-1 syntropin
with a peptide (sticks form). B. The interaction of the peptide with the aB helix and the conserved ILGF
segment. (PDB: 2PDZ)

It is important to note that is the second residue in the motif loop region adopts an a-
helical conformation, while the third Gly residue in the loop region is fully conserved and
adopts a left-handed a-helical conformation in structures available to date. The fourth residue
adopts a [-sheet conformation. These specific conformations for each residue in the
carboxylate-binding loop region allow amide groups to serve as the H-bonding donors with

the terminal carboxylate of the ligand peptide. In addition to this motif, a guanidium group
6
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from Arg in the BB strand interacts with the carboxylate of the first peptide residue via a water

molecule ®.

For the peptide the first residue is named Py, as the C-terminal is the ligand binding
region the subsequent residues towards the N-terminus are named P.;, P.,, etc; usually the last

four amino acids in the PDZ-binding motif are the most important for recognition.

When the ligand binds, the positions P_.; and P.3 (Figure 1.1-2.A blue sticks) point
towards the solvent, whereas the Py, and P., side chains (Figure 1.1-2.A pink sticks) point
towards the binding pocket. This adjustment between the two proteins suggests that the ligand
positions Py and P_, are very important for the PDZ domain to recognize its ligand™ . The
amino acids of PDZ lining in the binding pocket will therefore determine the nature of the
selected C-terminal residue.

Even if each PDZ domain is only able to bind to one single peptide at a time, the
interactions tend to be promiscuous; one PDZ domain can recognize various peptide ligands

and the same ligand can be recognized by different PDZ domains®.

1.1.4 Conformational properties — Specificity of the C-terminal binding site

In general, residues lining the binding pocket of the PDZ domains are hydrophobic;
this property might account for the generalization that almost all PDZ domains select peptides
with hydrophobic residues in the C-terminal. However, this selectivity is not highly
restrictive, and can account for the variations in the C-terminal residues specified by each
PDZ domain. Then it can be considered that the hydrophobicity is actually related to affinity

more than being a pattern for selectivity.

As explained above, the Py and the P_, position are the main pivots for peptide binding.
Generally PDZ domains show greater specificity with amino acids upstream of the “0”
position in peptide ligands. Extensive peptide library screens®® revealed that the specificity of
PDZ domain recognition can be divided into three classes according to the nature of the
residues in the Py and the P, positions, Table 1.1-1 shows a summary of the specifications of
each class. There are a few other PDZ domains that do not fall into any of categories, of

which most of them are related to bacterial strains®.
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Table 1.1-1. Classification of PDZ according to specificity of the C-terminal peptides &

Class C-terminal Interacting PDZ domain
Peptide protein
(sequence)

Class | E-S-D-V NMDAR2A¥ PSD-95 (PDZ2)
X-SIT-X-V E-T-D-V Shaker channel® | MAGI-1(PDZ1)
X-S/T-X-L Q-T-R-L GKAP¥ Syntropin

D-S-T-L Voltage-gated (PDZ1/2/3)
Na Channel

Class Il E-Y-Y-V Neurexin® CASK
X- O-X- O E-F-Y-A Syndecan Synthenin

Class 111 V-S-D-V Melatonin nNOs (PDZ1/2)

X-D-X-V G-D-H-V receptors™
Others G-D-X-V MelR* ® MAGI-1 (PDZ2)
S-T-W-V

Despite this classification, a more recent comprehensive study that scanned a very
large random peptide library showed that PDZ proteins can recognize up to the last seven
residues at the carboxyl termini of proteins and that 16 distinct specificity classes can be
identified®® ®’, although this classification has not been accepted by the scientific community

because it has more exceptions than generalizations.
1.1.5 PDZ domains and the interaction with viral proteins

The initial discoveries of Protein Binding Motifs (PMB) in viral proteins emerged a
decade ago from studies of three important viral oncoproteins, human adenovirus (Ad) E4-
ORF1%, human T-lymphotropic virus type-1 (HTLV-1) Tax®®, and Human Papillomavirus
(HPV) E6 and E7%. In recent studies, however, many non-transforming viruses, such as
influenza A virus and tick-borne encephalitis virus (TBEV), have been found to have proteins
with PBMs that target many of the same PDZ proteins as do the PBMs from viral

oncoproteins.

All this has led to the realization that a selected set of PDZ proteins are commonly
targeted during infection by different viruses with quite distinct replication cycles. The
association of some viral PBMs with PDZ proteins results in loss of PDZ function, either
through proteasome-mediated degradation or changes in the conformational control of key
proteins in cellular structures®. In other cases, however, the association of viral PBMs with
their PDZ protein targets results in an apparent gain of function of the cellular protein. In both

cases, the targeting of PDZ proteins and hence the modulation of cellular processes, are likely

8
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to enhance viral replication, dissemination in the host, or transmission of the virus to new

hosts®.
1.1.5.1 PDZ domains and HPV

PDZ domain recognition motifs encoded in high-risk Human Papilloma Viruses
(HPVs) are the target of various cellular proteins via protein-protein interactions®. It is
important to note that “high risk” remains for HPV viruses that act as the etiological agent of
cervical cancers, these include HPV16, HPV18, HPV31 and HPV45%. Their oncogenic
potential relies on the cooperative action of two early viral gene products, the proteins E6 and
E7; these proteins are known to bind to many proteins and alter the activity of the cell cycle,

having a direct role in the development and maintenance of the malignant state®.

The HPV-PDZ interactions are in part associated with virally-induced cancer
progression. The ligand induced conformational changes appear to be an important feature of

some receptors that have regulatory functions .

Discs large protein (Dlg), Multi-domain PDZ protein 1 (MUPP-1), Human Scribble
protein (hScrib) and MAGI-1 are targets of HPV to induce proteasome-mediated
degradation®” . The E6 and E7 proteins are known to target PDZ domains®®, they have been
the best characterized oncoproteins by many in vivo and in vitro studies®™. Their function, at
least in part, is the inactivation of the p53 tumor suppressor protein, through ubiquitin-
mediated degradation® '®*. However little is known about the role of these interactions for
the E6 and E7 function on viral life cycle of HPV.

Studies have shown those HPV viruses that are able to induce malignancy (high risk
HPV) present a high level of E6 and E7 expression. An example of these viruses is HPV-16
and HPV-18. These proteins are known to be encoded by early genes of HPVs.

At the molecular level, few studies have explained the relevance of how the protein-
protein interaction mediates different responses through the same binding process with the
PDZ domains. Structural studies have indicated that the key remains in the conformational

changes in the secondary and tertiary structure upon binding of the HPV proteins*” 1% 1%,

Each PDZ containing protein has a similar interaction with HPVSs, regardless of the

location in the cellular process or their structure®. For example, hDIgl and hScrib are found
9
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in the core components of polarity control at adherent junctions, and MAGI-1 is an essential
scaffold protein for tight junction integrity. Not all the high-risk HPV E6 proteins recognize
their different PDZ domain containing substrates with equal affinity, for example, hScrib and
MAGI-1 are preferentially targeted by HPV-16 E6, while hDlg is targeted by HPV-18 E6 **.

In parallel, comparison of different but very closely related PDZ domains in
multiprotein complexes (the DIg PDZ2 and PDZ3 and the PDZ1 domain of MAGI-1 and
MAGI-3) has shown that the ligand selection is also determined and modulated by the
sequences of the PDZ domains themselves'" 1% 1% |t is important to note that, although many
of the PDZ-containing targets of HPV EG6 proteins contain multiple PDZ domains, so far only

one PDZ domain per protein has been identified as the E6 target *.

1.1.6 PDZ domains and their allosteric process

Allosteric regulation coordinates functional behaviors in biological networks through
appropriate switches. From a biochemical perspective, allostery can be described as a
perturbation at one place in a protein structure, such as the binding of a ligand that alters the

binding affinity of a distant site or enzymatic activity'%.

Several models have been proposed to explain the allosteric mechanism. The Monod-
Wyman-Changeux (MWC) model explains the conformational transition between two
different co-existing states as a form of cooperativity’”. The ‘induced fit’ Koshland-
Némethy-Filmer (KNF) model described allostery as a binding event that causes
conformational changes via a single propagation pathway'®®. Recently a new view of
allosteric transitions supported by NMR studies and referred to as “the population shift
model”, has replaced the MWC and KNF models****> % This model is based on PDZ domain

binding mechanism®” 1.

The model proposes that a protein in free form exhibits an ensemble of conformational
states and ligand binding leads to a redistribution of the population of these states. From this
point of view it becomes important to explore how protein dynamics may contribute to
allostery and make communication possible within a protein. Contrasting with the classical
allostery models, the population shift models also propose that allostery can be mediated
without any significant conformational change and instead changes in dynamics may induce

allostery**

10
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Recent experimental and theoretical evidence shows that allostery is not limited to
multi-domain proteins or complexes but it may be even a fundamental property of all proteins
and even of single domain proteins. In single domain proteins, residues that are energetically
connected through structural rearrangements, can lead to different dynamics and can be

defined by allosteric regulation® **2,

The selectivity of conformational changes in the PDZ domains upon binding may be
modulated by an intradomain allosteric processes and a remote residue that is energetically
connected to the functional binding site via an amino acid side chain, backbone interactions or

a different arrangement of the intramolecular hydrogen bonding™'% **,

Several energetic pathways could mediate this intradomain allostery. In the case of the
PDZ domains and their interaction with HPV proteins, it has been predicted by computational
studies in different modular PDZ multidomain proteins® > but so far there are not many

experimental studies that support the prediction data.

PDZ1 MAGI-1 is known to interact with HPV16 E6 protein. The NMR structure of
the free and the bound forms are already available”™, making them good candidates for
spectroscopic studies. This will allow conformational changes in the secondary structure and
the possible changes to be followed by vibrational spectroscopy in modes related to the

allosteric process, for example alterations in the hydrogen bonding network upon binding.

The association between the alterations in the electrostatic interactions as well as the
conformational changes as part of the binding process can be described as allosterically
regulated. The degree of perturbation by the effector can provide a parameter to determine
how small motions give rise to a ligand-induced cooperativity. This mechanism might involve
changes in the relative stability of the protein conformation, where the open (free protein) and

closed states (bound) are driven by a shift of the population triggered by effector binding.

Through the description of the changes upon HPV16 E6 binding in PDZ1 MAGI-1,
the aim of this study is to show if the viral binding can be described as this kind of allosteric

process.

11
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1.2 The binding of metal ions

Metal ions play a critical role in living systems. About one third of proteins need to bind
metals for their stability and/or function. They can serve as cross-linking agents, since metal
ions usually binds through several interactions with amino acid side chains; they also can
serve as redox centers for catalysis or as electrophilic reactants in catalysis and they can play a

regulatory role in proteins conformation®® 5117,

Metal binding sites in proteins are versatile due to their various coordination sites,
their geometries and their ligating partners preferences which include backbone carbonyl
oxygen,; side-chain groups of Asp, Asn, Cys, Glu, GIn, His, Met, Ser, Thr, Tyr residues; and
water molecules®® 11> 118119 Degpite this variety, it has been proposed that many metal sites
in proteins share a common feature: they are centered in a shell of hydrophilic ligands,
surrounded by a shell of carbon-containing groups**® *°. The electron distributions in metal
ions are highly symmetric, attracting electron-pair donors (Lewis bases) around the ion in a

shell. In proteins, these electron pair donors are oxygen, nitrogen, and sulfur atoms®.

1.2.1 Amyloid beta peptide

AP is produced from a precursor membrane protein by proteolytic processing and it is

120-122

released into extracellular fluids as a soluble peptide . This naturally occurring A is a 39

to 42 amino acids length peptide. It has a hydrophilic N-terminus and a hydrophobic C-

terminus (Figure 1.2-1)'?,

C-terminal

N-terminal ’Q3 .

Figure 1.2-1. Schematic representation of the full length AB42 peptide. Highlighted in purple the 16 amino
acid of the short peptide model Ag16 and in blue the amino acids that may coordinate the Cu ions. (PDB:
11YT)

12
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Under certain conditions, not clear though, AP aggregates and accumulates to form
amyloid fibrils, which are insoluble and structurally dominated by B-sheet structures. The
extensive deposition of these fibrils forms plaques resistant to degradation. These plaques are
one of the main causes associated with neurodegenerative diseases as the Alzheimer’s disease

(AD)122, 124,125

According to the latest studies, an emerging picture is that the AB peptides in aqueous
solution undergo a hydrophobic collapse together with identical partners followed by a
relatively slow process leading to more ordered secondary and tertiary (quaternary) structures

in the growing aggregates (Figure 1.2-2)'2% 126127,

partially structured
aggregates with some

g:;fr&cljtgxzy B-structure content
aggregates B-hairpin 2
A~ g ! 20
@ ) B —
WX (= =
Vo &y E- Vi B g mature
SFS R fibrils

e ¥y
=) —_ —_— Rt
=) ~ R 4 == —
unstructured S
IKTaS on-pathway aggregates with high
disordered B-structure content,
aggregates e.q., protofibrils

Figure 1.2-2. Schematic model for possible Ap aggregation pathways—the mature fibrils can be formed
from aggregated states of Ap and monomers in combination. Adapted from Warmlander et al'*

High concentrations (in the millimolar range) of several transition-metal ions, mainly
Cu(11), Zn(11), and Fe(l11), had been found in these plaques'?®, with Cu(ll) and Zn(lI) being
bound to the AP peptidelzg’ 130 On this basis, it has been suggested that the AP peptide is

13
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involved in the development of Alzheimer’s disease via the coordination of transition metals

(i.e. Cu, Fe, Al) causing the production of ROS which leads to the formation of Ag plaques™"
132

The binding site for Cu(Il) to the human AP was extensively studied with several
techniques, including EPR™**** NMR'?*, CD'**, Raman®* and cyclic voltammetry™® *": yet
the precise coordination remains under debate. According to the structural studies, this peptide
has one high affinity binding site for Cu located in the N-terminus and lower affinity binding

sites located in the C-terminus'®,

The truncated peptide ApB16 contains the first 16 amino acids (a.a.) from the
hydrophilic part which contains the high affinity binding site, had been extensively studied as
a model for the coordination of transition metals™* ***EPR™**, Raman'*® and IR® studies of the
Cu(ll) coordination with the short (16 amino acids) and the native (39-42 amino acids)
peptide showed that difference in the monomeric as well as in the aggregated form, between
the short and long peptide, making AB16 model a very good candidate for further

spectroscopic studies.

Aspl

o
S|
Glll:ll C//O I
Aspl OO
Aspla,
Co~i—
HN—Cz © { NH2 _—
W i s I
0—Cu2L\ny\/ 6.5
/ His13/14
/=N-<t
II\\%
His6
7.4
/9 11
Aspl _C,©
o, .9
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Figure 1.2-3. Schematic representation of the Cu(II) Ap16 coordination at pH 6.5 and pH 8.9. Adapted
from El Khoury et al**

Recent reviews agrees that at physiological pH (~7.4) the binding of the Cu(ll) is pH
dependent and two Af complexes are known to coexist; the predominant form at pH 6.5 and a
minor form at pH 8.9, often denominated as component | and Il respectively®3 139 140

Furthermore, it was described that the peptide is coordinated by four ligands, 3N and 10"
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41 "His6, His13 and His14 are involved, along with a possible contribution from Tyr10, the

carboxylate group of Asp1, the amide C=0 of Ala2 and the N-amine terminus®***%.

The copper coordination at the different pH values had reflected the Cu(Il) sphere of
coordination have particular specifications. At pH 6.5 Cu(Il) is coordinated by the Nt of His6,
the Nn of His13 and His14, by the carboxylate group of Aspl and the amide bond between
several amino acids (Figure 1.2-3). On the other hand at pH 8.9 the coordination of Nt of His6
remains as well as the carboxylate of Aspl, but know Ala2 and other amide bonds replace the

previously described geometry® 4.

The next step in the study of the Cu coordination with the AS peptide is the describing
of the Cu(l) coordination sphere, as the generation of harmful ROS occurs due to reduction of
Cu(ll) to Cu (1) by biological reducing agents like ascorbate, which is follow up by O, or
H,0, activation'*® **. Therefore shedding a light on the coordination of Cu(l) by AS peptides
in order to better understand the redox transition and to elucidate the naturally occurring

process that trigger the fibrils formation in the brain of Alzheimer’s patients.

1.2.2 Model peptides

The Gly-His-Lys (GHK) and Asp-Ala-His-Lys (DAHK) peptides are naturally
occurring high-affinity Cu(l1) chelators found in blood plasma*® **°. The first is a Cu binding
growth factor™ and the second, is part of the N-terminal binding sequence of human serum

albumin (HSA), which is the major protein involved in Cu transport™>* 12,
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Figure 1.2-4. Scheme of A. His signaling Nz and Nt, B. Cu(Il) coordination of an ATCUN motif like
DAHK and C. Tripeptide like GHK Cu(ll) complex with and equatorial labile coordination position (X).
R denotes the side chains of the corresponding amino acids. Adapted from Trapaidze et al.
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For DAHK, Cu(ll) is bound via the amino terminal Cu(ll)- and Ni(ll)-binding
(ATCUN) motif. The ATCUN motif is formed from a histidine in the third position, its
preceding residue and the free N-terminus™2. Four nitrogen atoms from these three residues
act as metal ligands (Figure 1.2-4.B). The DAHK peptide as well as HSA was shown to be
able to remove copper rapidly and stoichiometrically from AB**. In addition, in vivo studies
demonstrated that DAHK is able to restrict Ap aggregation, to suppress the catalytic ROS

production, and to reduce neurotoxicity*®.

In comparison, GHK does not have an ATCUN motif. In solution it is known to
coordinates Cu(ll) acting as a tridentate chelator involving the N-terminal amino group of
glycine, the amidyl nitrogen atom from the Gly-His peptide bond, and Nz of the histidine
imidazole ring (Figure 1.2-4.C)™*. There is evidence that the fourth equatorial position is

occupied preferably by an oxygen donor provided by an external ligand.

Figure 1.2-5. X-ray structure of the A. [Cu(11)(GHK)?] complex and B. [Cu(I)DAHK] complex.
Adapted from Hureau et al*

Recently studies with GHK demonstrated that its presence stimulates the growth and
improve viability of several types of cultured cells and organisms, including neuronal cells. In

addition, is also known to participate in the processes of wound healing and tissue repair‘*°.
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Furthermore, it was also reported to compete successfully with A for Cu(ll) coordination,

thus being able to act as a potential protector from Cu-Ap toxicity™* **°.

In the oxidized state, DAHK and GHK are known to bind Cu(ll) by Nz (Figure 1.2-4.A)
of the His at physiological pH*. According to the X-ray structure® the principal Cu(Il) anchor
site is the His residue. In the case of GHK (Figure 1.2-5.A) the coordination sphere is formed
by the glycine amino nitrogen (N(3)), deprotonated amide nitrogen of the Gly—His peptide
bond (N(2)), the N=m nitrogen of the imidazole of the histidine (N(1)) and the lysine
carboxylate of a neighboring peptide (O(3)), leading to the formation of an equatorial binding

plane around 3N and 10 residues.

For DAHK (Figure 1.2-5.B), Cu(ll) is pentacoordinated with 4N ligands in equatorial
positions: the Asp amino group (N(2)), two deprotonated amide functions from the first two
peptide bonds (N(1)/N(2)) and the Nz nitrogen of the imidazole side chain of the His residue

(N(4)), as well as one water molecule from the environment® *°°.

In general, both peptides structure, function and thermodynamics properties had been
widely characterized alone and in presence of Cu(ll); making them an excellent tool for the
assignments of the bands obtained by FT-IR. Furthermore, their sphere of coordination can be

a template in order to understand the behavior of the CuAf complex.

1.3 The role of cofactors in protein function - Bioenergetics

All organisms rely on a chemiosmotic membrane system for energy transduction. It
was suggested that the central features of modern bioenergetics, such as the coupling of redox
reactions and ion translocation are based on the interaction of the cofactors in a variety of
proteins. How electron transfer is reversibly converted into structural changes or vice versa is
a question that still remains unanswered. The focus of this work will be Fe-S clusters, a major

class of electron transfer cofactors.

Fe-S clusters. Fe-S cluster are cofactors that are linked by covalent bonds and
hydrogen bonding interactions into protein scaffolds. They are redox-active centers in a
variety of electron-transfer proteins and metalloenzymes™" **®. The catalytic activity of these
metal centers may involve single or multiple electron transfers. Their functional range goes
from simple electron transfer, redox sensing, regulation of gene expression to structure

support'>%-162,
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There are different kinds of Fe-S cluster that are distinguished according to the number
of Fe and S atoms that compose them. In this work the focus is on the binuclear and
tetranuclear clusters (Figure 1.3-1). The name derives from the geometry of the Fe-S
coordination. In these structures the metal ions are bound to the protein by amino acid side

chains that have an additional coordination site, usually Cys or His residues®®® 1%,

A B Cys,
Fe—35
C}"S.a,}r _S. ~Cys S L raCys
e Feg S—Fe™i
C'}FS Cys | zr,S-I-FE"i;GFE
Fe—S
Cys‘f

Figure 1.3-1. Iron sulfur cluster structure of A. Ferredoxin from spinach and B. Ferredoxin from
Clostridium pasteurianum

It was suggested that proteins control their specific reactivity by the modification of
the conformation in surrounding residues. Alternatively, the reactivity of the cluster itself
triggers conformational changes that make protein function possible. In general, there is an
agreement that the differences in midpoint potential (En) in the Fe-S cluster must be due to
the nature of the interaction surrounding the cluster. But as many of these clusters have a
regulatory function directly correlated to their redox properties, the correspondence between
the conformational changes of the protein, their functionality and the geometry and the

geometry of the cluster is not clear'®® 1% 164163,

Multiple Fe-S clusters are found in a variety of metalloproteins such as ferredoxins,
hydrogenases and nitrogenases or complex | and complex Il (succinate:ubiquinone

oxidoreductase) of the mitochondrial electron transport chain.

Beratan et al *°°, summarized that the main factors which have an influence in the
reduction potential are the solvent exposure of the redox center, the hydrogen bonding
network, the strength of the N-H...S bonds, the proximity and orientation of the backbone and

side chains and also the electrostatic interactions of charged residues near the cluster motif.
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1.4 Complex I and its cofactors

The membrane bound NADH:ubiquinone oxidoreductase, the respiratory complex I, is
the first enzyme complex in the respiratory chains of mitochondria and several bacteria®®’. It

is the main entrance point of electrons of the respiratory chain **®(Figure 1.4-1).

This enzyme is able to catalyze the transport of two electrons from NADH to quinone
(Q) with the translocation of four protons from the negative inside to the positive outside of

the cytoplasmic membrane in the case of bacterial systems and across the inner mitochondrial
18, 169, 170

membrane in eukaryotes

®

NADH:ubiguinone Succinate  Cytochrome bc, Cytochrome ¢ ATP synthase
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Figure 1.4-1. Scheme of the inner mitochondrial membrane (blue parallel lines) respiratory chain. The mobile
electron carriers UQ and cytochrome c are highlighted in red. The proteins structure: NADH:ubiquinone
oxidoreductase from Thermus thermophilus (PDB:4HEA), Succinate dehydrogenase (quinone) from Sus scrofa
(PDB:3AEF) ; Cytochrome bc; complex from Bos taurus (PDB:2A06) ; Cytochrome c oxidase from Bos taurus
(PDB: 2DYR) ; ATP synthase - Central stalk from Saccharomyces cerev isiae (2WPD) and stator from Bos taurus
(PDB: 2CLY) ; Cytochrome ¢ from Bos taurus (PDB: 2B4Z). Adapted from Kriegel®

d171

The reaction has a maximum rate of about 200 cycles per secon and can be

described by the following equation:

NADH + Q + 4 H'iy— NAD" + QH, + 4 H* ot

(in = mitochondrial matrix/ cytoplasm ; out = intermembrane space / periplasm)
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Beyond the main function of complex I, aberrant reactions such as ROS production
have been shown to take place and in fact complex | has been shown to be one of the main
sources of ROS in mitochondria'’**™, There is evidence that ROS are considered to be a
major cause of cellular oxidative stress. The free radical theory of aging proposes that it is a

167, 175

major determinant of life span through the accumulation of damage to mitochondrial

proteins, lipids and DNA'® 177

. Although there are numerous complex cellular mechanisms
in place to help minimize the harmful effects of ROS, intracellular ROS production is
implicated in many mitochondrial pathologies'™® ™ having an emphasis in neuromuscular

diseases, like Leigh’s disease and Parkinson Disease’’® 180182,

1.4.1 Structure

Complex | is one of the largest membrane protein complexes known so far, its size
vary between species from 0.5 MDa in prokaryotes to 1 MDa in eukaryotes (mitochondria).
The general structure consists on a L-shaped assembly that can be seen as two parts, a
hydrophilic arm connected to a membrane part (Figure 1.4-2)'%%. The E. coli complex I
contains 14 different subunit and the mitochondrial complex | consists of 45 subunits. The

nomenclature among the species differs as can be seen in Table 1.4-1.

site
Nq02 (NuoE)

Nqo15

Nqo9 (Nuol)

Nqo6 (NuoB)

Q binding site

Nqo8(NuoH)

N, =

Periplasm \ -
Nqo11(Nuo] 7(TM1) 8(TM1)
Nqo12(NuoL)  N9o13(NuoM] Ngqo7(NuoA)
| 180 A Nqo10(NuoK)
< » 1
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Figure 1.4-2. Schematic representation of complex | from T. thermophilus. The nomenclature is according
to the T. thermophilus subunit and in parenthesis the nomenclature of subunits present in E. coli. Adapted
from Baradan et al " (PDB: 4HEA)

The analysis of the electron density map from eukaryotic complex | crystals showed
that the fold of a 14 subunit core is highly conserved among bacterial and eukaryotic systems.
Seven of these subunits constitute the peripheral arm and another seven the membrane arm.
None of these core subunits can be removed without compromising the enzyme’s efficiency™®
18 This suggests that throughout the species, all complex | enzymes share a common

mechanism?8 16,

Recently, Baradan et al. have resolved the structure of the entire bacterial complex I
from T. thermophilus at 3.3 A resolution (PDB: 4HEA)'® (Figure 1.4-2). The crystal structure
of complex | of Escherichia coli 1, Yarrowia lipolytica and Bos taurus*®’ have been partially
solved.

Table 1.4-1. Nomenclature of the 14 core subunits of complex | with their bound cofactors and the
predicted TM for each membrane subunit according to different species *%.

NDUFS1 75kDa Nqo3 N1b,
N4,N5,N7
£ NDUFV1 51 kDa NUBM Ngol NuoF FMN, N3
© NADH
E binding
2 NDUFS2 49 kDa NUCM Ngo4 NuoD Q binding
1; NDUFS3 30 kDa NUGM Nqo5 NuoC Q binding
I NDUFV2 24 kDa NUHN Nqo2 NuoE Nla
NDUFS7 PSST NUIM Nqo6 NuoB N2
NDUFS8 TYKY NUKM Nqo9 Nuol N6a, N6b
ND1 ND1 NU1M Ngo8 NuoH Q binding
c ND2 ND2 NU2M Ngol4 NuoN H*
S translocation
= ND3 ND3 NU3M Ngo7 NuoA -
S ND4 ND4 NU4AM Ngol13 NuoM H*
5 ND5 ND5 NU5M Ngol2 NuoL translocation
2 ND6 ND6 NU6M Ngol0 NuoK Structural
NDA4L NDA4L NULM Ngoll NuoJ support

The membrane domain contains a total of 63 transmembrane (TM) helices. The
membrane arm is about 180 A long and the peripheral arm has an extension of about 130 A
over the lipid bilayer. The peripheral arm is positioned on the top of the membrane subunit
NuoH (Nq08) and it is the major interaction surface between the hydrophilic and the

membrane part.
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It is important to note that the peripheral arm provides a rigid scaffold bearing all the
cofactors. Within the structure, in the hydrophilic arm there is a non-covalently bound Elavin
Mononucleotide (FMN), coordinated in the NuoF subunit, it lies at the deep end of the

solvent exposed cavity that contains a NADH binding site.

In E. coli and T. thermophilus, the rest of the cofactors are nine Fe-S clusters, two
binuclear Fe-S clusters [2Fe-2S], named N1a and N1b, and seven tetranuclear clusters [4Fe-
4S], named N2, N3, N4, N5, N6a, N6b and N7 (nomenclature according to Ohnishi)*®. Their
position in the structure is depicted in Figure 1.4-3. Depending on the organism, the
peripheral arm can contain between eight to ten iron-sulfur (Fe-S) clusters, seven of which

constitute the conserved electron transfer pathway among all the studied species'®.

A
B N3ox
NAD_Y'\ b FMNH-\:; __.YN3red
> 2 H FMNH*
NADH FMN & Nio
IN3peq + HY
’a'\fzc:":iNGa o C N2 + H+
L Neb 7 / red
N2@ > Q - /YNZOX
NuoB ™. \:

SQ
l/(\N2red +H'

Figure 1.4-3. A. Adapted schematic representation of the periph(e-g m Wﬂlﬁj he cofactors in E.
coli complex I (PDB: 319V), edge-to-edge distances are in A'®. B. Scheme of the FMN reaction®’
C. Scheme of the electron transfer between N2 and the UQ*®

The conserved electron transfer pathway connects the NADH binding site, located in

the NuoF subunit, (Figure 1.4-2) with the tip of the domain (distant from the membrane) to

the ubiquinone binding site located 20-25 A above the membrane surface % % |t is
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important to notice that these two sites are separated by a distance of nearly 100 A. In contrast
to the well-known FMN binding site, the description of the quinone binding remains
approximate. Nevertheless, it is assumed that NuoH (Nqgo8) together with NuoD (Ngo4) and
NuoB (Ngo6) form a part of the quinone binding pocket'** 3. It was proposed that a large

cavity at the interface between NuoB and NuoD binds the hydrophilic quinone head group ***

189,192 This position is supported by the change in inhibitor sensitivity for mutations in this
195, 196

part of complex | from Rhodobacter capsulatus and Y. lipolytica

Figure 1.4-4. Scheme of the architecture of the membrane arm of E. coli complex I. A. Side view in the
membrane plane. B. View from the periplasm into the membrane. Discontinuous helices are shown in red
(TM7) and orange (TM12) Connecting elements as B-hairpins (f-h) are signalized"”.

Furthermore, spin labeling studies using different labelled complex | residues and a
decyl-ubiquinone derivative with the spin label covalently attached to the alkyl chain confirm
this position as the location of the quinone binding site **’. The eukaryotic enzyme is known
to use ubiquinone-10 while prokaryotic enzymes use other derivatives as menaquinone-8 (T.

thermophilus), and ubiquinone-8 and menaquinone-8 (E. coli)*™ 1919,

In addition to the electron transferring cofactors, the enzyme subunits involved in the
proton translocation have been described. In fact, an 11-helix bundle formed by the NuoA/J/K
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subunits separates the peripheral arm from the subunits NuoN/M/L, which are monovalent
cation/H" antiporters (ATS)!". They are located in the most distal position of the membrane
arm. Each one of these subunits consists on 14 TM helices and includes two discontinuous
TM helices connected by a peptide loop in the membrane. Such helices have been found also

in other transporters and channels known to play roles in ion translocation®®.

In addition to the cofactors and the proton translocating subunits, several other
subunits have structural roles. For example, NuoL has a supplementary C-terminal domain,
which is not present in the other ATSs. This domain is formed by 15 TM helices holding a
110 A long amphipathic helix (HL) aligned parallel to the membrane arm (see Figure 1.4-4).

In mitochondrial complex | this helix has a length of 60 A.

In contrast, the smaller subunits NuoA/J/K interact with large surface areas buried at
the interfaces, as they present more hydrogen bonds and salt bridges than the other subunits.
Their main function from the structural point of view seems to “glue” the end of the
membrane domain stabilizing the complex. Conserved homologues of the core subunits are
found in many organisms, they are smaller proteins which assembly and function had helped
to untangle the mechanism of complex 1 *3" %!, The NuoE/F/G subunits are also called as the
N-module as they harbor NADH oxidase activity; this group is homologous to the group-3 of
bidirectional NiFe hydrogenases. Furthermore, NuoB/C/D/I, also called to Q-module, has as
homologous membrane-bound NiFe-hydrogenase. The subunits NuoA/H/K/L/M/N, named as
the P-module for their proton transfer activity, is related to a class of membrane Na*/H* Mrp

antiporters®®’: 1%

As described above, the bacterial and mitochondrial complex | possess the same
cofactors for the electron transport and their activities are suppressed by the same inhibitors,
such as rotenone and piericidin A%%?_ As the handling and purification of the mitochondrial
enzyme is complicated and delicate due to the number of post-translational modifications and
the compositional heterogeneity, the bacterial complex | is a good model candidate to study
the relation between the Fe-S clusters and the conformational changes that controls the protein

function.

24



Introduction — Complex |

1.4.2 Mechanism
1.4.2.1 Overview

As it can be seen in Figure 1.4-3 with each NADH oxidation one quinone is reduced.
The suggested coupling between electron transfer and proton translocation involves a long-
range conformational changes that, so far, have not been fully understood. Several
publications suggested that the mechanism is redox driven (direct) or conformational driven
(indirect)'®” 169 170205 ¢ date, the mixture of those two mechanisms seems to be the best

proposal.

The L-shaped structure of complex | suggests that, as the peripheral arm bears all the
known redox cofactors, most of the redox reactions do not contribute to the proton
translocation, only the quinone reaction assisted by the N2 redox reaction might drive the
proton translocation due to coupling of a direct and indirect mechanism. In general, the
catalytic activity of Complex I is reversible and its rate and direction are controlled by Ap and

by the redox states of the NADH and Q pools*®® 2%,
1.4.2.2 Electron transfer

The electron transfer pathway in complex | (see Figure 1.4-3 blue arrows) had been
deduced from the position and the midpoint potentials of the cofactors. The primary electron
acceptor, FMN accepts two electrons from NADH as hybrid ions, becoming FMNH,.
Furthermore, the electrons are transferred one by one to the quinone along the Fe-S clusters
chain'®. FMN has thus to release one electron after another. The midpoint potential of
FMN/FMNH; is -300 mV?® %7 The transfer of the first electron probably takes place to the
N3 cluster (-270 mV) and then a chain of one [2Fe-2S] and six [4Fe-4S] clusters transfer the
electrons through electron tunneling to the last cluster, N2, which has the most positive
midpoint potential of the chain (-220 mV) 8 20820 |n general, the edge-to-edge distances
between the clusters vary from 8.5 to 14 A, where all clusters are found to be within efficient
electron tunneling distance (< 14 A) to the next cluster in the chain **!. Nevertheless, it is
important to stress that the distance between N5 and N6a is in the limit (14 A). To explain the
electron transfer between these two clusters the involvement of aromatic amino acids has been
discussed® 22, This is based on the theory that electrons are not only located on Fe-S

clusters of complex | but also on the n-electron system of aromatic amino acids. This process
25



Introduction — Complex |

213 The geometrical arrangement of the cofactors

is called the “hopping” mechanism
combined with the favorable values of the redox potentials of neighboring centers, allows the
electron to tunnel between FMN and N2 in a microsecond timescale, this was demonstrated
experimentally by Verkhovskaya et al.*® and it is consistent with the theoretical studies

reported by Hayashi and Stuchebrukhov?**.

In Figure 1.4-5 the cascade of the electron transfer according to the midpoint potential

(Em) of the Fe-S clusters is described. N3, N1b, N4 N5 and Né6a are called the “isopotential”

clusters, as their midpoint potentials are very similar (-300 to -250 mV vs. SHE)'# 21> 216,

Previous studies showed that changes in the conformation around the cluster during the

electron transfer can shift the potential facilitating the electron transfer®’.
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Figure 1.4-5. Midpoint potential energy profile of the substrates and cofactors from E. coli complex I.

The potentials are indicated by bars, double bars means a splitted redox potential for clusters
thermodynamically interacting with their neighbors: - high Em’s represent intrinsic values, low Em’s
include interaction *** 2%,

N6b and N2 have the most positive Em, creating a potential gradient which attracts the

electrons down the chain to N22% 2%°_ |t had been reported in several studies that some of

19 1% It has to be taken in consideration that,

these values vary according to the species
according to the sequence, different residues might surround the cofactors changing in some

degree the electrostatic interactions and the redox properties of the cluster.
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Two additional Fe-S clusters, N1a and N7, were reported not to be part of the electron
transfer chain. N7 is found only in the complex I from bacterial organisms and it does not
participate in the electron transfer but recent studies have shown that it is essential for the
stability of the structure®® %8 The function of N1la is still under debate, a more explicit

description of the properties of this clusters will be given in section 1.4.3.

| 222 and Verkhovskaya et al®® % have proposed that there are

Besides, Ohnishi et a
two semiquinones that mediated and regulated the electron transfer between N2 and the
quinone as the redox-driven coupling between the N2 cluster with semiquinone species had
only been detected under steady conditions. Part of this work is to identify and to characterize

the redox properties of these semiquinone cofactors by fluorescence spectroscopy.

The rates of electron transfer and properties of each of the Fe-S clusters in complex |
have been largely studies by UV/vis, Méssbauer and EPR spectroscopies™®* 207 213 217, 220
Furthermore, the recently resolved structure seems to provide a deeper understanding of the
mechanism of complex I. Nevertheless, the puzzle is still far from being complete, especially
when it comes to the understanding of how the properties of each Fe-S cluster can regulate the
rate of electron transfer. Therefore, and in order to decipher the mechanism of complex I, a
new approach must be taken. In this work a molecular approach of the metal-ligand vibrations
of the Fe-S clusters via a full description of the vibrations of the oxidized and reduced states
will be performed by RR and FT-IR spectroscopy. The intrinsic characteristic of each cluster

will be depicted separately.

1.4.2.3 Proton transfer
The membrane arm is composed of seven subunits. As described above (see section
1.4.1) there are three major subunits NuoL, NuoM and NuoN, which are homologues of

monovalent cation/H* antiporters (ATS)*’

. It has been proposed that the quinone redox
chemistry leads to conformational changes that are then “transmitted” to the long horizontal
helix from the NuoL subunit. This helix acts as a kind of piston to transmit the redox energy

harvested and to release it in the peripheral arm to induce the proton translocation*®.

Due to these conformational changes, the monovalent cation/H™ antiporters have two

possible conformations: open in the reduced state and closed in the oxidized state (Figure 1.4-

|.183

6.A). According to Baradaran et a and based on the structure, three putative proton
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channels are proposed. They are located in the ATS NuoL, M and N and one goes through
subunits NuoA/H/JK (Figure 1.4-6.B). They are all articulated around a structural particularity
of Complex I: a chain of hydrophilic residues situated in the middle of the hydrophobic

domain and running from the Q binding site through the distal o-helix of NuoL*" 194204,

Oxidized

Figure 1.4-6. Schematic of the coupling between the electron transfer and proton transfer of T.
thermophilus complex I. Adapted from Baradaran et al*®®

Besides the conformation-driven changes caused by helix HL on the subunits ATS,
Efremov and Sazanov'" discussed the involvement of a network of conserved polar residues
as part of the proton translocation pathway. They suggested that preferentially Lys residues
rather than carboxylate residues (i.e. Asp, Glu) act as main elements of the proton pump in
subunits NuoL,NuoM and NuoN.

To enforce directional proton transfer, the proton channels should include such a gating
mechanism and it should be controlled by the redox reaction'®®. Nevertheless, this mechanism
only explains the translocation of 3 protons'®® whereas the fourth proton had been proposed to

be translocated at the quinone binding site?*" %%,

1.4.3 Properties of the Fe-S clusters N1a and N2

Nla and N2 clusters have been for the last 20 years an important part of the puzzle in

understanding the mechanism of complex I. These two clusters, have presented special
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characteristics that made them a question mark. Both have a pH-dependent redox midpoint
potential; furthermore, the value of the potential shifts across the different known species.
Their Cys cluster motifs present particularities in the ligation of the cysteinyl residues that

make them an interesting case of study by vibrational spectroscopy.

The binuclear Fe-S cluster N1a of NuoE in E. coli is not part of the main electron
chain, as described in section 1.4.2.2. Its role had been a matter of investigation since

Verkhovskaya et al.?*

showed that the cluster is EPR-silent except in the E. coli complex I.
The cluster is coordinated by four Cys residues having a thioredoxin like-fold, the binding
motif had been described as CysXXXXCysX3sCysXXXCys (X being any amino acid)??®. The
cluster is close to the interface of the NADH binding subunit (NuoF) and it is surrounded by

more hydrophobic amino acid residues than the other clusters'®®,

The crystal structure of the peripheral arm of complex | published in 2011 by Efremov
et al (PDB: 3M9S)?** showed that the distance from Nla to N3 is 19.4 A and to the FMN is
12.3 A. Accordingly, it is most probable that N1a accepts electrons from the reduced FMN
but it is not able to directly transfer it to N3. It has been proposed that the second electron is
transferred to N1a, given the midpoint potential of FMN/FMNH (-390 mV vs. SHE)*®. Then
the second electron is probably transferred from N1a back to the FMN, subsequently to the re-
oxidized N3 and further to N2, as described above. The direct transfer to Nla is unlikely
because of its low midpoint potential of -330 mV?!". Nevertheless, the measurement of the
intrinsic midpoint potential of N1a from different species by EPR and protein voltammetry
showed that its values vary significantly, from -330 to -250 mV in bacteria and from -370 to -

410 in mitochondria®. This may indicate that N1a has different roles among different species.

According to Hirst et al*® the time-limited transfer of the second electron to N1a could
prevent the formation of radicals at the FMN, also called flavo-semiquinone (FMN™ or
FMNH?"). It is already known that complex | is responsible for the production of ROS and the
solvent exposed FMN is discussed to be at the origin®®® and the role of N1a may be to prevent
the production ROS® %%

Similarly to N1a, the terminal N2 cluster in the NuoB subunit (see Figure 1.4-3) also
exhibits different redox midpoint potential in different organisms; in T. thermophilus

membranes the value is -300 mVV??, in Rhodothermus marinus it is below -450 mV/??® and for
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most organism like B. Taurus, Neurospora crassa, Paracoccus denitrificans and E. coli it is
~-150 mV?®. The high redox potential in comparison to the other Fe-S cluster in the electron
chain makes this cluster susceptible to receive the electrons. After the electrons from NADH

are transferred to the chain, the reduction of N2 was observed within 90 u5215.

It is important to note that in all the organisms the decrease of the pH leads to a more
positive midpoint potential. The cluster binding motif is conserved among all the species, the
unique characteristic of this motif is that there are two adjacent Cys residues, Cys63 and
Cys64 in E. coli, coordinating the metal center®” #®. In E. coli individual mutations of all
four conserved Cys residues in NuoB resulted in a loss of complex | activity and of the EPR
signal of N2 in the cytoplasmic membrane as well as in the isolated complex®® %, Previous
studies have proposed that this feature is the cause of the pH dependency of the E, as it may

allow direct protonation of the cluster upon reduction®*® %°.

Despite the sheer efforts to elucidate the role of N2, it is still unclear why this cluster
has a different potential and its potential is pH-dependent, in comparison to the others in the
chain and furthermore how these differences might give them the function of not only being
units for electron transfer but maybe, in some way, work as regulation barriers of the

enzymatic activity.

In this work, RR, FT-IR, and UV/vis spectroscopies, isotopic labeling as well as site-
direct mutagenesis are used to study the properties of these clusters. The aim is to characterize
their coordination, and shed a light over the question so long asked about their function and

what makes them so special in complex 1.
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1.5 Aim of the work

This research project has as a principal goal the application of different spectroscopic

techniques to study how protein structure can be modified by different effectors modulating

their functionality. The role of three effectors will be explored: viral proteins, metal ions as

ligands and metal centers as the core of the protein function.

PDZ1 from MAGI-1 and its interaction with HPV16 E6:

1.

Describe the role of PDZ1 in the ligand recognition of residues that bind outside
the hydrophobic binding pocket.

Understand the role of the hydrogen bonding in the process of protein-protein
interaction.

Depict catalytically-important side chains and deduce their environmental and
structural changes in order to understand molecular reaction mechanism of PDZ1
in presence of HPV16 E6 protein.

Analyze if there are conformational changes in PDZ1 beyond the binding site. For
this site direct-mutagenesis in the C-terminal and in the BB region were studied.
Correlate how the conformational changes in specific areas beyond the binding site
can modulate the affinity of the viral protein, furthermore to specify how these

changes can be defined as an allosteric process.

The coordination of Cu(l) by Ap peptides:

1.

Describe the sphere of coordination of Cu(l) with the Af16 peptide and how the
redox reaction can trigger the formation of the A fibrils.

Understand the reorganization of the Ap16Cu-peptide upon redox reaction by
means of electrochemically-induced FTIR difference spectroscopy.

Describe the redox differences spectra of DAHK and GHK at different pH values

and to corroborate the behavior of the A516 peptide in presence of Cu(l).

Mechanism of the Fe-S cluster from NADH: ubiquinone oxidoreductase (Complex I):

1.

Describe the metal-ligand vibrations of the Fe-S clusters and their redox properties
found in the low frequency region in infrared and resonance Raman.
Compare the reduced state of the cofactors obtained by electrochemistry to the

chemically-reduced state obtained in presence of different nucleotides.
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3. Define the conformational changes in the protein. Define the cofactor properties, or
if changes in the geometry of the cofactors trigger conformational changes in the
protein.

4. Analyze by site-direct mutagenesis conserved residues in the NuoE and NuoB
subunit with the objective to understand the features of N1 and N2 pH-dependent
clusters and how the environment can modulate their redox properties.

5. Substantiate the presence of quinoid cofactors in the membrane arm of complex |
and calculate their midpoint potential by redox titration coupling fluorescence

spectroscopy with electrochemistry.
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2 TECHNICAL APPROACH. Spectroscopy.

Spectroscopy is a term used to describe the study of the interaction between a molecule
and electromagnetic radiation. Different regions of the electromagnetic spectrum (Figure 2-1)
can provide different kinds of information as a result of these interactions. The
electromagnetic spectrum is a wide and continuous spectrum where light can be classified

according to its energy.
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Figure 2-1. Electromagnetic spectrum characterized according to the wavelength (meters) and the
frequency (Hertz) **

Parameters that can be described from the electric field amplitude of light as a function of
time are the wavelength (1), the frequency (v) and the wavenumbers (¥), which are related to
each other via equation 2-1; where ¢ corresponds to the velocity of light in vacuum (2.997 x

10® m s™) and n the refractive index of the medium *.
V= 1v/(c/n)=1/2 Equation 2-1

In this work, UV/vis, IR, Raman, and fluorescence spectroscopies were used in order to
study biological molecules. The obtained data provides information about the electronic
transition in the molecules upon the absorption (or emission) of photons (vis or fluorescence
spectroscopies, respectively). These techniques were often combined with electrochemistry in

order to determine the midpoint potentials of proteins cofactors.
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2.1 Vibrational spectroscopy

Vibrational spectroscopy is the collective term used to describe analytical techniques
that probe bond vibrations. The most commonly used are infrared and Raman spectroscopy.
Both techniques are complementary providing characteristic of the fundamental vibrations
that are extensively used for the determination and identification of molecular structure and

able follow molecular interactions.

The IR and Raman vibrations are usually characterized by their frequency (energy),
intensity (polar character or polarizability respectively), and the environment of bonds; like
the geometric arrangement, the presence of functional groups and the strength of the bond
itself °. Since the vibrational energy levels are unique to each molecule, the IR and Raman
spectrum provide a “fingerprint” for a particular kind of molecule.

The fingerprint spectra provide information on molecular structure, conformation, and
environment. Even though some vibrations may be active in both Raman and IR, these two
forms of spectroscopy arise from different processes and different conditions. Both techniques
involve the study of the interaction of radiation with molecular vibrations but differ in the way

in which photon energy is transferred to the molecule by changing its vibrational state.

2.1.1 Molecular vibrations

In general the vibration of a molecule can be represented by the means of a harmonic
oscillator. This classical model is built by two atom joined by a bond, according to the
Hooke’s Law this can be equivalent to two masses joined by a spring (as the bond is not rigid)

of a force constant K. (Figure 2.1-1).
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Figure 2.1-1. The simple harmonic oscillator.*

34



Technical Approach —Vibrational Spectroscopy

When the molecule vibrates, the atoms can move towards (compression) or away
(extension) from each other with certain energy (frequency). The potential energy of the
system is related to how much the spring is stretched or compressed. The vibrational
frequency (v) or normal mode described by Hooke’s Law (Equation 2-2) will correspond to

the properties of the chemical bond (k: the bond’s force constant) and the mass of the atom

(my and my).

v=— |k (— + —) Equation 2-2

The lighter the masses on the spring, or the tighter (stronger) the spring, the higher the
vibrational frequency will be. Changes is the mass can give rise to an observable shift in the
frequencies, which is the case of the labeled proteins or amino acids with >N and/or *C in
comparison to the natural **N or *2C 2** | The shifts in the wavenumber due to the difference
in mass allow the detection of subtle conformational changes and contributions of specific
amino acids or their side chains.

Similarly, according to the quantum chemistry model, vibrational frequencies are
related to the strength of chemical bonds which in turn is related to bond length. Unlike the
model of springs and spheres, molecules will vibrate only when a certain photon of a certain
energy can be absorbed, leading the molecule to be excited from its ground state to the first
excited state.

The possible vibrational states for a molecule are given by the vibration quantum
number (v), which can have only integer values, and in addition can only change according to

the rule Av= £1. The energy of each vibrational level (E,) according to the quantum

mechanics in a harmonic oscillator can be described as:
1 .
E, = (v + ;) hv, (v=0,1,2,3....) Equation 2-3

v correspond to the fundamental frequency, h is Planck’s constant (6.626 x 103 J.s)
and vy is the frequencies of the molecule in the ground state. The harmonic oscillator is a valid
model at equilibrium where the bond is in the ground state, but when a molecule is excited

many other factors need to be taken into account; that is why the anharmonic oscillator
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(Figure 2.1-2) becomes a better model to explain the molecular vibrations in this case **. The

energy levels (E,) of an anharmonic oscillator model are described by Equation 2-4.
2
E, = hv, [(n + %) - Xa (n + %) ] Equation 2-4

Xa define the magnitude of anharmonicity and n is the atomic energy level
(n=1,2,3,...). Usually the vibrations of a large molecule like peptides or proteins are

considered as a system of coupled anharmonic oscillators.
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Figure 2.1-2. Energy levels of an anharmonic oscillator®.
In vibrational spectroscopy, typically wavenumbers are used as main unit (w) (waves

per unit length: cm™). According to this the model can be described as:

1 1 1 .
w= — K (m—1 + m—z) Equation 2-5
Where c is the speed of light and K the force constant, which is a function of the bond

energy between two atoms.

Each molecule of n atoms has three degrees of freedom, rotation, translation and
vibration, for non-linear molecules 3n-6 vibrational modes are probable and for linear

molecules the rule will be 3n-5, because of only two possible rotational degrees™® 2%,

36



Technical Approach —Vibrational Spectroscopy

Vibrational modes can be classified as a stretching vibration (v) (change of bond
length) and deformational vibration (3) (change of bond angle). The stretching vibration can
be further classified according to the symmetry of the vibrations as symmetrical and

asymmetrical, as seen in Figure 2.1-3°.

Q 9 A9
o Re

Symmetric stretching Asymmetric stretching

Figure 2.1-3. Stretching modes of a tetrahedral carbon.

The deformation vibrations are bending modes subdivided into in-plane and out-of-
plane. Each one includes two types; the in-plane deformations are scissoring and rocking
vibrations and the two out-of-plane deformations are wagging and twisting vibrations (Figure
2.1-4).
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Figure 2.1-4. Bending modes of the tetrahedral carbon.
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As the number of atoms in a molecule increase, so does the number of modes, as well
as the associated complexity of the vibrational spectrum. Assigning normal modes to
observed peaks in the experimental spectra can become a difficult task. Help is available from
the characteristic modes of small molecules, which serve as excellent references for the
interpretation of more complex molecules such as proteins. The symmetries of the normal
modes can be classified by group theory®.

In general the strong band in an IR spectrum of a compound corresponds to weak
bands in Raman and vice versa, in the case that the vibration is Raman and IR active. In the
case of IR, the intensity of the bands corresponds to the probability of changes in the electric
dipole moment whereas in the case of Raman it depends on the polarizability itself * %%, A
more detailed explanation of the basic principles of Infrared and Raman active vibrations will

be given in next section where each technique will be described (Sections 2.1.2 and 2.1.3).

2.1.2 Infrared spectroscopy (IR)

In infrared spectroscopy the sample is irradiated with a polychromatic infrared light. A
photon is absorbed when the energy (frequency) of the light matches the energy required for a
particular bond to vibrate within the sample, as described by Equation 2-6 where the transition
from the initial state (i) to the final state (f) of higher energy requires the absorption of one
photon of energy that is equal to AE, which gives rise to the signal under one condition that

the dipole moment of the molecule changes during the vibration.

1

AE = he (M

1 .
E) Equation 2-6

According to the Lambert-Beer’s law (Equation 2-6), the absorption of light by a
molecule is related to the concentration of the sample (c), the absorption coefficient (&) and
the pathlength (d). The intensity of a vibration is directly correlated to the amount of change

of the dipole moment.

A= longo E.c.d  Equation 2-7
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The absorption of infrared light that induces transitions between the different
vibrational energy levels is described by the model of an anharmonic oscillator (Figure 2.1-2),
where the energy levels are not equidistant.

The infrared spectrum can be classified in three main regions, the near infrared (13000
— 4000 cm™), the mid infrared (MIR) (4000 — 400 cm™) and the far infrared (FIR) (400-10 cm’
1. In this work the molecular vibrations of proteins and peptides are studied in the MIR and
the FIR regions.

2.1.2.1 IR spectrometer

Most common IR spectrometers are Fourier transform instruments. The main parts of
these instruments are the IR light source, the interferometer and the detector. According to the
region of the IR spectrum different sources and detectors are needed (see section 3.2.2).

The interferometer follows the Michelson diagram, described in Figure 2.1-5. The
main components are a beamsplitter, a fixed and a moving mirror (for back and forward
movement); these two mirrors are perpendicular to each other. The infrared light is split by
the beamsplitter,50% of the light are transmitted to the moving mirror and 50% are reflected
to the fixed mirror. Both mirrors return the beam back to the beamsplitter which reflects the
half of both beams to the detector where they interfere according to their phase difference
introduced by the path difference caused by the moving mirror.

Fixed mirror

He-Ne laser / I

/

Beamsplitter Moving

N .
) mirror

2

Source 2

& Sample

L3

Detector
Figure 2.1-5. Schematic representation of the Michelson interferometer
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This phase difference can be constructive (when the intensity is maximal) or
destructive (the intensity is minimal), in this the paths are equivalent®,

The intensity of these two beams is then measured as function of the difference in
path, or the displacement of the movable mirror (Figure 2.1-6). Since the movable mirror
displacement is uniform the interferogram can be plotted as a function of mirror position. The

Fourier transform is applied on the interferogram and transforms into a spectrum
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Figure 2.1-6. Interferogram of a monochromatic light and the resultant spectrum®.

The Fourier Transformation can be described as a function of the source intensity (S):
S = [,"1(8) cos(2m6%) dv Equation 2-8

v is the wavenumber (cm™), | is the intensity of the interferogram and ¢ is the optical
path difference between the two beams ?*°. To obtain a spectrum of a sample in the MIR or
the FIR, the optics need to be suitable for the studied range, which is why in each spectral
range, a different IR source, beamsplitter and detector are used (see section 3.2.2).

The IR spectrum is obtained by plotting the intensity (absorbance or transmittance)
versus the wavenumber, where the intensity will be proportional to the energy difference
between the ground and the excited state. For this reason the spectral band parameters to take
into consideration are the position of the band maximum, the intensity of the band (height or

area above the baseline), and the band shape.

2.1.3 Raman Spectroscopy
Raman spectroscopy is light-scattering event where a sample is irradiated with
monochromatic light and the photons are either inelastically or elastically scattered (Figure
40
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2.1-7). In this process the incident photon (hv,) excites the molecule to a virtual level. Once
in this virtual level the molecule will decay to an excited state emitting a scattered photon
(hv). The incident photon has a higher energy than the vibrational quantum energy level and
loses part of its energy to the molecular vibration with the remaining energy scattered as a

photon with reduced frequency. This is inelastic scattering™.
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Figure 2.1-7. Scattering of the incident light giving the vibrational levels'.

The intensity of the Raman scattering (1) is defined by the expression:

8t
A4r2

I = (1 + cos?0)1, Equation 2-9

Where o is the polarizability of the molecule, A the wavelength of the incident
radiation, r is the distance, between the center of scattering and the detector, 6 the angle
between the incident and the scattered light and lo the incident intensity %'

Polarizability (a) can be defined by the measure of an electron cloud's ability to
deform in contrast to the atomic nuclei. When a molecule is placed into an electric (or
oscillating) field (E) the electrons are pulled towards the positive charge and the atomic nuclei
towards the negative charge, which induces a dipole moment () and results in scattering, as
shown is equation 2-10.

u=ak Equation 2-10
As the electric field due to an electromagnetic wave with an initial frequency v, is

described as:
E = E, cos 2mv,t Equation 2-11
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The equation 2.-9 becomes:

u = aE,cos2nvyt Equation 2-12

As described before the principal requirement for a vibration to be Raman active is
when the molecule vibrates there must be a change in polarizability, this change depends on
the geometry of the molecule. This can be caused by a change in the shape, size or orientation
of the electron cloud that surrounds the molecule (Figure 2.1-8). The polarizability of a

molecule (op;) can be fully described according to the Kramer Heisenberg Dirac (KHD)

expression:

(FlrylIXlirglG) <1|rp|G><F|ra>)

ape = = Kk Equation 2-13
po Zl( WGI- OL—ir, WIF+ OL—iT, f

a. is the molecular polarizability, p and ¢ are the incident and scattered polarization
directions, respectively. 2 corresponds to the sum over all vibronic states of the molecule as
might be expected from the non-specific nature of scattering. Outside this the remaining terms
are constants. G is the ground vibronic state, | is the vibronic state of an excited electronic

state and F is the final vibronic state of the ground state.
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Figure 2.1-8. Diagram of the different possibilities of light scattering: Rayleigh, Raman (stokes and anti-
stokes) *°

Unlike in absorption spectroscopy, Raman scattering does not require matching of the
incident radiation to the energy difference between the ground and excited states of the
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molecule. The inelastically-scattered light (Ig), may lose (Stokes) or gain (Anti—Stokes)
energy during this interaction. The emitted photon contains information about the molecular
structure of the sample. When the scattered light has the same energy as the incident light the

scattering it is elastic and termed Rayleigh scattering (Figure 2.1-8).

The Stokes radiation occurs at lower energy (longer wavelength) than elastic Rayleigh
radiation, whereas anti-Stokes radiation has higher energy. The increase or decrease of the
energy is related to the vibrational energy levels in the ground electronic state of the molecule,
and as such, the observed Raman shift of the Stokes and anti-Stokes features are a direct

measurement of the vibrational energies of the molecule.

Usually the spectrum is recorded only on the low-energy side to give Stokes scattering.
Raman scattering should be expressed as a shift in energy from that of the exciting radiation

and referred to as Acm™, which in this work it will be simplified to cm™ (Raman shift).
2.1.3.1 Resonance Raman

Resonance Raman (RR) exploits the effect of resonance enhancement of Raman
scattering. If the wavelength of the exciting laser beam is within or close to the absorption
band of an electronic transition of a molecule, the Raman scattered light is enhanced by
several orders of magnitude (10° -10%), providing a high degree of selectivity (Figure 2.1-9)
Therefore, instead of exciting the molecule to a virtual energy state, it is excited to near one of

its excited electronic transitions®®’.
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Figure 2.1-9. . Diagram of the Raman and resonance Raman scattering’.
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To obtain resonance Raman scattering, a laser beam is chosen which has an excitation
frequency close to that of an electronic transition. Ideally, a tunable laser would be used for
excitation and the frequency would be chosen to correspond exactly (or near) to the energy
difference between the vibrational ground state and the first or second vibronic state of the
excited state (Figure 2.1-9. left).

According to the first term of the denominator in equation 2-13:

Wer- Wiy

The resonance condition is met when the energy difference between the lowest
vibrational state of the ground electronic state G and the resonant vibronic state 7 (wg) is of
the same energy as the exciting light w,. In the resonance condition, almost all the interactions
take place with one state. In this case the X sign in the KHD equation can be deleted, meaning

that the resonance will depend only on the properties of this state * 1°.

When absorption occurs, the energy may be lost either by transfer to the lattice and
dissipation as heat or as fluorescence. The ratio of scattering to absorption is a property of the
molecule and is difficult to predict. From a practical point of view, fluorescence interference
limits the number of molecules which can be suitably studied by resonance Raman scattering.
That is why it is important to choose and use the right setup to achieve the study of the

molecule of interest.

Metalloproteins, carotenoids, chromophores in general and several other classes of
biologically-important molecules have strong and allowed electronic transitions in the visible
spectral range. The spectrum of chromophore moieties and their close environment is
resonance enhanced in comparison to the surrounding structure. This allows the studies of a
chromophoric site (often the active site) without spectral interference from the surrounding

protein.

2.1.3.2 Resonance Raman spectrometer

RR spectrometers are dispersive instruments, based on grating units coupled to multi-
channel detectors. Contemporary dispersive Raman spectrometers are equipped with silicon-
based charge coupled device (CCD) multichannel detectors with a laser source operating in
the ultraviolet, visible or near-infrared regions. A notch filter is used to block elastically-
scattered light that would otherwise overwhelm the weak signal from the Raman or
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inelastically-scattered photons (~ 1/106 scattered photons). The Raman scattered light may be

dispersed according to the chosen wavelength.

Besides this, a typical micro-Raman system consists of a microscope, filters, slits,
diffraction grating, necessary optics, detector and post-processing software (Figure 2.1-10).
The laser light follows a path composed by neutral density (ND) filters and rejection filters. In
the first stage of the system after passing through the spatial filter, which removes the higher
order spatial modes so that the beam achieves a better focus, the light is directed to the
microscope to focus on the sample. Scattered light from the sample is then collected by the

objective and directed to the spectrometer.
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Figure 2.1-10. Scheme of a resonance Raman spectrometer (dispersive instrument)®

There are two basic geometries used for the collection of the Raman scattering: at 90°
and 180°. For scattering spectra the 90° system is more suitable as the light can be scattered as

a sphere forming a cone of light between the sample and the objective.

On the return path the elastically-scattered light is filtered by the holographic filter;

these notch filters are designed to absorb all light of the frequency of the incident laser light.
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Raman light is then separated by the diffraction grating into discrete wavelengths,
where each of the scattered frequencies is measured simultaneously. When they arrive to the
CDD, assuming a static scan is made, only a finite range of wavelength reaches the CCD via
the diffraction grating. Photoelectrons are created in the CCD upon exposure to the scattered
beam. The dispersed beam is spread vertically across horizontal lines of pixels, which are
added, to integrate each signal. This electric signal is then processed by the integrated system

software giving as a result the spectrum %%,

2.2 Fluorescence Spectroscopy

Luminescence is described as the spontaneous emission of light from a substance. This
phenomenon can be further divided in fluorescence and phosphorescence. Fluorescence is
related to the excitation in a singlet state: an electron in an excited orbital become paired to a
second electron in the ground vibrational state. As a consequence in returning to the ground
state a photon is emitted. The average lifetime (t) of a fluorophore can be defined as the time

between the excited state and the return to the ground state (typically 10 x 107 s).
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Figure 2.2-1. Scheme of a Jablonski diagram **

The process that occurs between the absorption and emission of light is usually
illustrated by Jablonski’s diagram. In Figure 2.2-1 it can be seen that in the ground state, the
first and second electronic states are named as SO, S1, and S2, respectively. At each of these
electronic energy levels the fluorophore can exist in a number of vibrational energy levels,

named as 0, 1, 2, etc 1.
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Following light absorption, several processes occur: a fluorophore is excited to some
higher electronic level (S1 or S2). Molecules in a condensed phase rapidly relax to the lowest
vibrational level of S1. This process is called internal conversion and generally occurs within
10?5 or less and defines the fluorescence lifetime. The internal conversion is generally
complete prior to emission; therefore, fluorescence emission results from a thermally

equilibrated excited state, that is, the lowest energy vibrational state of S1.

The intensity, the position of the emission wavelength, and the lifetime are some of the
properties that characterize a fluorophore. Fluorophore can be part of a molecule (intrinsic
fluorophore) or added to it (extrinsic fluorophore). In the case of the proteins intrinsic

fluorophores can be aromatic amino acids or cofactors **.

Each fluorophore can have its own fluorescence properties. These properties are
intrinsic to the fluorophore and can be modified according to the environment.

Aromatic amino acids as Trp, Tyr and Phe are responsible for the absorption and
fluorescence of proteins in the UV range. Tryptophan is very sensitive to the local
environment. The fluorescence of this amino acid in an environment with low polarity occurs
at a maximum of 320 nm. Trp emission (intensity, polarization, and lifetime) can be a marker
of changes in protein structure (folding or unfolding) and its environment (described by
exciting the protein near the maximum approx. at 295 nm)™*. Protein cofactors like flavin and
quinone have been also shown to have fluorescence properties and several spectroscopic

d*® 28290 dyinones show shifts in the UV-Vis and fluorescence

studies have been reporte
spectra upon changes in redox state®*®. Flavins and flavoproteins have been shown to exhibit
blue to green fluorescence under several different conditions*®, making this technique
appropriate for spectroelectrochemical analysis of flavin-containing proteins, for instance,

complex 1.

In this work a setup described by Voicescu et al. 2

was adapted to perform
spectroelectrochemistry studies. Figure 2.2-2 shows the optical pathway for the coupling of a

steady state front-face fluorescence spectrometer with an electrochemical cell.
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Figure 2.2-2. Optical pathway for electrochemically induced fluorescence analysis ***

Fluorescence data are generally presented as emission spectra. A fluorescence
emission spectrum is a plot of the fluorescence intensity versus wavelength (nanometers) or
wavenumber (cm ™). The emission spectra vary widely and are dependent upon the chemical
structure of the fluorophore and the solvent in which it is dissolved, and the excitation

wavelength to which it was exposed.

2.3 UV/Visible spectroscopy

While interaction with infrared light causes molecules to undergo vibrational
transitions, the shorter wavelength, higher energy radiation in the UV (200-400 nm) and
visible (vis) (400-700 nm) range of the electromagnetic spectrum causes many molecules to
undergo electronic transitions. Electronic transitions occur when the energy from UV or
visible light is absorbed by a molecule, where an electron jumps from a low energy to a high
energy molecular orbital & 2%
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Figure 2.3-1. Scheme of the most common electronic transitions ®.
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The differences in energy between orbitals depend on the atoms present and the nature
of the bonding system. Most UV/vis transitions from bonding orbitals are based on n —n* or
n—m* transitions, which occur across the UV/vis range related to unsaturated carbon
functional groups. Distinctive absorption coefficients of n —u* transitions are below 100
L.cm™.mol™, while absorption coefficients of m—n* transitions exceed 1000 L.cm™.mol™

(Figure 2.3-1)*%.

One of the most basic applications of this technique is the use of the Beer-Lambert
law to determine the concentration of a chromophore. This technique is also used easy to
follow changes upon ligand binding. In addition, UV/vis can be used to do spectro-

electrochemical studies

Through the spectra of redox proteins, the electrochemical properties of the cofactors
present can be characterized. According to the absorption coefficient the peaks observed in
the spectra can be assigned to specific structures, like flavin and Fe-S clusters; which have a
distinctive absorption around 450 and 525 nm. Redox titrations monitored by UV/vis
spectroscopy have proven to be a powerful technique to characterize redox properties of
different kinds of cofactors inside proteins®> 23 242 Spectroelectrochemical results are
generally evaluated by fitting the resulting difference spectra from the titration with an
equation that is a combination of the Lambert-Beer Law and the Nernst Law as described in

previous studies (see section 3.2.5.1) % 242243,

2.4 Spectroscopy of small complexes, peptides and proteins

Information about structure, environment of amino acid side-chains, ligand, cofactors,
and the changes in the protein backbone can be deduced from spectral parameters like band
position, bandwidth and the absorption coefficient of the peaks present in a spectrum. The
main signals that have been described in association with secondary structure of proteins and
peptides are the amide bands. These bands are directly correlated to the polypeptide backbone
vibrations. The principal amide contributions and their correlated vibrations can be seen in
Figure 2.4-1.

Amide I, Il and I11 bands can be found in Raman as well as IR spectra, but the out-of-

plane motions in amide V, VI and VIII are only described for IR spectroscopy (Table 2.4-1).
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In the case of IR spectroscopy the amide | region is the most commonly used to probe

secondary structure of proteins, whereas in Raman spectroscopy it is amide 111.

According to the frequency, the shape and the bandwidth of a peak, a deconvolution of
this band can give the relative percentage of the secondary structure possible for peptides and
proteins (Table 2.4-2). Many model compounds have been used to correlate between the
position and the classification of secondary structure elements and their quantitative
estimation, some of them are described by the studies of Kong and Yu?**, Goldberg and

Chaffote®® and Mikhonin et al®* .

Table 2.4-1. Amide vibrations, frequencies and description of the peptide backbone
(assignments are according to Kong** and Barth®')

Amide | Wavenumber (cm-1) Vibrations
A 3500-3200 v(N-H), v(O-H)
B 3200-3030 v(C-H)
| 1700-1600 80% v(C=0), v(C-N), 6(N-H) and
3(CCN)
I 1590-1480 Coupled 60% d(N-H) with v(C-N),
Coupled 8(C=0) and v(C-C)
i 1400-1200 3(N-H), v(C-N), 8(C=0) and v(C-C)
v 780-650 3(C=0) in- plane, v(C-C)
\Y 600-540 d(C-N) torsion
VI 540-500 8(C=0) in-plane and out-of- plane
(C-C-N) deformations
VIl 290-250 & (N-H) out-of-plane

Amide I. The amide I vibration arises mainly from the v(C=0) vibration of the protein
backbone. The fundamental mechanism that controls amide | sensitivity to secondary
structure characterization is transition dipole coupling (TDC). The resonance of the
interaction between the oscillating dipoles of neighboring amide groups and the coupling
depends directly on their relative orientation and the distance between the groups. This
coupling is stronger when the oscillators vibrate at the same frequency which consequently

splits the resulting band in a wider shape and different frequency?®.
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The advantage of using Amide | as marker for the characterization of secondary
structure is based on the observation of the absorption coefficient of the backbone is so high
that the band is barely affected by the nature of the amino acid side chain. On the other hand
the principal disadvantage of following this band is that in the case of aqueous samples, the
strong absorbance of water in the MIR spectral region (~1645 cm™) can overlap or modify the
characteristics of the band, which is why samples dissolved in “H,O can help in the
confirmation of the assignments %** #*3, Furthermore, the complementarity of IR and Raman

spectroscopy can be a useful tool in the study of biological systems.
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Figure 2.4-1. Vibrational modes in the mid frequency region of a metalloprotein (Complex I).
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Table 2.4-2 Assignments of secondary protein structure motifs from the deconvolution of amide |
(infrared) and amide 111 (Raman) %* 24

Amide | Amide 11 Assignment
(Wavenumber/ cm™) (Raman shift / cm™)
1624-1642 1200-1240 [-sheet
1691-1696
1648 1250-1270 Random coil
1655-1660 1280-1300 a-helix
1666 -- 310-helix
1667-1685 1270-1280 B-turns

Amide I1. This amide vibration is composed by the coupling of in-plane 6(N-H) and
v(C-N) with a small contribution from 6(C=0) and v(C-C) modes. Some of the properties of
this amide vibration is that it is hardly affected by amino acid side-chain contributions®*’;
additionally it is sensitive to hydrogen deuterium exchange where the decoupling of in-plane
O(N-H) and v(C-N) is excepted giving rise to the amide II’ band. This amide I’ is
predominantly v(C-N) and it arise around 1450 cm™, it might overlap with the H-O-D bending
vibrations which is the reason why it is difficult to extract structural information from it***. On
the other hand, amide Il band may provide information on the accessibility of solvent to the
peptide backbone.

Amide I11. This is a complex band resulting from a mixture of several coupled modes
(Table 2.4-1) The main advantage is that there is no water interference in this region in
contrast to the amide | band. For IR it is possible to use the amide 11l region to determine
protein secondary structure, but since the band has a lower absorption and is quite broad, it is
hard to define specific characteristics from it. However, the amide Il band in Raman

spectroscopy is a better candidate for secondary structure studies due to its high scattering®*.

Shape, bandwidth and frequency of the amide 11l in a Raman spectrum depend on the
Ramachandran dihedral angle (y)™ (Figure 2.4-2). Raman spectra of model peptides have
demonstrated that vibrations of individual peptide bonds are in general uncoupled ** #*°; thus
it may be possible to approximate protein Raman spectra as the linear sum of the spectra of
individual peptide bonds. Due to this characteristics it is possible to correlate individual
peptide bond Raman spectra to local secondary structure, an specific description of this

assignment can be seen in Table 2.4-22%°,
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O

Figure 2.4-2. Ramachandran diagram of the vy (psi), ¢ (phi), ® (omega) angles in a peptide bond ™.

In addition to the amide backbone vibrations, amino acid side chains can give rise to a
considerable number of vibrations providing valuable information about protonation state,
coordination and hydrogen bonding.

As an example, carbonyl group of Asp gives rise to an IR vibration around 1790-1710
cm™, when this group is hydrogen bonded this signal shift to lower frequencies®™®. Residues
with aromatic ring as side chain can give rise to several vibrations; the protonation state of the
His N atoms of its imidazole ring had been a subject of several studies®™, especially the
correlation of these atoms with metal ions coordination or as binding partners with metal

centers'®,

The environment provided by a protein can modulate the electron density and the
polarity of bonds, thus changing the vibrational frequency and the absorption coefficient of
the amino acid involved in the structure. A very well case of study is Tyr side chain where the
deprotonation give rise to a signal with lower wavenumbers®°. In Raman, this amino acid
giving a Fermi doublet combination mode, which reported the ratio of the exposure to the

solvent of this residue in the structure®?.

Furthermore, amino acid side chains vibrations are a helpful tool for the study of the

mechanism of protein reactions as they are often involved in molecular reaction mechanisms,

2% and antibody recognition 2. Due to the

229, 248

like allosteric mechanisms 23, enzymatic activity

overlapping of many vibrations in the same frequency; site-direct mutagenesis and

isotopically-labeled samples 23 248 256

can help to differentiate specific vibrations of interest.
An example of this is a specific amino acid that forms a part of the metal coordination sphere
within the protein structure. By site-direct mutagenesis the coordination of the metal can be
perturbed and the function of specific amino acids function around the cluster can be

determined. Furthermore, when working with synthetic peptides it can be a good choice to
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add a labeled amino acid in the chain and in this way the attribution of the signals will be

corroborated with the labeled amino acid.

2.4.1 The low frequency region.

For proteins, the low frequency region (below 1000 cm™) is characterized by in or out-
of-plane amide vibrations (Table 2.4-1), bending vibrations of amino acids, metal-ligand
vibrations (500-200 cm™) and the hydrogen bonding collective modes (Figure 2.4-3) (below
300 cm™). In the search for new methods for studying protein structure, conformational
changes and the interaction between proteins and water this region represents an innovative
challenge to characterize a variety of biological processes, ranging from photoisomerization

166 113, 257

events ~—° to catalysis

Amide bands. The amide VI band was first described in the N-methylacetamide
(NMA) model by Miyazawa et al.”®, Recently it gained much more attention since it appears
to be particularly sensitive to conformational changes and local environment. Amide VI (600-
500 cm™) is mainly composed of out-of-plane C=0 bending motions of the amide functional
group and it is also composed of the contribution of in-plane and out-of-plane motions of the
peptide backbone CONH groups®®. Normal mode calculations described that the C=0O in-
plane bending mode (amide 1V) is significantly mixed with the modes that give rise to the
amide VI band.

Several studies of model compounds and proteins have shown the relation between

2 2
d 58, 259

secondary structure and the amide VI ban . In polyamide-containing polymers the

amide V1 band appears at 580-590 cm*. Studies also indicated that the band position depends

whether the molecule is in solution or in the crystalline form . Latest studies have used this

261, 262

band as a marker in conformational changes upon metal binding and to describe

protein-ligand interactions 2%,

Metal-ligand vibrations. Detailed analysis of metal-ligand bond properties by means
of vibrational spectroscopy is very useful, many proteins have metal centers, which act as

cofactors or metal binding sites. The FIR absorbance spectra of several iron-sulfur proteins

264

have been recorded (Figure 2.4-3)°™", with recent reports on proteins and related models

showing that vibrational spectroscopy in the FIR domain is a promising technique %% 26° 26¢,
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The study of these sites and their redox states can provide information on metal-ligand bond

properties and even characterize metal sphere coordination in proteins®®” 2%,

Furthermore, RR spectroscopy selectively enhances the metal-ligand vibrations which
lead to better resolve the resulting bands®®**"*. The complementarity of both, FIR and RR

techniques gives an extended field to study metalloproteins.

Hydrogen bonding. The region below 300 cm™ (Figure 2.4-3) includes information
about the tertiary structure of proteins. Most of it is the collective mode of hydrogen bonding.
The dynamics of the collective modes have been described to arise as a consequence of
anharmonic interactions with other molecular normal modes?’? . Collective vibrational modes
are distinct from the familiar MIR vibrational modes, which in general involve the motion of
only pairs or small groups of molecules, these modes involve the collective motion of entire

subunits of the protein with 50-100 atoms moving in an integrated set **°.
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Figure 2.4-3. Vibrational modes in the low frequency region of a metalloprotein (Complex I)
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So far, only a few studies, mainly computational studies*”®, have described the relation
of these collective modes to protein interactions. These vibrations are especially sensitive to
the spatial structure of molecules and to intermolecular interactions. Structural elements like
a-helices and B-sheet-folds are defined and stabilized by their unique pattern of hydrogen

bonds.

The frequency and broadness of the signals depend on the polarizability of the
hydrogen bonding features. This includes the contribution of the inter— and intra—molecular

hydrogen bonding H...O and H...N stretching vibrations within a protein or with water

272

molecules present in the environment='“. Besides the contribution from the intra and

intermolecular hydrogen bonding of proteins, the collective motions include also

contributions from water chains within proteins and the hydration shells®’?.
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3 MATERIALS AND METHODS
3.1 Sample Preparation

Complex | and the NADH dehydrogenase fragment from E. coli, and the NuoEF
subcomplex from A. aeolicus were prepared in the laboratory of Prof. Dr. Thorsten Friedrich,
at the Institute for Biology, Albert-Ludwigs-Universitat, Freiburg, Germany.

The sample preparations of PDZ1-MAGI-1, the wild-type (WT) and all the mutations
were carried out in the laboratory of Prof. Dr. Gilles Trave, Oncoproteins team, in the Institut
de Recherche de I’Ecole Supérieure de Biotechnologie, Unit “Biotechnology and Cellular
Signaling, University de Strasbourg, Illkirch; in collaboration with Dr. Juan Ramirez and Dr.

Yves Nominé.

The Ap16, DAHK and GHK samples were obtained from the collaboration with
laboratory of Prof. Dr. Peter Faller, Laboratoire de Chimie de Coordination, Université de
Toulouse; and Prof. Dr. Pierre Dorlet, Laboratoire du Stress Oxydant et Détoxication, Gif-sur-

Yvette, France.

3.1.1 Complex I Preparation

All the steps were made according to the protocol of Pohl et al. 2

, Where cell growth
was followed by the preparation of the cytoplasmic membranes and then a two-step

purification process to obtain the complete Complex I.

Cell culture. Competent cells from the E.coli strain ANNO0221 (derivative of strain
AN387) " were transformed with pBADnuo/His-nuoF in a pre-culture of 50 mL of YP
medium, which 16-20 hours of growth were transfer to a cell culture and grown anaerobically
in a 200L fermenter or a 250mL culture in 1L conical flasks with YP medium at 37°C. They
were grown until the cell culture arrived out the stationary growth phase; the expression of the
nuo-operon was induced with 0.2% (w/v) of L-arabinose after 1h. The cells were harvested by

continuous flow centrifugation at 16000 g, at 4°C and stored at -80 °C until further use.

Preparation of the Cytoplasmic Membranes. 30-40 g of cells (wet mass) were re-
suspended in 4-fold volume of lysis buffer, composed of 50 mM MES/NaOH, 0.1 mM
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phenylmethylsulfonyl fluoride (PMSF), 10 pug/mL DNAsel and 50 pg/mL lysozyme at pH
6.0. This solution was passed through a French pressure cell (SLM Aminco) at 110 MPa to
disrupt the cells. All the steps were performed at 4°C. To remove the cell debris a
centrifugation at 36000 g for 20 min was carried out, and the latest the cytoplasmic
membranes were obtained by centrifugation at 250000 g for one hour. Membranes are
collected are re-suspended in buffer (50 mM MES/NaOH , 50 mM NaCl, 5 mM MgCl, and
100 uM PMSF at pH 6.0), 1 mL was used for each g of membrane.

Detergent extraction. The re-suspended membranes were gently homogenized using a
glass-Teflon homogenizer through several (3-4) cycles, incubating 15 min on ice in between
each cycle; n-docecyl-p-D-maltoside (DDM) from 20% stock in water was added to the
membrane suspension to a final concentration of 3%. After the last 15 min of incubation, the

insolubilized material was removed by centrifugation at 250000 g for 20 min at 4°C.

Isolation of Complex I. All the steps were performed at 4°C. The supernatant obtained
after the detergent extraction was applied to a 60 mL anion exchange chromatography column
(Fractogel, EMD, Merck), that was previously equilibrated with 50 mM MES/NaOH, 50 mM
NaCl, 0.1% DDM and 30 uM PMSF at pH 6.3.

The column was then washed with 35 mL buffer containing 50 mM MES 50 mM
MES/NaOH, 150 mM NacCl, 0.1% DDM and 30 uM PMSF pH 6.0. The protein was eluted by
applying 75 mL in a linear gradient of 150-350 mM NaCl with 50 mM MES/NaOH, 0.1%
DDM and 30 uM PMSF at pH 6.0. This was performed at a flow rate of 6 mL/min. To select
the fractions containing the protein of interest (Figure 7.1-A Appendix), NADH/ferricyanide
oxidoreductase activity was measured (see section 3.1.5) and the fractions presenting activity
were pooled for a later adjustment to a 20 mM imidazole concentration, by adding elution
buffer composed of 50 mM MES/NaOH, 0.1% DDM and 500 mM imidazole, at pH 6.0.

The fractions pooled were loaded on to a 15 mL ProBond Ni*’-IDA column
(Invitrogen) that was previously equilibrated with 50 mM MES/NaOH, 200 mM NaCl, 20
mM imidazole, 0.1% DDM at pH 6.3, with a flow rate of 1.1 mL/min.

The column was then washed with the same buffer until the Abs,gonm decreased to the
initial value. The protein elution was done at a flow the same flow rate with a step gradient
from 20-500 mM imidazole with the elution buffer.
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As for the previous steps, the collected fractions (Figure 7.1-B. Appendix) exhibiting
NADH/ferricyanide oxidoreductase activity were pooled; washed with 50 mM MES/NaOH,
50 mM NaCl, and 0.1% DDM at pH 6.0 and concentrated by ultracentrifugation (100 kDa
MWCO, Amicon Millipore). All the samples obtained were stored at -80°C until further use.

A resume of the yield in each step can be seen in Table 3.1-1.

Table 3.1-1. Isolation of E. coli Complex | from strain ANNO0221 starting with 32 gr of cells (wet weight)

NADH/ ferricyanide
oxidoreductase activity

Preparation Volume  Protein Total Specific Yield
[mL] [mg] [umol min™] [umol min™ mg-1] [%]
Membranes 12.5 545 2524 4.8 100
Extract 35 395 1796 4.5 79
Fractogel EMD 45.2 81 1301 16.3 53
ProBond Ni**-IDA 26.3 11 1196 113 42

3.1.1.1 Production and purification of Complex I variants

For the study of the variants, several mutations were studied in the NuoB subunit. All
of them were prepared by the group of Prof. Dr. Thorsten Friedrich. Mutants of the three
conserved Tyr on NuoB (Y139C, Y154H, Y114H and Y114H|Y139C) were generated by
complementation of a chromosomal nuoB deletion strain with expression of nuoB from a
plasmid as described by Flemming et al.?*® and carried out using the techniques in the studies
of Flemming et al. ! Mutations of the Glu (E67Q and E67D), were introduced together with
the mutations of the Asp esidues D94N and D77N. The cells were grown and purified
according to the protocol described above for the WT and stored at -80°C for further use, with

the same buffer conditions and concentration.
3.1.2 NADH dehydrogenase Fragment (NDF) preparation.

NDF was prepared according to the steps described by Bungert et al. 2’°. Cell

transformation, growth and induction were followed by a two-steps purification process.

Cell culture. Competent cells of the E. coli strain BL21 (DE3) (AGS, Heidelberg) 2’’
were transformed with pET-11a/nuoB-G/NuoF.. This construct contained nuoB-G with a
Strep-tag I coding sequence on the C-terminal of NuoF. All the cells were grown at 37°C. A

pre-culture was grown aerobically in a 1000 mL flask containing 250 mL of LB medium
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until the optical density (OD) at A=600 nm was 2 (10-12 hours). The resultant transformed
cells of this pre-culture were grown in a 10 L LB culture in a fermenter of also LB medium
under anaerobic conditions with 100 pg/mL of ferric ammonium citrate, 100 mg/L
ammonium sulfate, 50 mg/L riboflavin and 0.5 mM of L-cysteine 2. After the cell culture
reached an absorbance between 0.6-0.8 (A=600 nm), the exponential growth phase, the nuoB-
G operon was induced by Isopropyl PB-D-thiogalactopyranoside (IPTG) at a final
concentration of 0.4 mM. The cells were harvested after they entered the stationary growth
phase (ODgpo=2-3) by centrifugation for 10 min at 4000 g. Cell pellets were washed with 50
mM MES/NaOH at pH 6.0 and stored at -80°C until further use.

**Fe isotopically-labeled cell culture. For the preparation of the isotopically-labeled
sample of NDF the M9 minimum media was used *® adding 40 mg/mL of tryptophan and
casein 10% (w/v) to enhance up the growth 2’°. To prepare the iron solution 9.5 mg of >*Fe
(Trace, Science International Inc.) was dissolved in 25% HCI with continuous agitation. The
>*Fe solution was sterilized and added to the culture followed by a pH adjustment to 6.5. The
rest of the protocol was as previously described for the non-labeled sample.

Isolation of NDF. 20-40 g of cells (wet mass) were re-suspended in 80 mL buffer
(~120 mL) containing 50 mM MES/NaOH, 50 mM NaCl, 30 uM PMSF and 5 mM
dithiothreitol (DTT) at pH 6.0, traces of DNAsel and lysozyme were added to prevent
degradation of the protein of interest. The cells were disrupted by passing them through a
French pressure cell at 110 MPa. From this step the cell debris and the cytoplasmic

membranes were removed by centrifugation at 2500009 for 1 hour.

The supernatant obtained was loaded into a 250 mL anion exchange chromatography
column (Fractogel, EMD, Merck); which was previously equilibrated with 50 mM
MES/NaOH, 50 mM NaCl, 30 uM PMSF and 5 mM (DTT) at pH 6.0. After loading the
column was washed with this same buffer until the absorbance at 280 nm decreased to the
initial value. The elution was made with a 30 mL linear salt gradient from 50-300 mM NacCl.
All the steps were carried at a flow rate of 5 mL/min. The fractions that presented
NADH/ferricyanide reductase activity were pooled (Figure 7.2. Appendix) and concentrated
by ultrafiltration (100 kDa MWCO, Amicon Millipore) until half of the volume was reached.
After this the pH was adjusted to 6.6 with 0.2 M NaOH solution.
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Table 3.1-2. Isolation of E. coli NDF strain BL21 (DE3) pET-11a/nuoB-G/NuoF, starting with 37 gr of cells
(wet weight)
NADH/ ferricyanide
oxidoreductase activity

Preparation Volume  Protein Total Specific Yield
[mL] [mg] [umol min™] [umol min™ mg-1] [%]

Cytoplasm 75 1250 2983 3.5 100

Fractogel 46 315.5 1672 53 62

EMD

StrepTactin- 13 21 1196 121 46

Sepharose

The sample was applied to a 10 mL affinity chromatography column (Strep-Tactin
Sepharose. 0.4x1.6 cm IBA) that was previously equilibrated with 50 mM MES/NaOH,
50mM NaCl, 30uM PMSF and 5SmM (DTT) at pH 6.6 at a flow rate of 0.8 mL/min. The
protein was aluted at the same flow rate with 2.5 mM D-Desthiobiotine in 50 mM
MES/NaOH, 50 mM NaCl at pH 6.0. The fractions with NADH/ferricyanide (Fe-CN)
reductase activity (Figure 7.2. Appendix) were pooled and concentrated by ultrafiltration
(100 kDa MWCO, Amicon Milipore) and frozen with liquid nitrogen and preserved at -80°C

for further use. A resume of the yield in each step can be seen in Table 3.1-2.

The unlabeled and the **Fe NDF were purified with the same protocol.
3.1.3 NuoEF preparations

NuoEF was prepared according to the steps described by Kohlstadt et al.?®. The cell

transformation, growth and induction were followed by a three-step purification process.

Cell culture. Competent cells of the E. coli strain Rosetta(DE3)pLacl (Merck
Biosciences, Nottingham) were transformed with the construct pETBIlue-1/nuoEFHisG and
the cell growth for protein production was performed as described for NDF. After the harvest,
the cell pellet was washed with 50 mM MOPS/ NaOH, 50 mM NaCl, pH 7.0, and stored at -
80°C for further use.

Isolation of NuoEF. Between 10-15 g of cells (wet mass) were re-suspended in 30 mL
50 mM MOPS/NaOH, 200 mM NaCl, 20 mM imidazole and 30 uM PMSF at pH 7.0, traces
of DNAsel were added to prevent degradation of the protein of interest. The cells were
disrupted by passing through a French pressure cell twice at 110 MPa. The obtained

suspension was centrifuged at 184000 g for 1h10 min.
61



Materials and Methods — Sample Preparation

The recovered cytoplasmic fraction (supernatant) was loaded into a 10mL affinity
chromatography column (Probond Ni*2-IDA 16mm x 50mm) equilibrated with 50 mM
MOPS/NaOH, 200 mM NaCl, 20 mM imidazole, 30 uM PMSF,pH 7.0, at a flow rate of 1.5
mL/min. The column was then washed with the same buffer containing 100 mM imidazole
until the absorbance at 280 nm decreased to the initial value. The protein was eluted using a
40 mL linear gradient from 100-500 mM imidazole at the same flow rate. The fractions that
presented NADH/ferricyanide oxidoreductase activity were pooled (Figure 7.3-A appendix)
and concentrated by ultrafiltration (30 kDa MWCO, Amicon Milipore) with a final volume of
500 pL.

Table 3.1-3. Isolation of NuoEF from A. aeolicus with the strain Rosetta (DE3)pLacl/pETBluelNuoEFhis
from 25 g of cells (wet weight)

NADH/ ferricyanide
oxidoreductase activity

Preparation Volume  Protein Total Specific Yield
[mL] [ma] [umol min™] [umol min™ mg-1] [%]
Cytoplasm 59 701 2860 4 100
Probond Ni** — IDA 19 93 231 2.1 8
Superdex 200 8 19 98 5.1 4
Source 15Q 4 13 40.7 3.8 2

This sample was washed with 50 mM MOPS/NaOH and 150 mM NaCl at pH 7.0 and
applied to a size exclusion chromatography (GeFi Superdex 200 16/60), that was previously
equilibrated with the same buffer at a flow rate of 1 mL/min; the protein eluted approx. at 73
mL. At approx. 82 mL (Figure 7.3-B Appendix) a second peak was detected; this was
attributed to an inactive form of the protein. To ensure the purity grade of the protein,
fractions with NADH/ferricyanide oxidoreductase activity were pooled and a second size
exclusion chromatography was performed (Figure 7.3-C Appendix) that showed a
homogeneous peak at 73 mL approx. for the protein. The sample was concentrated by
ultrafiltration (30 kDa MWCO, Amicon Millipore), and preserved at -80°C for further use. A

resume of the yield in each step can be seen in Table 3.1-3.

3.1.3.1 Production and purification of NUoEF variants

The plasmids pETBIlue-nuoE_hisgF and pETBIluel-nuoEFhis were used as templates

for site-direct mutagenesis to generate three new expression plasmids; three new plasmids
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were produced containing mutations on NuoE: two single mutants (V90P and V136M), and a
double mutant (V90P/V136M).

The cell growth and the isolation process were carried out as described before for the
wild type. NUoEF variants VO0OPE, V136MF and VV90P/V136MF behaved equally throughout
purification and no significant differences were seen in the chromatograms. Protein activity
was always tracked by the NADH/Ferricyanide oxidoreductase assay and SDS-PAGE of
purified samples indicated the presence of the two subunits forming the heterodimer, NuoE
and NuoF.

The yield of the preparation was calculated for each variant by determining the amount
of produced protein and its activity, described in Table 3.1-4 for VVOOP/\/136MF.

Table 3.1-4. Isolation of V90 P/V136ME NUOEF variant strain Rosetta
(DE3)pLacl/pETBluelNuoEFhisV90P/\VV136ME from 26 g of cells (wet weight)

NADH/ ferricyanide
oxidoreductase activity

Preparation Volume  Protein Total Specific Yield
[mL] [mg] [umol min™] [umol min™ mg-1] [%]
Cytoplasm 160 1536.0 2860 3.1 100
Probond Ni** — IDA 12 49.2 489.6 9.9 10
Superdex 200 8 26.4 342.4 12.9 7
Source 15Q 6 16.2 279.6 17.5 6
Superdex 200 8 12.6 256.8 20.7 7

3.1.4 Quinone reductase fragment (QRF) preparation

The QRF fragment was prepared by the group of Prof. Dr. Thorsten Friedrich. This
protein, consisting of all complex | subunits but NuoE, F and G, was obtained by alkaline
treatment of the complex as previously reported ™
ultracentrifugation (50 kDa MWCO, Amicon Milipore) with 50 mM MES/NaOH, 50 mM

NaCl and 0.5% DDM and stored at -80°C in aliquots for further use.

. The samples were washed by

3.1.5 Determination of NADH/ferricyanide oxidoreductase activity

To determine the enzymatic activity of the samples the reduction of ferricyanide by
NADH was followed at A=410 nm at room temperature, according to the assay described by

Friedrich et al. **. The assay was performed in a 1cm x 1cm cuvette with a final volume of 1
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mL containing 50 mM MES/NaOH, 50 mM NaCl, 1 mM Kj3[Fe(CNg)], 0.2 mM NADH, pH
6.0 with 5 pL of the sample . The molar absorption coefficient of Ks[Fe(CNe)] (e410 = 1 mM™

cm™) was used along with the equation of Lambert-Beer law to determine the

NADH/ferricyanide oxidoreductase activity in units of pmol min™ mL™ (U/mL).
3.1.6 CuAp16, DAHK and GHK

For the A516 peptide, labeled and unlabeled samples will be studied for data analysis.
The labeled samples included the *°N labeling of His6, His13 and His14, and *C *°N labeling
for the Aspl residue. Unlabeled AB16 peptides were purchased from Genecust (Dudelange,
Belgium). The labeled amino acids were purchased from Eurisotop (St-Aubin, France) and
sent to GENEPEP (Prades-le-Lez, France) for synthesis of the labeled peptides. Aspl and
His6 labeled are 97% pure and the His13 and His14-labeled to 95%.

GHK (Gly-His-Lys) peptide was bought from Bachem (Bubendorf, Switzerland).
DAHK (Asp-Ala-His-Lys) peptide was bought from Bachem (Switzerland) or GeneCust

(Dudelange, Luxembourg).

All the peptides were dissolved in pure water or in 2H,0 to a final concentration of 5
mM. For spectroelectrochemistry experiments 10 pL of the peptide was mixed with CuCl; in
100 mM of phosphate buffer (pH 6.8/ pH 8.9) with 150 mM KCI. CuCl, was added in
equimolar concentration (1:1) from a stock of 100mM CuCl,.2H,0 (Riedel-de Haén)
dissolved in distilled water or ?H,0. Following the addition of CuCl, the pH (pD) was
adjusted using HCI (DCI) or NaOH (NaOD). The samples were studied at pH 6.8 and 8.9.

3.1.7 PDZ1-MAGI-1 preparations

The preparation of the PDZ1 domain of MAGI-1 was done according to the steps
described by Charbonnier et al > and Fournane et al ®* . The cell culture for overproduction
of the protein was followed by a three steps purification process.

Cell culture. PDZ1 from MAGI-1 was overexpressed with E. coli strain BL21(DE3),
transformed (heat shock) with the construct pETM41/His-6-MBP-SeqTEV-PDZ1. All cells

were grown at 37°C. A 25 mL pre-culture was grown aerobically in a 200 mL flask containing
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LB medium under continuous stirring at 230 rpm, until the optical density (OD) at A=600 nm
was 2 (overnight).

The pre-culture was added to 500 mL LB medium and kanamicina (30 mg/mL) in a 2
L flask. The culture was incubated and shaken (230-340 rpm) at 37°C until the culture reached
the exponential growth phase with an optical density between 0.6-0.8 (A=600 nm). For the
induction IPTG was added with a final concentration of 0.5 mM is added, and the culture was
incubated at 15°C (16 hours). The cells were harvested by centrifugation, and the pellets flash

frozen in liquid nitrogen and stored at -80°C until further use.

Isotopically labeled *®N and **C cell culture. For the preparation of the isotopically
labeled sample of PDZ1, M9 minimum media was used 2’®, In the case of N labeled cell
culture *NH,CI was added as a nitrogen source, and in the case of *3C labeled cell culture

1g/L of *3Cs glucose (Isotec Inc.) was added as a carbon source.

Isolation of PDZ1. The cells obtained were re-suspended into a 40 mL of a “lysis”
buffer containing 100 uL DTT (0.5 M), 12.5 uL. DNAse (10 mg/mL), 12.5 uL. RNAse (10
mg/mL), dissolved in buffer A: 50 mM Tris, 1 mM DTT, anti-protease cocktail (EDTA free)
(Roche) and 200 mM NaCl pH 6.8. All steps were carried out at 4°C. The cells were disrupted

by sonication of a 1min pulse, followed by centrifugation at 16000g for 1h.

The supernatant was then filtered (Micropore 30 kDa MWCO) and loaded onto a 40
mL amylose agarose resin (New England Biolabs) that was previously equilibrated with
buffer A at a flow rate of 1.5 mL/min. The column was then washed with the same buffer
until the absorbance at 280 nm decreased to the initial value followed by the elution with
buffer A containing 10 mM maltose. The fractions composed of the peak eluting at the same
flow rate as before were pooled. This fraction corresponds to MBP-PDZ1. The MBP tag was

removed by proteolitic cleavage with recombinant TEV protease at 8°C, during 16 hours.

To remove the His6-MBP and the His-6 TEV, the digestion mix was loaded three
times on a 2 mL Ni-NTA resin (Qiagen) that was pre-equilibrated with buffer A. The flow-
through obtained was concentrated by ultrafiltration (5 KDa MWCO, Amicon Milipore) to a

final volume of 2 mL.
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The 2 mL obtained were applied to a size exclusion chromatography column (gel
filtration, Hiload 16/60 Superdex 75, Amersham Bioscience) equilibrated with 20 mM
Sodium Phosphate buffer, 1 mM DTT and 200 mM NacCl at pH 6.8. The protein eluted with
the same buffer at approx. 65 mL. To verify the quality of the purification a SDS-PAGE
(Figure 7.1-4) containing each one of the steps and the last pool fractions was carried out. The
protein obtained was washed with 20mM phosphate buffer, 1 mM DTT and 50 mM NaCl,
separated in 50 pL aliquots and kept at -80°C.

3.1.7.1 Production and purification of PDZ1 domain variants

The following mutants of PDZ1-MAGI-1were cloned into the pETM-41 vector named
above, PDZ1 K44/A, PDZ1 K44/E and PDZ1S113G| L114G|V115G hereafter named PDZ1
GGG.

The cell growth and the isolation process were carried out as described before for the
WT (Section 3.1.7). PDZ1 variants SLV/GGG, K44E and K44A behaved equally throughout
purification and no significant differences were seen in the chromatograms; the results of each

purification step is seen in the SDS-PAGE, Figure 7.1-4 Appendix.

3.1.7.2 Synthetic peptides

Five synthetic peptides (Table 3.1-5) corresponding to C-terminal (ct) residues of
HPV16 E6, were synthesized by P. Eberling (Chemical Peptide Synthesis Service, IGBMC,
Strasbourg). Trifluoroacetic acid (TFA) was removed by lyophilization and HCI treatment as
previously reported 2% 283 peptides were re-suspended in 20 mM Sodium phosphate buffer
with 1 mM DTT and 50 mM NacCl, at a final concentration between 15-20 mM.

Table 3.1-5 Peptides originated from the viral oncoprotein sequence HPV16E6.
(Mutated residues of 16E6; are underscored in bold)

Name No of Sequence
residues
16E6 11 RSSRTRRETQL
16E6 Lo/V 11 RSSRTRRETQV
16E6 Rs/A 11 RSSRTARETQV
16E66 Lo/V 6 RRETQV
16E6¢5 Lo/V 5 RETQV
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3.1.7.3 The MAGI-1 PDZ1/16E6 complex

To follow the formation of the complex by spectroscopic techniques (RR and IR) a
titration at different concentration ratios (1:1; 1:2; 1:3 and 1:6) of the PDZ1 domain with the
16E6 peptide was made. To make sure the frequencies observed were due to complex
formation, the spectrum of PDZ1 and the 16E6 peptide, they were first measured alone. The

ratio of 1:2 (PDZ1: peptide) was chosen to do the rest of the experiments.

3.2 Spectroscopy

UV/Visible and fluorescence spectroscopy were used for titrations of the cofactors of
interest, whereas infrared and RR were used for more detailed protein analysis. Absorption
with an attenuated total reflectance unit (ATR) and scattering spectra was used in frozen
samples and samples in solution. For spectroelectrochemistry measurements a thin layer
electrochemical cell was adapted to each one of the spectroscopic techniques with some
variations according to the equipment and the frequencies studied as described below.

3.2.1 Spectroelectrochemistry

For the electrochemistry experiments an ultrathin layer cell was used to follow the
spectroelectrochemical changes upon reduction and oxidation. This cell was designed by
Moss et al. ** and consists of a three-electrode system (Figure 3.2-1). In the PVC cell body
with four inlets, the first one (a) is to provide contact with a gold grid (30 x30 pm mesh width,
optical transparency of 55%, from Goodfellow, SARL, France), used as a working electrode.
The second inlet (b) it was used to screw a contact with a platinum film used as counter
electrode. The third inlet (c) was used to insert a Ag/AgCl 3M KCI reference electrode (+208
mV for SHE’) (Figure 3.2-1). The fourth inlet (d) was used to add the same buffer were the
sample is dissolved with the objective to provide connectivity between the electrodes after the
cell is closed.

All the electrodes were connected to a potentiostat which regulates the potential
applied to the working electrode. The gold grid, as the working electrode was chemically-
modified with a solution containing 1 mM cysteamine and 1 mM 3-mercaptopropionic acid
(3-MPA). The grid was immersed in the solution containing the modifiers for at least one hour
before use at room temperature. These thiol-based compounds form a self-assembled
monolayer of —COO™ and —NHs" groups that electrostatically interact with the protein

(Figure 3.2-2). Before adding the sample, the grid was washed with distilled water to remove
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the non-covalently bound thiols and placed on the window. For each sample a new gold grid
was used.

Window holder
Window (up) (plexiglass)
“
[~
(d) Buffer (7 S PVC body
(c) Reference \ \
electrode
(b) Pt film
(counter electrode)
Robber
ring

-

\(//X Contact
oa s e

Contact # (a) Gold grid
(working electrode)
Figure 3.2-1. Diagram of the spectroelectrochemical cell and the different components.

Adapted from Moss et al
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Figure 3.2-2 Schematic representation of the gold grip modification with cysteamine and
3-MPA

For studies in different spectral ranges a different set of window was used, for which
the specifications are described in Table 3.2-1. For all electrochemical cells, the same
thickness was used for both windows with the exception of RR where the working electrode
was positioned on the polyethylene window (down) and was covered with a CaF, window
(up).
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Table 3.2-1. Windows characteristics according to each spectroscopic technique

Technique Material Thickness
= Mid CaF, 4 mm
L (4000-800 cm™)
= Far Si 2 mm
= (700-50 cm™) 1 mm
CaF; 2 mm

Resonance Raman
Polyethylene 1 mm

Uv/Visible CaF; 4 mm
Fluorescence Quartz 4 mm

Table 3.2-2. List of the 19 mediators used for electrochemistry

Mediator Em(mV) vs. Source Solvent
Ag/AgCl
(3M KCI)

Ferrocenylmethyltrimethylammoniumiodide 607 Stern chemicals Ethanol
1-1-ferrocenedicarboxylic acid 436 Fluka Ethanol
Potassiumhexacyanoferrate (I1) trinydrate 212 Riedel-de-Haén Water
1-1-dimethlyferrocene 133 Sigma Aldrich Ethanol
Quinhydrone 70 Fluka Ethanol
Tetrachloro-1.4-benzoquinone (p-Chloranil) 72 Sigma Aldrich Acetone
N,N,N,N-Tetramethyl-p-phenylenediamine 62 Fluka Water
dihydrochloride
2,6-dichlorophenolindophenol sodium salt 9 Biochemika Ethanol
hydrate
Hexaammirythenium (111) chloride -8 Sigma Aldrich Water
Anthraguinone-2-sulfonic acid sodium salt -23 Sigma Aldrich Water
1.4 naphthoquinone hydrate -63 Sigma Aldrich Water
Trimethylhydroquinone -108 Sigma Aldrich Ethanol
Anthraquinone -108 Sigma Aldrich Ethanol
5-Hydroxy-1,4-naphthiquinone -158 Sigma Aldrich Ethanol
Duroquinone -198 Sigma Aldrich Ethanol
Menadione -220 Sigma Aldrich Acetone
2-Hydroxyl-1,4-napthoquinone -333 Sigma Aldrich Ethanol
9,10-Anthraquinone-2,6-disulfonic acid -433 Sigma Aldrich Ethanol
disodium salt
Neutral red -515 Sigma Aldrich Ethanol
1,1-Dimethyl-4,4-bypyridium dichloride -628 Sigma Aldrich Water
hydrate

Cofactors in proteins are usually embedded in the protein structure. To make sure that
electron transfer between the protein and the electrode is ensured, a mixture of 19 mediators

(Table 3.2-2) with a final concentration of 25 uM were added to the sample prior to the
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electrochemical measurements. At this concentration, with a path length below 10 pm, no
spectra contribution from the mediators could be detected as seen previously?*" 2% 2% The
mediators mixture covers a wide range of redox potential as described in the work of
Baymann et al. 2%®. To assure a complete mixture between the mediators and the sample, the

mixture was incubated at 4°C during at least 30 min prior to the measurements.

For the electrochemistry experiments 10 pL of the mediators/sample mixture was
deposited on the working electrode. The cell was closed and filled with buffer, achieving a
pathlength between 6-8 um. The potential applied to the protein studied for the oxidized (Ox)
and the reduced (Red) state, as well as the equilibration time are shown in Table 3.2-3. The
potentials are applied to the working electrode vs. a Ag/AgCI 3KCI reference electrode.

Table 3.2-3. Potentials applied for the electrochemistry of the different samples studied
(Potential is expressed in mV vs. SHE)

Sample Potential (mV) Equilibration time (sec)

Ox Red Ox Red

Complex | from E. coli +200 -450/ -500 180 300

NDF from E. coli +200 -450 180 300

NuoEF from A. aeolicus +200 -200 180 240

CuAp16

CuDAHK +700 -300 180 180

CuGHK

For the samples in organic solvents, the body of the cell was made of Teflon, and the
holders of the windows were made of aluminum. The reference electrode was replaced by a
pseudo reference electrode which was filled with the solution of the quinone as relative

reference and a platinum wire as a counter electrode, as described by Bauscher et al %*'.

3.2.2 Infrared measurements

All infrared spectra were recorded on a FT-IR spectrometer (Vertex 70, Bruker optics).
The infrared measurements were carried out in two different spectral ranges mid (4000-800
cm™) and far (700-50 cm™) infrared, according to the frequencies used different equipment
were adapted to the spectrometer. The specifications are described in Table 3.2-4. Two
different types of measurement were made; the absorption spectra were recorded in an ATR

unit and spectroelectrochemistry in transmission mode.
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Table 3.2-4. . Equipment used in the infrared measurement according to the different spectral range

Source MIR FIR
ATR Electrochemistry ATR Electrochemistry
Spectral range 4000-800 2000-800 800-50 600-50
(cm™)
Source Globar Hg vapor / synchrotron
Beamsplitter KBr Si / Mylar
Detector MCT Bolometer
Mirror velocity 20KHz 2.5KHz 5KHz
(KHz)
Resolution 2 4 2 4
(cm™)
Scans 256 256 256 128

Attenuated total reflection (ATR). The principle of an ATR unit is shown in Figure
3.2-3. The ATR technique is used as atotal internal reflection that generates an evanescent
wave. A beam of infrared light passed through the ATR crystal, in this case diamond,
reflecting several times on the internal surface in contact with the sample. These reflections

form the evanescent wave which extends into the sample®®,

Sample deposition

Evanescent
wave

Diamond Crystal

4

Infrared Beam

Detector

Figure 3.2-3 Scheme of an Attenuated Total reflectance unit.

The signal-to-noise ratio obtained depends on the number of reflections and on the
total length of the optical path. Furthermore, it is important to consider that the evanescent
effect is effective only when the crystal is made of an optical material with a higher refractive

index than the studied sample™*.

The penetration depth of the evanescent wave is characterized by the distance (dp) at

which the intensity decays, this principle is described by the equation 3.1:
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Ay

d
JZn(sinZ 6 —(nz/nl)z)

Equation 3.1

p:

Where A: wavelength, n;: refractive index of the IRE, n,: refractive index of the

sample and ¢ angle of incidence®®.

The ATR unit used in this work is equipped with a diamond crystal (n;), with an
incidence of 45° and samples dissolved in water (n,) a penetration depth of 1.6 um can be
calculated with equation 3.1 (A = 10> m), this value is typically between 0.5 and
2 micrometers. Normally between six and eight internal reflections are used, resulting in a

total pathlength of about 10 pum.

This method had been applied to a wide range of proteins®®. as proteins adsorb onto a
surface, at saturating concentration forming a protein monolayer is a widely accepted
notion®®°. Estimation of secondary structure following amide | and amide Il had been widely
studied and conformational changes due to different effectors proven®. Thus, this technique

is an excellent tool to follow protein-protein and protein-metal interactions.

In this work for each experiment 3-4 uL of the sample was deposited on the diamond
crystal and dried with argon at room temperature. The spectra obtained are the average of 20-
30 spectra. Each measurement was repeated at least three times to assure reproducibility.

Synchrotron experiments. ATR-FIR spectra in the 600 — 0 cm™* range were measured
at 2 cm" resolution using a vacuum evacuated (10—5 mbar) Bruker IFS125 spectrometer of
the FIR terahertz beamline AILES connected to the synchrotron source SOLEIL (L'Orme des
Merisiers, Paris). The spectrometer was outfitted with a 6 um Mylar beamsplitter and two
different Si bolometer detectors (Infrared Laboratories, U.S.A.). The first bolometer, here
named Bolometerl allows recording the spectra in the range of 600-50 cm™, and the second

one, Bolometer2, in the range of 80-0 cm™.

With Bolometerl each final spectrum is the average of 5-10 spectra recorded with 128
scans at a mirror velocity of 80 KHz, while with Bolometer2 each spectrum is the average of
5-10 spectra recorded with 128 scans at 20 KHz. These measurements were performed with
the aim of having an improved quality of the hydrogen bonding signature.
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Spectroelectrochemistry. For each experiment approx. 30-40 cycles of oxidation and
reduction (Ox <« Red) were performed. The final spectra were obtained by subtracting the
reduced spectrum from the oxidized spectrum and at least 30 cycles were averaged. This was
done in order to get a better insight of the protein function and to monitor structural changes
upon reduction and oxidation. As can be seen in the Figure 3.2-4, the spectra of the oxidized
and the reduced state are very similar, so in order to isolate the changes and follow the
perturbations of the protein during the redox reaction more easily, the differential is calculated
allowing in this way to have information of the process undertaken by the protein during both

oxidation and reduction.

By this technique, specific vibrational modes that can be correlated to certain amino
acid contributions, metal-ligand vibrations, changes in the secondary structure and even
changes in the hydrogen bonding. In an oxidized - reduced (Ox-Red) spectrum, the positive
signal will be correlated with the changes of the oxidized form and the negative signals with

the reduced form, 4 266,272,284
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Figure 3.2-4. The absorption spectra in the oxidized and the reduced state follow by the differential. The
positive signals correspond to the contribution in the oxidized state and the negative signals the contribution
in the reduced state.

3.2.2.1 Study of the hydrogen bonding and secondary structure

In the study of the HPV16 E6 and its interaction with PDZ1 from MAGI-1, ATR

measurements in the MIR and FIR were performed for each of the samples (see section
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1.1.1.1) in H,O and °H,O. The samples were prepared according to what was explained in
section 1.1.1.1.

In order to have a better understanding of the conformational changes in the secondary
structure a deconvolution of Amide I was performed (1700-1600 cm™), the data was analyzed
according to the method described by Venyaminov and Kalnin %% 22, After a baseline
correction in the 1700-1590 cm™ range, the second derivative of this curve was calculated,
leading to negative peaks. The input from this calculations was taken as the parameters to

perform a Gaussian fitting with a least-squares iterative correction®®.

Each resulting band was related to a given defined secondary structure element ** and
the calculation under the curve gave the approx. value (%) of each of these components inside
the protein structure. The areas of all bands assigned to a given secondary structure were
added and finally divided by the total area in order to obtain the contribution of each element.
This was based on the assumption that the absorption coefficients in the amide | were equal
for all the secondary structures **,

3.2.2.2 Study of the metal-ligand vibrations

Fe-S Clusters. In the FIR spectral range, spectroelectrochemistry of NuoEF, NDF,
**Fe NDF and Complex | was done at 5°C to ensure the stability of the sample. The potential

applied for the redox cycling was according to what was described in Table 3.2-3

Cu complexes. In the MIR spectral range, the electrochemistry of DAHK, GHK and
AB16 in the presence of copper at pH 8.9 was performed. The electrochemical cell was kept at

15°C to ensure the stability of the complex during the measurement.

3.2.3 Resonance Raman measurements

For all Raman measurements a Renishaw InVia Reflex Raman microprobe with a
multi-wavelength facility and an excitation of 514.5 nm was used. A 100 mW argon ion laser
is orientated normal to the sample. The detector is a charge-coupled device (CCD) device
attached to a single spectrograph. Different holographic notch filters were used to reduce the
interference of Rayleigh scattering with dual gratings on a kinematic mount (1800 and 2400

I/mm).
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For the gratings scattered scan a 50x objective lens was used to focus the laser onto a 2

2 each) were

um spot to collect the backscattered radiation. Approx. 150 points (20 um
mapped in order to ensure homogeneity of the sample. For all measurements the laser power

was approx. 1 - 10 mW. The spectra were recorded in a range between 100 and 3200 cm™.

3.2.3.1 Study of the hydrogen bonding and secondary structure

The PDZ1-MAGI-1 interaction with the synthetics peptides that mimic HPVV16E6 was
performed recording the spectra range between 550 and 3200 cm™. A frozen sample was
placed on a zinc selenide (ZnSe) window to give a better reflection which resulted in higher
intensity of the signals. The different proteins spectra were recorded alone and in presence of
the synthetic peptides. The synthetic peptides were also measured alone under the same

conditions.
3.2.3.2 Study of metal-ligand vibrations

Fe-S Clusters. To study the Fe-S clusters and their environment, complex I, NDF,
QRF, NuoEF, the complex I mutations and the NuoEF variants, were measured with an
excitation wavelength of 514.5 nm. This wavelength was chosen with the aim to improve
scattering to Fe-S clusters in relation to the flavin (FMN), as previous studies show that at
457.5 nm mainly FMN signals are detected >*. For the grating scan of the protein alone all the

samples were concentrated to approx. 250 uM and frozen with liquid nitrogen.

To follow the changes due to oxidation and reduction, the samples were studied in the
presence of reduced nicotinamide adenine dinucleotide (NADH), its oxidized form (NADY)
and the reduced phosphorylated form nicotinamide adenine dinucleotide phosphate
(NADPH). A 10 mM solution of each nucleotide was dissolved in the same buffer as the
sample. The nucleotides were added to the protein to a final concentration of 500 uM and 1
mM in different essays. After adding the nucleotides, the samples were incubated for 15 min
at 4°C before recording the spectra. UV/Visible scans were done to monitor the reduction of

the enzyme before recording the RR spectra.

For the study of the NuoEF variants (V90P, V136M and V90PV136M) in their
reduced state, 20-fold excess of sodium dithionite was added it. For the reduced state with

NADH, the same procedure explained in the previous paragraph was performed.
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For the rest of the proteins cycling was perform using the electrochemical cell
previously described coupled to a macro sampling set to the microscope with a long focal
length lens (at 90°). This enabled the cell to be located in a holder and illuminated from the
side. All the measurements were performed at 10°C to stabilize of the protein during the
experiments. The samples were concentrated between 1-1.5 mM. The final spectra were an

average of at least 10 cycles.

3.2.4 Fluorescence measurements

The fluorescence excitation spectra were recorded with a Fluorolog FL3-22 equipped
with a 450 W Xenon Lamp and a TBX 04 detector (Horiba Jobin Yvon), using a bandpass for
the excitation of 10 nm.

Titrations with the electrochemical cell were adapted to the fluorescence spectrometer
as previously described®”!. The samples used were Complex I, NDF and quinone. All the
measurements were performed at 5°C to preserve the stability of the samples. The spectra
were recorded at three different excitation wavelengths; 295 nm (Trp contribution), 365 nm
(FMN contribution) and 420 nm (other chromophores).

In order to follow the redox-dependent shift, the intensity of the signal at 448 nm and
475 nm, observed in the emission spectra obtained with A&=420 nm, was plotted vs. the
potential in mV (SHE). To calculate the midpoint potential the curves fitted on the basis of the
Nernst equation (Equation 3.1), taking into consideration a redox transition in the presence of

three cofactors.

To compare the results to a model compound, Ubiquinone-10 was analyzed under the
same conditions. Ubiquinone-10 was purchased from Sigma Aldrich. 1 mM solution was
dissolved in CH3CN (electrochemical grade). For electrochemistry, recrystallized tetra-
butylammonium hexafluorophosphate (TBAPFg) (Sigma Aldrich) at 10 mM concentration

was added as a supporting electrolyte.

3.2.5 UV/visible measurements

To determine the midpoint potential of different cofactors present in a protein, titration
with an electrochemical cell coupled (as described above) to an UV/vis spectrometer has been

shown to be a powerful tool 24228,
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For the study of the N1a in the NuoEF variants, UV/vis titrations were performed to
calculate the changes in midpoint potential of the cluster due to the mutated residues. A
Varian Cary 300 was used. The redox-dependent signals were followed between 350-800 nm.
The data were recorded by applying a potential between 0 and -500mV (vs. Ag/AgCl). Steps
(increase or decrease) of 20-30mV were used between 200-800 nm, with an equilibration time
of 10-30 min at each step. All measurements were performed at 10°C to preserve the stability

of the protein.

The electrochemical titrations were found to be reversible as controlled by comparing
fully oxidized minus fully reduced visible difference spectra at different points in the
experiments. All the titrations were performed at least twice to ensure the reproducibility of
the spectra obtained.

3.2.5.1 Determination of the redox midpoint potential (Em)

To calculate the midpoint potential (En,) the protocol described by Euro et al. > was
followed. The difference in intensity at 450 nm was plotted vs. the potential applied; this
curve was fitted with the Nernst equation (Equation 3.1), modified to described the redox

transition in the presence of three cofactors.

A
Alp) =2 max)nF Equation 3.2

1+eP~EMRT

Anmax corresponds to the maximal change in absorbance, p for respective potential, Ey, is
the mid-point potential of the redox active group, n correspond to the number of electrons
transferred, F is the Faraday constant (96485.3 C/mol), R is the universal gas constant (8.3144

J/IK.mol) and T corresponds to the temperature in Kelvin.
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4 RESULTS
4.1 The fingerprint print of the HPV16 E6 in a PDZ domain

4.1.1 Introduction

MAGI-1 is a protein localized predominantly in the tight junctions of epithelial cells. It
is described as a scaffolding protein, bringing various intracellular proteins in proximity to the
cell junction®®. This protein bears six PDZ domains, named PDZ0 to PDZ5.

The PDZ1 of MAGI-1 is a target of those motifs, matching these sequences with a
“class I” type (binding motif: X-S/T-X-V) (Table 3.1-5) PDZ domain. The solution structure of
the C-terminal zinc-binding site of HPV16 E6 2°*2%7 shows that the last 11 residues, including
the canonical PDZ binding-motif, adopt a random conformation when not bound to their

target™.

Hold up-assays> and Surface Plasmon Resonance analysis (SPR) %® of the E6-PDZ
interaction revealed that a synthetic peptide corresponding to the 11 residues in the the C-
terminus of the zinc-binding domain of HPV16 E6 can mimic the effect of the entire C-
terminal domain, having the same interaction pattern with PDZ1 MAGI-1. The structures of
the free (Figure 4.1-1A) and the bound forms (Figure 4.1-1.B) of PDZ1 in the presence of the
synthetic peptide, named 16E6 Lo/V, have recently been solved by NMR™.

Figure 4.1-1. Schematic representation of A. PDZ1 MAGI-1 free form (PDB:2KPK) and B. bound form
with HPV16 E6 L/V(PDB:2PKL)
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These studies revealed that peptide residues outside the canonical PDZ binding motif
are in direct contact with canonical regions of the PDZ domain, like the C-terminal. It has
been reported that peptide binding induces important changes in backbone and the hydrogen
bonding dynamics, but so far the NMR data have not present a full description of these
changes, it had been focused only on backbone motions. Vibrational spectroscopic techniques,
however allow recording complementary information on the hydrogen bonding dynamics of
the canonical core and the extensions upon binding.

In this work we focus on the spectral characterization of the PDZ1 domain from
MAGI-1 in presence of the HPV16 E6 synthetic peptides. Each protein was characterized
alone in order to follow the conformational changes from the free form to the bound form.
Mutations of important residues of the HPV16 E6 peptide related to the affinity were studied

besides mutations in residues from the C-terminal region and in the BB-strand.
4.1.2 Overview of PDZ1 MAGI-1 spectroscopic studies
4.1.2.1 Infrared spectra

First, a complete description of the free PDZ protein and the free peptide was
completed. The ATR absorbance spectra in the MIR region of WT (WT) PDZ1 MAGI-1 in
buffer dissolved in H,O and 2H,0 buffer are shown in Figure 4.1-2.

The spectral range between 4000-800 cm™ includes the main backbone vibrations as
well as the contributions of amino acids side-chain vibrations. Amide A arises at 3285 cm™,
amide B at 3063 cm™ (Table 2.4-1) and the v(C-H) vibrations including the asymmetric
v(CH3) at 2962 cm™, the symmetric v(CHs) at 2874 cm™ and the asymmetric v(CH>) at 2929

cm™.

Amide | arises at 1636 cm™ and shifts to 1631 cm™ upon deuteration. This band
mainly involves the v(C=0), but it has minor contributions from the out-of-phase v(CN)
vibration, the CCN deformation and the 8(NH) in-plane. The 6(NH) in-plane mode is known
to be responsible for the sensitivity of the amide I band to N-deuteration of the backbone *'.

The deconvolution of amide | band shows the relative contribution of each secondary
structure element. This analysis also gives an estimation of percentage and the kind of
secondary structure in the protein. The main component of the secondary structure found here
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are B-strand (60%) and B-turns (11%) which correspond to the five B-strands, 19% of a-
helices and unorganized structure, corresponding to the two a-helix in PDZ1 and to 10%

random coils. This is confirmed according to the structure resolved by NMR™.
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Figure 4.1-2. ATR MIR spectra of PDZ1 MAGI-1 WT. A. H,0 and B. ’H,0
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Figure 4.1-3. Amide | deconvolution of PDZ1 MAGI-1 WT spectrum.
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Amide 11, found at 1525 cm™, shifts to 1518 cm™ in a 2H,0 environment. The H/2H
exchange decouples the v(C-N) from the 6(N-H) vibrations, giving rise to the Amide II’ band
at 1459 cm™. Amide II and amide II’ will be affected in a different manner by the
conformation and the environment of the amide group. For example, changes in the
intramolecular hydrogen bonding have a direct effect on 6(N'H), which contributes to the
amide II but not to the amide II’ mode, this can be used as a marker to follow the solvent

accessibility of the protein core?*’.

The amide 111 band is observed at 1239 cm™. According to model studies®*® the
frequency corresponds to a high percentage of -sheet in the secondary structure, confirming

the deconvolution of amide I.

Beside the amide bands, the contribution of the side chains of specific amino acids can
be investigated (Figure 4.1-2). The band at 1153 cm™ can be assigned to v(C-O) vibration
from Thr, Ser and Tyr. It had been shown that vibrations with large contributions of the
stretching vibration of the polar C-O bond have relatively strong infrared intensities”®, also
this band is sensitive to changes in the hydrogen bond of these residues®****. A second signal
at 1077 cm™ corresponds to the CH, twist and the v(C-O) from Glu residues, mostly**%;
nevertheless, in this region the contribution of many amino acids, are expected to be coupled,
so not much conclusion can be obtained from this signal. Below 1000 cm™ the signals

included mainly contributions from the buffer (Figure 7.2-1 appendix).

In the FIR region the most significant signals in the spectra (Figure 4.1-4) are the
Amide VI vibration, between 540-500 cm™, and the collective modes of hydrogen bonding,
found below 300 cm™.

The broad signal seen at 513 cm™, amide VI, arises from several coupled vibrations,
including the 3(C=0) out-of-plane and in-plane vibration of the COHN group as well as a
minor contribution of C—C—N deformation®°. In the *H,O spectrum this band splits into two
components, at 527 and 408 cm™. This indicates a possible decoupling of the modes that

compose the band as in the case of Amide 112”2,

For the signal at 408 cm™, it can be attributed the contribution of the (N-Ca-Cp)
modes of Ala and &(CB-Cy-C) modes of Leu, nevertheless, in this region the bending

deformation modes of carboxylate groups as well as the torsional vibration of the ammonium
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group of other side chains can be also expected, but there is no literature supporting this
assignment for other than the aliphatic amino acids®®®. The band at 256 cm™ corresponds
mostly to the Amide VIl modes (Table 2.4-1) ?*°, additionally, this region is characteristic of
torsional vibrations as well as lattice modes. To date however, not much information about it

is available®™,

0,2 Abs

T T T T T T T T T T T T
700 600 500 400 300 200 100

Wavenumber / cm™

Figure 4.1-4. Far infrared spectra of PDZ1 WT in H,O (blue line) and in *H,0O (black line).

The hydrogen bonding vibrations are sensitive to the structure of molecules and to
intermolecular interactions. The band shape and position indicated the presence of water

chains within the protein. Previous studies named this area the connectivity band®.

Simulations of the vibrational density of states (VDOS) in polypeptides suggested that
this vibrational mode is associated with the hydrogen bond populations present in a-helices
and [-sheet, and that each form of secondary structure can account for the difference in shape

and frequency of this band, also contributions of the out-of-plane 3(N-H) can be expected 306

The difference in the band shape, in H,O and 2H,0, could be correlated to the number

of hydrogen bonds per molecule. According to the percolation model described by Brubach et
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al. *, the frequency of the band refers to the intermolecular motions that might involve non-

covalent bonds, while the broadness is more related to the cohesion between the inter and
intramolecular assembly. If there is a change of energy of one or two orders of magnitudes,

their signature should arise at lower wavenumbers and increase the broadness.

Molecular dynamics simulations of the linear and nonlinear IR spectra of liquid
water’®” described that in the low frequency region the contribution from water mainly
originates from delocalized v(O-H) vibrations given as linear combinations of symmetric and
asymmetric stretching modes between two neighboring water molecules, where the closer
they are the lower the frequency will be. An example of the complexity of this band is the
difference in the frequency and shape upon deuteration. In H,O a band at 146 cm™ is seen.

Upon deuteration it becomes a broad band with two components, 184 and 86 cm™.

4.1.2.2 Raman spectra

In the Raman spectrum (Figure 4.1-5), the amide | band is observed at 1667 cm™,
amide 11 at 1585 cm™ and amide 111 have two components, that arise at 1240 cm™ and at 1270
cm™. The first one corresponds to the contribution of B-strands and the second the p-turn. In
addition to these amide bands the in plane 5(Ca-H) is observed. Previous studies with **C
substitution indicate that this band is primarily due to a vibration mode localized in the H-Co—
(C=0) network of the backbone. It generates two analog components that are seen at 1341 cm’
! and 1318 cm™*®. However, for this last signal, the contribution of the amide 111 modes from

the a-helical secondary structures is also expected®*.

The other relevant vibrations that have a high intensity arise at 1464 and 1449 cm™.
These bands can both be assigned to the CH, scissoring mode of amino acids that have a
methylene group in their side chain (Leu, Ile,Val and Pro). Below 1000 cm™, the signals

mainly include contributions from the buffer (Figure 7.2-1 appendix).

A detailed description of the bands corresponding to the contribution of other amino
acids side chains and their assignment is presented in Table 4.1-1.
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Figure 4.1-5. Raman spectrum of PDZ1-MAGI-1 WT. A. v(C-H) region and B. Mid frequency region.

Table 4.1-1. Amino acid side chain contribution in the Raman spectrum of PDZ1 WT. Laser excitation:
514.5 nm (assignment were done based on the studies of Jenkins et al.**® and Zhu et al *!°)

Frequency (cm™) | Amino acid | Vibrations
1606 Tyr Ring breathing
1585 His v(C-C)
1464/ 1449 Methlylene d(CHy)
group
(side chain)
1410 Thr 8(CHs)
1207 Phe symmetric v(Ring —O)
Tyr
1172 Met rocking (C-O(H))
1160 lle rocking N-H
Leu 3(Cyl1-CB-Cy2)
1128 Arg wagging N-H
Ser, Val rocking N-H
1030 Thr OH deformation motion
Phe In plane &(C-H)
deformation
1003 Phe Ring breathing
851 Tyr Fermi doublet
833 (V16a/Vv1)

Another related region that represents possible hydrogen bonding in proteins is the
v(C-H) region found between 2700- 3100 cm™. For PDZ1, six bands can be seen. A
description of the different amino acids contribution to each signal as well as the vibration
that gives rise to the band is given in Table 4.1-2. The scattering in this spectral region has

also been considered to be related to hydrophobic groups like CH, and CH3 3.
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Table 4.1-2. . v (C-H) vibrational modes of PDZ1 WT by Raman spectroscopy.
(Assignments are according to Howell et al*')

Frequency (cm™) | Amino Acid Vibration
2734 Met symmetric v(C-H)
2773 His symmetric v(C-H)
2875 Ala, Val symmetric v(-CHs)
Ile
Leu
2934 Met asymmetric v(C-H)
2970 Ser,Thr asymmetric v(C-H)
3061 Tyr v(a-CH)

In summary, the spectral properties by IR and RR obtained agree with what is already
published of the canonical structure of the PDZ domains along with the recently published
NMR structure (Figure 4.1-1)**2. Amide bands can be taken as markers to follow the
conformational changes upon substrate binding. The Amide A and B in the v(C-H) region in
the infrared and the v(Ca-H) in Raman can be compared to the hydrogen bonding collective
modes observed in the FIR. These groups of vibrations can be used to describe the changes in
the intra and intermolecular hydrogen bonding pattern. Finally, signals from specific amino
acids as the Thr, Tyr, Phe and His can work as parameters to follow the configuration of the
side chains and thus determine how these amino acids are involved, or not, in the binding

mechanism.
4.1.3 Spectral properties of the HPV16 E6 peptide

The synthetic peptide 16E6 (RSSRTRRETQL) corresponding to the last 11 C-terminal
residues of HPV16 EG6, was analyzed. The first residue, Leu (Po) was mutated for Val in order
to mimic the homolog E6 viral protein from “high risk” HPV18 *. Shorter peptides (5th and
6th residue), were analyzed in order to understand the contribution of the first residues.
Finally, a mutation of the Arg residue in the P.s position was studied, since this residue may
be the junction point between the PDZ domain and the viral protein®®. The complete

sequence of each peptide was presented in Table 3.1-5.

It is expected that the peptide in its free form does not have any specific secondary
structure and that it adopts a rather flexible and extended structure (Figure 4.1-6)**®. Changes

in only one residue can have a high impact on the secondary structure and the interaction of
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the residues with the solvent. Figure 4.1-7 shows the MIR and FIR spectra of the WT 16E6
peptide in comparison with the mutant peptides.

16E6 vs 16E6 LO/V 16E6 vs

Figure 4.1-6. Schematic representation of the C-terminal wild type (11R) HVP16 E6 superimposed with the
variants. (PDB: 2LJZ).

4.1.3.1 Infrared spectra

The mutations exhibit an amide A band at lower wavenumber, this peak shifts from
3282 cm™ in 16E6 to 3277 cm™ for the shorter peptides and in the case of 16E6 Lo/V and
16E6 R-s/A to 3261 cm™, reflecting a stronger hydrogen bonding, alternating the level of
flexibility is higher in the peptide, allowing more interaction with the environment. Amide B

is observed around the same frequency for all the peptides.

The frequency and the sharpness of the amide | band at 1644 cm™ in the WT 16E6
spectrum, indicates that this peptide is organized in a random coil. In the 16E6 Lo/V and 16E6
Rs/A peptides, the amide | band shifts to 1651 and 1657 cm™, respectively, indicating that
these specific variations, have a large effect on the secondary structure. As it can be seen in
Figure 4.1-7 the orientation of the backbone may change in the presence of the Val instead of
Leu and in the case of 16E6 R-s/A there is a shift in dihedral angle of the loop.

Furthermore, shifts in the amide 11 mode from 1543 cm™ in the WT to 1536 cm™ in the

11 residue variants spectra, confirm the conformational changes described previously.

In the FIR spectrum of the WT of 16E6, the amide VI band is found at 512 cm™ and it

shifts slightly to 517 cm™ in the mutant 16E6 Lo/V, the shift is more clear than in the
86



Results — HPV16 E6 and PDZ1 MAGI-1

spectrum of 16E6 R-s/A, where this band is seen at 514 cm™, indicating that mutations in this
position have a higher impact than the variation in the P-5 position of the backbone modes
(Figure 4.1-6).

Changes in the C=0O stretching (Amide 1) and not the bending backbone modes
(Amide VI), may indicate that the backbone modifications are related with the differences
hydrogen bonding as is the case for 16E6 R-s/A. Confirming this, in the infrared spectra of the
shorter peptides, the amide VI band shift from 512 cm™ (16E6) to 525 cm™ (16E6 6 Lo/V )
and 529 cm™ (16E6¢ 5 Lo/V).
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Figure 4.1-7. Mid (right) and far (left) infrared spectra of different peptides originated from the viral
oncoprotein sequence HPV16E6. (The shifts of signals in comparison to 16E6 are in color)

The hydrogen bonding collective modes are found at 163 cm™ in both spectra. The
WT 16E6 and 16E6 Lo/V peptide, but there is a variation in the broadness of the signal,
indicating that the modes have the same energy but there is a different rearrangement of the

87



Results — HPV16 E6 and PDZ1 MAGI-1

hydrogen bonds. It is also important to consider that several modes are overlapping in this

region, which makes the interpretation difficult.

For the 16E6 Rs/A the signal shifts to 141 cm™ and the band becomes broader, also
pointing to a different organization of the hydrogen bonds. In the shorter peptides the bands
have a similar broadness as the WT spectrum, although the main difference is a frequency

shift to 159 cm™, indicating weaker hydrogen bonding, as the band is at higher frequencies.

4.1.3.2 Raman spectra

In the Raman spectra (Figure 4.1-8) the amide | band of the three 11-residue peptides
have the same frequency, seen at 1675 cm™. For the shorter peptides, it arises at 1669 cm™. A
similar pattern is observed for the amide Il band, for the 11-residue peptides it arise at 1574
cm™, although a difference is seen between the 16E6¢ 5 Lo/V, where the band is seen at 1566
cm™ and for 16E6 5 Lo/V at 1551 cm™,

—— 16E6 — 16E6

2936

2870

1 1 1
[Te}
5 16E6, 5 Lg/V
N —
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—— 16E6 R_J/A
— 16E6 L V

—— 16E6 R /A
—— 16E6 LV

2936
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Figure 4.1-8. Raman spectra of the peptides from the viral oncoprotein sequence HPV16ES.

Amide 111 in the 16E6 spectrum includes two components at 1316 and 1247 cm™. The
first component is related to the a-helix structure whereas the second corresponds to random

coil contribution®®. For 16E6 Lo/V and 16E6 R.s/A the second component presents a
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displacement to 1242 cm™, whereas for the shorter peptides both peaks are shifted to higher
wavenumbers, to 1319 and 1255 cm™, respectively. In summary, it is evident that the shorter
peptides have a very different conformation in comparison with the 11-residue peptides.

The rest of the observed bands below 1500 cm™ are listed in Table 4.1-3, together with
the corresponding assignments. Most of the signals are vibrational modes of the side chain of
the amino acid sequence.

Table 4.1-3. Amino acid side chain contribution in the Raman spectrum of 16E6 and its variants.
(The assignment were done based on the studies of Jenkins et al.*®, Zhu et al.**° and Culka et al.*%)

Modes Amino 16E6 16E6; 5 16E6,5  16E6 Lo/V 16E6 Rs/A
acids Lo/V Lo/V
O(CHy) Glu,Gln, 1449 1449 1449 1444 1444
Arg
CP rocking Arg 1417 1412 1404 1407 --
CH def Thr -- -- -- 1370 1370
Sym Leu 1359 -- -- -- --
6(CHs)
d(CHs) Thr 1173 1173 1173 1178 1178
v(C-OH) Ser 1125 1118 1118 -- --
d(C-C-N) Gln -- -- -- 1109 1109
3(C-C-N) Arg 1086 1086 1086 -- --
asym Leu 1062 -- -- -- --
8(CHs)
asym Val -- 1048 1048 1035 1035
8(CHs)
v(Cy—Cp) Arg 973 979 979 979 979
v(Csg—Cy) Arg 930 934 934 945 945
COOH def Glu 887 889 889 885 885

In the v(C-H) region, two bands are seen in the 16E6 spectra at 2870 cm™ and at 2936
cm™, the first can be assigned to symmetric v(-CH) of Thr and Glu, whereas the second is
originally from the contribution of the asymmetric v(C-H) of Arg and GIn. A new band
appears in the mutants which is not seen in the 16E6 peptide, at around 2977 cm™ and it can
be attributed to symmetric v(C-H) of the additional Val side chain ((CH3),CH-) contribution,

which is present in all the mutants.

4.1.4 PDZ1 interaction with HPV16 E6 peptides

The structure of the PDZ domains displays very small conformational changes upon
binding with the natural partner’” 3**. However, when the binding partner is substituted by a
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viral protein, the binding process does not follow the same rules® **°. The first characteristic
is that only four residues from the natural peptide are found to interact with the PDZ binding
site, whereas in the viral proteins at least 6 residues are used to stabilize the complex and

assure a high affinity™ %,

Figure 4.1-9 shows the titration of PDZ1 with different ratios of thel6E6 L/V peptide
in the MIR region. The spectrum at 1:1 ratio is dominated by bands from PDZ1 (Figure 4.1-2)
whereas the spectrum at a ratio of 1:6 shows only the features of the 16E6 Lo/V peptide. The
spectra at 1:2 and 1:3 ratios are very similar to each other. In this work the 1: 2 ratio is used as

the spectrum representation of the interaction between PDZ1 and 16E6.
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Figure 4.1-9. A. Infrared titration of PDZ1 in presence of 16E6 L,/V. B. spectrum comparison between the
average of the PDZ1 in its free form and the bound form.

As a control, to make sure that the spectra represent the protein-protein interaction, the
PDZ1 and peptide spectra in their free form were averaged (1:2 ratio) (Figure 4.1-9. B dotted
blue line) and compared with the spectrum obtained in the titration using at 1:2 ratio (Figure
4.1-.9.B solid blue line). The significant difference in the shape and wavenumber of between
amide | and Il is evident, indicating that the technique is valid to follow the conformational
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changes upon complex formation. In the results presented here no subtraction was made of the

original spectra of the complex between the protein and the peptide.

The titration was carried out in presence of the 16E6 Lo/V variation in order to
compare the main backbone conformational changes to the properties of the complex
formation already described by NMR™.

4.1.4.1 Infrared spectra

Backbone conformational changes. The MIR spectra of the bound PDZ1 in the
presence of the 16E6 peptide and its variations are displayed in Figure 4.1-10. In comparison
to the spectrum of the PDZ1 free form (Figure 4.1-2) a shift in the amide | signal is observed,
from 1636 cm™ to ~1640 and 1641 cm™ in presence of all the peptides. Upon binding an
intense shoulder arises at 1658 cm™, this signal is associated with the contribution of a-helical
component. Table 4.1-4 shows the relative percentage of the different secondary structure
elements obtained by the deconvolution of amide | of the bound forms. For further details of
the fitting see Figure 7.2-2 in the appendix.

Table 4.1-4. Amide I deconvolution from the spectra of the PDZ1 bound form in presence of the HPV16
E6 peptides (in parenthesis the frequency in cm™ of the secondary structure component assigned)

(%) PDZ1 free | PDZ1+ 16E6 | PDZ1+ 16E6ct | PDZ1+ 16E6ct PDZ1+ PDZ1+
5 Lo/V 6 Lo/V 16E6 Lo/V | 16E6 Rs/V
a-helix 19 12 19 19 13 12
(1657/ (1657) (1660) (1662) (1657) (1657)
1665)
B-sheet 60 61 61 61 64 66
(1640) (1641/1690) (1623/1640/ (1641/1688) | (1640/1686) | (1640/1689)
1685)
B-turns 11 18 7 9 14 13
(1668) (1673) (1673) (1675) (1676) (1673)
Random 10 9 13 11 9 9
coil (1647) (1649) (1648) (1648) (1648) (1649)

Upon the binding of the 16E6 peptide an increase in the percentage of p-turns is
evident, this may indicates the B-augmentation process characteristic of the PDZ domains
ligand binding®®. These changes may reflect the structural rearrangement of the peptide more
than the changes in the PDZ1 secondary structure. In presence of the 16E6 Lo/V and 16E6 R.
5/A, an increase in the percentage of B-turns and f-sheets is observed. In comparison to the
results with the 16E6 peptide, the increase of B-sheets elements suggest that a different

hydrogen bonding pattern is occurring in the binding process with the mutant where, as a
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result, the peptide has a more pleated structure’” *'". With the 5 and 6 residues peptides the
increase of the percentage of B-turns is not observed; indicating that, more than 6 residues are
necessary to accomplish the complete B-strand addition. This is also confirmed by the increase

of the percentage of random coils.
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Figure 4.1-10. Mid infrared spectra of the PDZ1 interaction with the different HPV16EG6 peptides.

The spectra in *H,O (Figure 4.1-11) allows to depict the water contribution from the
amide | region. It is evident that the amide | band has a similar behavior in ?H,0 as in H0, it
shows a displacement of 4 cm™ upon the binding of WT 16E6 and the two short peptides
(from 1631 cm™ to 1635 cm™), whereas for the bound form with 16E6 Lo/V the band appears
at 1644 cm™ and with 16E6 Rs/A appears at 1647 cm™, which corresponds to a larger

backbone conformational changes.

The amide 11 band arises at 1536 cm™ in the bound form with the 11-residue peptides.
The same displacement is observed for the shorter peptides, at 1536 cm™ for 16E6 6Ly/V and
at 1540 cm™ for 16E64 5 Lo/V; this indicates that the additional residue (P.s) exerts an
influence on the stability of complex formation via the ligation with the N-H and C-N groups.
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The amide 11 displacements were confirmed in ?H,0O, where the amide 11 band (Figure 4.1-11)
at 1518 cm™ in the free form is shifted to a higher wavenumber arising at 1537 cm™ with
16E6 and 16E6 6 Lo/V, at 1544 for the 5 residue peptide and finally at 1546 and 1550 cm™
for 16E6 Lo/V and 16E6 Rs/A, respectively.
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Figure 4.1-11. Mid infrared spectra of the PDZ1 interaction with the different HP\V16E6 peptides in 2H,0

On the other hand, the amide II’ band has a displacement from 1459 cm™ in the free
form to lower wavenumbers in presence of 16E6 Lo/V, 16E6 R-s/A and the peptide of 6
residues. However in the presence of 16E6 and the 5 residue peptide, this shift is even more
pronounced corresponding to the signals arising at 1441 cm™ and 1446 cm™. This points
toward more prominent motions of the C-N groups in the protein backbone in presence of the
16E6 and 16E6: 5 Lo/V.

The FIR spectra (Figure 4.1-12) shows that upon binding Amide VI band shifts from
513 cm™ (free form) to 518 cm™ for 16E6ct 6 Lo/V and to 526 cm™ with 16E6 R-s/A. In
presence of the shorter peptides the signal arises at 520 cm™ with 16E6ct 5 Lo/V and to 518
cm™ for 16E6¢t 6 Lo/V. This indicates that residues P.s and P.¢ are relevant for the binding and
the other residues in the peptide (P7.11) may help to stabilize the backbone of the protein upon
binding.
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0,5 Abs

Amide VI is a coupled mode arising from the in-plane and out-of-plane 6(C=0) and
the deformation of the (C-C-N) groups®™®. The small displacements of amide | indicate that
the C=0 groups are only slightly affected, then the perturbations of the C-C-N groups are
most likely to be the reason behind the shift of the amide VI signal, these changes can also be

associated with the shift of amide II and amide II’.

Additionally (Figure 4.1.12), the band at 256 cm™ suffers a small perturbation going to
lower wavenumber in the presence of the 11-residue peptides and to a higher wavenumber in
presence of the short peptides. This band was attributed to the amide V11 mode coupled to the
torsion vibrations of several amino acid side chains and lattice modes. Due to the complexity
of the vibrations arising in this region not much information can be deduced for the spectral

differences observed for these vibrations.
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Figure 4.1-12. Far infrared spectra of the PDZ1 interaction with the different HPVV16E6 peptides in
A.H,0 and b. °H,0

Amino acid side chains. In the MIR spectra the band corresponding to v(C-O)
vibration from Thr, Ser and Tyr, is barely affected in presence of the short peptides. The same
occurs with the 16E6 peptide, appearing at 1156 cm™. On the other hand, with 16E6 L/V and
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16E6 R-5/V peptides, the signal arises at 1162 cm™. Higher wavenumber of this vibrational

modes is associated with O-H groups been hydrogen bonded*®.

In the FIR region (Figure 4.1-12) the signal observed at 408 cm™ in the free form
corresponding to d(N-Ca-CB) modes of Ala and 6(CB-Cy-C) modes of Leu, upon binding
shifts to a lower wavenumber in presence 16E6 Ly/V and 16E6 R.s/A.

In general, it is evident that the 16E6 Lo/V and 16E6 R.s/A peptides affect several side
chains that with the WT peptide, 16E6 and the short peptides remain unaltered as in the free

protein form.

Hydrogen bonding. As a general rule, hydrogen bonding lowers the frequency of
stretching vibrations, since it lowers the restoring force, but it can also increases the frequency
of bending vibrations since it produces an additional restoring force®*’. The backbone
conformational changes described before may be directly correlated to the difference in the
hydrogen bonding bands upon binding. The v(C-N) vibrations are the most affected ones in
presence of 16E6 Lo/V and 16E6. The frequency corresponding to this vibrational mode shifts
to higher wavenumber when the band of the hydrogen bonding collective modes downshifts.

Nevertheless, the increase of the frequency of the 8(N-H) modes, indicates that the
changes upon binding are influenced by other kinds of interactions besides the hydrogen
bonding, as it was observed for the differences in the amide | and amide 11 band.

The MIR spectra of all the bound forms above 2800 cm™ mainly show (Figure 4.1-10)
changes in amide A and amide B. The amide A signal, observed at 3285 cm™ in the free
protein, does not present any shift in presence of the shorter peptides. However, in presence of
11-residue peptides a shift to high wavenumber is observed, this shift is more pronounced in

presence of 16E6 Lo/V. A similar pattern is evident for amide B.

For the v(C-H) region the band corresponding to the asymmetric v(CHs) vibration is
perturbed only in presence of the 16E6 Lo/V peptide, going from 2962 cm™ to 2959 cm™; this
occurs also with the signals from symmetric v(CHz) mode, changing from 2874 cm™ to 2869
cm™. The asymmetric v(CH,) modes at 2929 cm™ do not present any perturbation.

In the FIR spectra (Figure 4.1-12.A) the signal corresponding to the collective
vibrational modes of the hydrogen bonding undergoes important modifications, not only in

the frequency but also in the band shape. In the bound forms the signal becomes sharper and
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more narrow. The most pronounced effect is seen in presence of 16E6 Ly/V, where the band is
displaced by ~20 cm™ in comparison to the free protein, arising at 163 cm™. With 16E6 R.s/A
the signal appears at 159 cm™ and with 16E6 at 153 cm™. With the short peptides the signal is
observed around 159 cm™. The lower frequency indicates that stronger hydrogen bonding is

occurring®*®.

The broad band observed in the spectra in 2H,O (Figure 4.1-12.B) shows a different
result. PDZ1-16E6 undergoes a displacement to higher wavenumber, seen at 109 cm™. The
same is seen for PDZ1-16E6¢ 5 Lo/V with a signal at 104 cm™. On the other hand, the signal
coming from the other bound forms arises at lower wavenumbers; the most relevant effect is
in presence of 16E6 Lo/V as it was also observed in the spectra recorded in H,O. This may
indicate that the hydrogen bonding not only depends on the Py and P.s but also on the peptide
length.

4.1.4.2 Raman spectra

Backbone conformational changes. In the backbone vibrations of PDZ1 observed by
Raman spectroscopy (Table 4.1-5), the amide | band only shifts in the presence of the shorter
peptides, from 1667 cm™ in its free forms (Figure 4.1-5) to 1664 cm™ with 16E6.6 Lo/V, and
to 1661 cm™ with 16E65 Lo/V.

The amide 11 band of the free form is a small shoulder at 1565 cm™. This band shifts to
a higher frequency in the presence of 16E6 Lo/V (1569 cm™) and to a lower frequency in the
presence of 16E6 R-s/A and the shorter peptides (1563 cm™). The difference between this
result and the shift observed in the infrared might be due to the broadness and low scattering

of this amide mode in Raman.

Table 4.1-5. Backbone vibrational modes of PDZ1, in its free and bound form by Raman spectroscopy

PDZ1 Bound Bound Bound Bound Bound Modes
free 16E6 16E645 | 16E646 | 16E6Ly/V | 16E6 Ry/A
Lo/V Lo/V

1667 1667 1661 1664 1667 1667 Amide |

1565 1566 1563 1569 1563 1563 Amide Il

1341 1340 1338 1340 1338 1340 d(C-H)

1270 1266 1263 1265 1265 1266 Amide Il
B-turns

1243 1242 1239 1242 1239 1239 Amide Il
B-sheets
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Following amide I1I in the Raman spectra of the bound forms (Table 4.1-5) gives the
clue that the changes in the frequencies in amide | are more related to conformational changes
in the B-turn elements than in the B-strands. Only with 16E6 Lo/V and the shorter peptides,

changes of amide III in the B-strand are observed.

As a general rule, the mode’s frequency decreases as the weakened water hydrogen
bonding decreases the amide N-H bending and the C-N stretching force constants, as seen in
the spectra of the bound forms with 16E6 L/V and the short peptides, the changes can be
explained by the water hydrogen bonding impact on the N-H bend force constant more than

the C-N stretch force constant 2°2,

The 8(Ca-H) modes in Raman spectra, arising at 1341 cm™ and 1318 cm™ in the free
form, only displayed a relevant change in the bound form with 16E6 Lo/V and with the short
peptide 16E6ct 5 Lo/V, with a signal at 1338 cm™.

Amino acid side chains. From the side chain contributions obtained from the Raman
spectra (Table 4.1-6) the signal at 1410 cm™ corresponding to the symmetric 8(CHs) of Thr
have a similar pattern as the signal described from the infrared spectra.

Table 4.1-6. Amino acid side chain vibrations of PDZ1 in its free and bound form by Raman spectroscopy

PDZ1 Bound Bound Bound Bound Bound Amino Modes
16E6 16E6 5 16E6. 6 16E6 Lo/V | 16E6 Rs/A H
free L o/Vt L0/Vt 0 acids
1605 1606 1606 1606 1606 1603 Tyr Ring breathing
1449 1446 1446 1446 1449 1446 Ala, Leu, 3(CHy)
Phe
1410 1409 1409 1409 1407 1407 Thr 3(Ca-H)
1207 1200 1205 1205 1200 1200 Phe d(ring)
Tyr v(Ring —O)
1173 1172 1173 1172 1172 1172 Met rocking
(C-O(H))
1160 1154 1154 1154 1154 1154 Iso rocking CH3"
Leu 8(Cy1-Cp—
Cy2)
1128 1125 1125 1125 1125 1125 Arg wagging N-H
Ser, Val ) .
rocking CH,
1032 1030 1030 1030 1027 1027 Thr OH def
Phe 3(C-H) def
1003 1003 1003 1003 1003 1003 Phe Ring breathing
851 860 852 852 860 859 Tyr Fermi doublet
833 831 831 830 831 831
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In the PDZ1-16E6 Lo/V and PDZ-16E6 R-s/A bound forms, this band goes to 1407
cm™. This is also supported by the displacement of the signal found at 1032 cm™, resultant
from the OH deformation of the Thr. In this second band, the contribution from the &(C-H)
vibration of Phe is also expected, but comparing with the sharp band arising at 1003 cm™
from the ring breathing modes of Phe, that is not perturbed by the binding, it can concluded

that the spectral differences in this vibration reflect the changes in the Thr side chains.

The signal at 1160 cm™ in the free form arising from the side chain motions of Iso and
Leu seems affected upon the binding of all the peptides, shifting to 1154 cm™. The same is
observed with the signal at 1128 cm™ corresponding to the contribution of Arg, Ser and Val,
shifted to 1125 cm™ in the bound form.

Tyr side chains also seems affected by the peptide binding, with a representative signal
arising at 1207 cm™ that shifts to 1200 cm™ in presence of the 11-residue peptides, but
remains at the same position in the presence of the short peptides.This indicates theat the
residues Tyrl01 is only affected by the interaction between the residues upstream of the
HPV16 EG6 protein.

Hydrogen bonding. The v(C-H) modes arising in the Raman spectra are described in
Table 4.1-7. The difficulty in interpreting this area is that many vibrations are overlapping and
the bands are typically broad. The bands in this region arise mainly from the fundamental C-H
of the backbone; however, many studies have associated the frequencies in this spectral region
with specific amino acid contributions. As the dihedral angle of the Co shift due to the

hydrogen bonding form in the near residues®" 3*.

Here, the main C-H bands perturbed upon binding are the signal at 2734 cm™ assigned
to the Met residues. This small shoulder is very well resolved and shifts to 2728 cm™ in
presence of the 16E6 and the small peptides to 2725 cm™ with 16E6 LO/V and to 2730 cm™
with 16E6 Rs/A.

The His C-H groups are also affected except for the bound from in presence of 16EB,
the signal at 2773 cm™ shift to 2768 cm™. This points toward an interaction between the Py
residue and the His residues in PDZ1. Besides the Met and His groups the displacement of the
signal at 2934 cm™ to 2930 cm™ in all the bound forms might indicate the perturbation of Arg

residues due the binding process, the same is observed with the signal at 2970 cm™ that shifts
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to 2965 cm™. This signal corresponds to the contribution of the Ser and Thr. With 16E6 Rs/A
peptide the displacement is more pronounced, appearing at 2962 cm™.

Table 4.1-7. v(C-H) region of PDZ1 in its free and bound form by Raman spectroscopy
(Assignments are according to the studies of Howell et al*** and Smith et al**")

PDZ1 Bound Bound Bound Bound Bound Amino Modes
16E6 16E6 5 16E6,6 | 16E6 L, 16E6 -
free o o oV RUA acids
2734 2728 2725 2728 2728 2730 Met asymmetric
v(C-H)
2773 2772 2768 2768 2768 2768 His asymmetric
v(C-H)
2875 2874 2874 2874 2874 2874 Ala, symmetric
Val V(-CHg)
lle
Leu
2934 2930 2930 2930 2930 2930 Met, symmetric
Arg, v(C-H)
2970 2965 2965 2965 2964 2962  Ser,Thr symmetric
v(C-H)

3061 3060 3060 3062 3060 3060 Tyr v(a-CH)

4.1.4.3 Discussion

From the amide | and Il modes it can be concluded that the main conformational
changes upon binding are reflected in the B-turn elements of the secondary structure. This is in
line with previous reports, that upon binding the BB suffers a structural modification as the
binding sequence accommodates between aB-helix and this B-strand®™®. Nevertheless, from
the fitting of the amide I band it seems that the structural changes reflect the structural

rearrangement of the peptide more than the changes in the PDZ1 secondary structure.

The increase in the percentage of B-sheets beside the B-turns elements in presence of
the 16E6 Lo/V and 16E6 R_s/A peptide, suggests that a different hydrogen bonding pattern is
occurring in the binding process with the mutant, as a result the peptide has a more pleated
structure’” 3. This indicates that the non-covalent peptide—surface interaction involving the
donation or addition of a B-strand in the ligand with a B-sheet as the receptor; the contact

surface modulates the binding specificity and affinity.

SPR measurements, with a comparable dissociation constant in the micromolar range,

of PDZ1 from MAGI-1 in presence of 16E6 and the same mutations analyzed here had
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demonstrated that MAGI-1 PDZ1 shows a preference for C-termini with a Val residue at Py,

Furthermore, SPR results made a relation of 16E6 Lo/V> 16E6 Rs/A> 16E6°%,

Comparing these results with the hydrogen bonding collective modes in the FIR
region, it is evident that the higher the affinity of PDZ1 for the peptide, the stronger the
hydrogen bonding network. As a consequence, in the bound form with 16E6 Lo/V the pleated

B-strand secondary structure of the peptide is directly modulated by this network.

In addition, FTIR Temperature dependence studies of PDZ2 from human protein
tyrosine phosphatase 1E (hPTP1E) and the C-terminal of its cellular binder, the Fas receptor,
have shown that the B-augmentation process is also reflected in the increase of the amide |
absorption®°. The same feature can be observed from comparison of the amide | intensity of
bound forms and the free PDZ (Figure 4.1-13). It is important to state that the length of the
peptide plays an important role in the intensity, which is almost twice in presence of the 11-
residue peptides than in presence of the shorter peptides. This corroborates with what was
observed by the amide | deconvolution, where in presence of the short peptide no relevant

differences in the percentage of B-turns or 3-sheets were observed.

—— PDZ1+ 16E6 L /V
—— PDZ1+ 16E6 R JA
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—— PDZ1+ 16E6, 6 L /V

—— PDZ1+ 16E6 5L /V
- - - PDZ1 free
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1750 1700 1650 1600

Wavenumber / cm™

Figure 4.1-13. Amide | comparison of PDZ1 in its free form and bound form with the different 16E6
peptides

The summarized analysis of the amide Il vibrations indicates that upon binding the
PDZ1 backbone conformation changes in the presence of 16E6 and the 5 and 6 residue long
peptides are similar, except for the C-N group; evident in the difference of the amide II” and

amide VI band. In the presence of 16E6 peptide a different rearrangement of these groups is
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evident. Furthermore, comparing the amide Il vibration of the 16E6 R-s/A and the 5-residue
peptide bound form, it is clear that the N-H contribution is comparable. The main difference
arises from the C=0 as it is concluded from the changes in the amide | band, meaning that this

residue helps as an anchor to maintain the backbone stability upon binding.

L] .
""sanguannnt’®

Figure 4.1-14. Schematic representation of PDZ1 (dark blue) in presence of 16E6 L0/V (cyan), In A. Thr
(yellow), Ser (orange), Arg (green) and Tyr (red) residues are highlighted and in B. Met (green) and His
(pink) and the probable candidates for the binding labeled.

According to the spectral differences of the amino acid side chains contributions, it is
evident that Thr, Ser, Tyr and Arg residues play an important role in the binding process. The
main differences of the Thr, Ser and Tyr indicate that most of these residues are hydrogen
bonded in the bound form. For the Arg residues the changes are more related to different
orientations of the side chain, as the vibrations affected were the v(C-H) modes and the

wagging of the N-H group.
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On this basis, we can suggest the most probable candidate residues involved in the
binding process. There are eight Thr residues in PDZ1 from MAGI-1 (Figure 4.1-14
highlighted in the yellow), from which the more proximal ones to the binding site are Thr30,
Thr76 and Thrl12 and Thr116. Only one Tyr, Tyr101 (marked in red). Four Arg residues,
which Arg21 and Arg25 are the closest one to the binding area. There are nine Ser residues,
which almost all are near the binding site, in Figure 4.1-14 they are highlighted in orange:
Ser24, Ser45, Ser82, Ser96, Ser113 and Ser117.

Following the labeled residues it seems that there are three main regions where the
residues hydrogen bonding seems to be the key role of the binding (Figure 4.1-14.A /blue
circles) namely the C-terminal region, the connection between Thr30, Ser45, Thr60 and
Tyr101 and the connection of the aB-BF loop and the BA-BB loop.

According to what was observed in the v(C-H) region in the Raman spectra the Met
and His residues present differences between the free and the bound form. In Figure 4.1-14.B
three His residues are highlighted (pink), where the most probable ones to be involve in the
binding are His75 and His77. However, for the Met residues the picture is not clear, as the
only two Met residues present in the PDZ1 structure, Metl and Met58, are far for the binding

site.

4.15 The C-terminal of PDZ1 MAGI-1

In order to analyze the contribution from the C-terminus, three amino acids in this
region (Serl113, Leull4 and Val115) were exchanged into three Gly. These residues had been
proven to display intermolecular nuclear Overhauser enhancements (NOEs) with the 16E6
peptides®®. SPR measurements showed that this mutation leads to a significant decrease in
affinity in presence of the 16E6 peptide in comparison to the bound form of the WT protein.
A 2.5 folds reduction affinity with 16E6 and five folds reduction with 16E6 Lo/V was

reported®*.

The MIR spectra (Figure 4.1-15) of the GGG mutant show an amide | band at 1640
cm™ and the amide 11 at 1541 cm™ indicating small perturbations in the v(C=0) vibration and
a relevant conformational change in the (N-H)/C-N groups. In the spectrum of the mutant in
H,0 (Figure 4.1-16), amide II’ arises at 1456 cm™ showing to that v(N-H) as well as the (N-

H) are perturbed in the mutant.
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The Amide 111 band in infrared is seen at 1240 cm™, the same wavenumber as in the
WT and almost the same is observed for the amide Il in the spectrum recorded by Raman
(Figure 4.1-17). Only a slight shift is seen in the B-strand component at 1209 cm™. This
indicates that no conformational changes are seen in these fragments of the secondary

structure due to the mutation of these residues.
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Figure 4.1-15. Mid and far infrared spectra of PDZ1 GGG (solid line) in comparison with PDZ1 WT (dotted
line).
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Figure 4.1-16. Mid and far infrared spectra of PDZ1 GGG in °H,O (solid line) in comparison with PDZ1
WT (dotted line).
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The main difference is that upon deuteration in the WT the signal shifts to 527 cm™
and in the mutant in appears at 520 cm™, this suggests that the hydrogen bonding network is
more affected by H/?H exchange in the WT (see Figure 4.1-16).

2934
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Figure 4.1-17. Raman spectrum of the PDZ1 GGG (solid line) in comparison to the PDZ1 WT spectrum
(dotted line)

The signals at 1352 cm™ and 1333 cm™ in the Raman spectrum (Figure 4.1-17),
corresponding to the symmetric and asymmetric deformation of the CH3; and CH; groups,
show not only changes in their frequency in comparison to WT but also a change in the
intensity. Previous studies have related the intensity ratio between these signals (1"**%/1**?) to
an indication of the a-helix axis orientation, as the studies were made in fd filamentous viruses
where the only secondary structure are o-helixes®”’. This is not the case of PDZ1. The
difference in intensities may describe as a qualitative character of the conformational changes
due to the mutated residues.

The amino acid chains perturbed by the mutations in the infrared spectrum are the
vibrations of Thr, Ser and Tyr residues, whose signal arises at 1158 cm™*. Beside this, two
new signals arise at 1113 cm™ and 1049 cm™, both had been assigned to the v(C-O) modes of
alcoholic group of Thr, Ser and Tyr®> 2 3% |n the Raman spectrum the contribution from

the side chain of this amino acid can be confirmed by the band at 1400 cm™ (Table 4.1-6).

The reason of how these mutations can have a direct effect on the Thr side chain can
be described by Figure 4.1-18. From the eight Thr residues in the PDZ1 structure (marked in
green), Thrl1l2 and Thr 116 are located just in the vicinity of the mutated residues (black

region); the changes to more mobile or flexible structure can shift the orientation and
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interaction of the side chain of these residues, besides Thr30, Thr112 and Thrl116, it cannot be
ruled out that, through changes in the hydrogen bonding, Thr60 might be affected. In addition,
the Ser113 was one of the mutated residues (see figure 4.1-14.A) and Ser117 is just next to it.-

PRO-37

/ THR-112

PRO-125

pRo-x{J\
PRO-107
N\

PRO-102

PRO-110

Figure 4.1-18. Schematic representation of PDZ1 GGG and simulation of the possible structural changes
(black region) cause by the mutation

Another signal affected is the band in the Raman spectrum at 1188 cm™ corresponding
to the contribution of the rocking (C-O(H)) modes of Met residue. As it is shown in Figure
4.1-18 the most probable affected Met residues (marked in red) is Metl located in the N-

terminal region of the protein.

Beyond the effect on the backbone and the amino side chains contribution, the most
outstanding differences are seen in the hydrogen bonding. In the infrared spectrum Amide A
and amide B have changes of more than 5 wavenumbers going to higher frequencies,
appearing at 3289 cm™ and 3071 cm™, respectively. It is known that the frequency of these
bands depend on the strength of the hydrogen bonding, the lower the frequency the higher the

strength.?*’

The v(C-H) region in the Raman spectrum shows variations from the vibrations of the
WT in the Tyr vibrational modes, appearing at 3064 cm™, showing the effect on Tyr101. The
Thr and Ser are seen at 2966 cm™, and His at 2796 cm™. It is important to remark that the

three His residues (Figure 4.1-18 marked in pink) are located next to Thr residues, Hisl7 —
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Thrl8 and His75-Thr76-His77. Nevertheless, these residues are located far from the mutated
region. This suggests that small changes in the C-terminus can cause internal conformational
changes the hydrogen network through the C-H groups. Another explanation could be that the
changes the conformation are more related to the tertiary structure of the protein than to

changes in the secondary structure.

Besides these bands, there is a new signal at 2896 cm™. It can be assigned to the
symmetric v(C-H) of Thr and Pro. In addition to the Thr residues already explained, there are
five Pro residues that might be perturbed due to the mutation. In Figure 4.1-18 (marked in
yellow) the positions of Pro102, Pro104 Pro107, Pro110 and Pro125 are shown.

In the FIR the spectral range corresponding to the hydrogen bonding shows a sharp
band at 157 cm™ that shifts upon deuteration to 116 cm™ showing a second component at 161
cm™. As explained in previous paragraph the frequency reflect the strength of the hydrogen

272, 305

bonding , as conclusion it can be seen that the strength of the hydrogen bonding network
in the GGG mutant is weaker than in the WT. This new conformation of the hydrogen bonds
may also be the cause of the conformational changes reflected in the shifts in Amide Il and

Amide II’ band.
4.15.1 PDZ1-GGG and its interaction with HPV 16E6 peptides

The MIR (Figure 4.1-19), FIR (Figure 4.1-20) and Raman (Figure 7.2-5 and Figure
7.2-6) and spectra show several spectral changes upon binding of the PDZ1 GGG in presence
of the different peptides, revealing the interaction between the C-terminus and the peptide

sequence.

Backbone conformational changes. The amide vibrations are slightly affected, in
comparison to what was described for the interaction between the different peptides and PDZ1
WT. In amide | a shift of 4-6 wavenumbers is observed in presence of the 11- residue peptides
and a more significant shift is found with 16E6 L/V. Nevertheless is seems that interaction
with the 5- and 6-residue peptides does not have the same effect on the protein, indicating that
the upstream residues (P-; —P.11) are important in the interaction between the C-terminus and
the HPV16 ES6.
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This is supported by the signals present in the Raman spectra (Table 4.1-8). Here,
amide | only shifts in presence of 16E6 Lo/V from 1668 cm™ to 1664 cm™, indicating that not

only the peptide length have an effect on conformational changes but also the P residue.

On the other hand, Amide 11 in the infrared spectra is shifted from 1541 cm™ in the
free form to 1536 cm™ in presence of the shorter peptides. With the 11-residue peptides there
is a slight shift to 1538 cm™ in presence of 16E6 and 16E6 R.s/A, a similar pattern is observed

in the Raman spectra, where the signal shifts from 1565 cm™ to 1560 cm™.
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Figure 4.1-19. Mid infrared spectra of PDZ1 GGG interaction with the different HPV16 E6 peptides.

The amide 11l band in MIR shows a relevant displacement, in the case of the 11-
residue peptides the signal shifts from 1240 cm™ in PDZ1 GGG spectrum to 1276 cm™ with
16E6 and 16E6 Rs/A and to 1273 cm™ with 16E6 Lo/V. For the spectra in presence of the
short peptides the signal is visible at 1246 cm™, corroborating with what was observed with

the amide | band. The residues (P-7 —P-11) have an interaction with the C-terminus.
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Results — The C-terminus of PDZ1 MAGI-1

Table 4.1-8. Resume of the backbone vibrational modes of PDZ1 GGG in its free and bound forms by
Raman spectroscopy

PDZ1 Bound Bound Bound Bound Bound Modes

GGG 16E6 16E6, 5 16E6 6 16E6 Lo/V | 16E6 Rs/A

free LoV LoV

1668 1669 1669 1668 1664 1667 Amide |

1565 1565 1560 1560 1565 1564 Amide Il

1352/ 1358/ 1352/ 1357/ 1359/ 1351/ 3(C*H)

1333 1332 1334 1332 1335 1338

1268 1270 1254 1271 1271 1270 Amide Il
B-turns

1240 1242 1236 1240 1241 1245 Amide 11
B-strand

In Raman, the component corresponding to the B-turns in the amide Il region is the
most affected in presence of the 5-residue peptide going to lower frequency. However in

presence of the other peptides the signal shows a small shift to higher wavenumbers.

For the amide III B-strand component, in presence of the 16E6 R.s/A the perturbation
is more pronounced than in presence of the other 11-residue peptides in the p-strand, where
the signal shifts to higher frequency, namely to 1245 cm™. In comparison, in presence of the
5-residue peptide the signal appears at 1236 cm™, suggesting that the P.s and P_g are the main
contact points between the C-terminus of PDZ1 and the viral protein. This is corroborated
with the signals in the other bound forms, where no major changes are observed upon the

binding for this vibrational mode.

In the Raman spectra the vibrations corresponding to the 8(Ca-H) modes, are not
perturbed in presence of 16E6 5 Lo/V nevertheless in all the rest of the spectra the signal
appear around 1358 cm™ and 1332 cm™, but in presence of 16E6 R.s/A the signals arise at
1351 cm™ and 1338 cm™, so this peptide does not affect this vibration in the same way as the

others.

In the FIR spectra (Figure 4.1-20) Amide VI shows a significant change to lower
wavenumber with the 5-residue peptides as well as in presence of 16E6, though in presence of
the rest of the peptides the signal shifts to higher wavenumbers. The more pronounced
displacement is found in presence of 16E6 Lo/V, where the signal is detected at 531 cm™.
These results are interconnected with the amide | and amide Il band, indicating that not only

the peptide length have an effect on conformational changes but also the Py residue.
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Figure 4.1-20. FIR spectra of PDZ1 GGG interaction with the different HPV16 E6 peptides.

Amino acid side chains. A complete description of all the contributions from the
amino acid side chain vibrations observed in the Raman spectra of each of the bound forms is
shown in Table 4.1-9. From this resume it is important to note that in all the bound forms
perturbation of the Thr modes are observed, as it is also seen in their infrared spectra. The

displacements are less pronounced in presence of the 16E6 5 Lo/V and 16E6 R.s/A.

A similar pattern is seen with wagging NHs" and rocking NHs;" modes coming from
Arg, Ser, Val, that are only perturbed in presence of 16E6, 16E6 Ly/V and 16E6: 6 Lo/V. This
directly indicates that the Thr and Arg near the C-terminus and the Ser and Val residues, near

or in the C-terminus have an interaction with P_s and P_.

In the presence of 16E6. 5 Lo/V, perturbation of ring vibrational modes of Phe and
Tyr are observed. Given that there is a relation between the C-terminus and the stability of the
protein through these residues upon binding, as no changes in this band were observed upon
binding in the PDZ1 WT.
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Table 4.1-9. Amino acid side chain vibrations from the PDZ1 GGG interaction with HPV16EG6 peptides

PDZ1 Bound Bound Bound Bound Bound Amino Modes
GGG 16E6 16E6 5 16E6,6 | 16E6 Lo/V | 16E6 R-s/A acids
free LV LV
1606 1608 1605 1606 1606 1606 Tyr Ring breathing
1450 1447 1450 1449 1449 1450 Ala, Leu, 3(CHp)
Phe
1410 1419 1416 1416 1416 1415 Thr 8(Ca-H)
1209 1210 1205 1210 1210 1209 Phe symmetric
Tyr v(Ring —O)
1171 1175 1178 1172 1170 1168 Met 8(C-H)
1188 1188 1183 1186 1188 1188 Iso rocking NH3"
Leu 3(Cy1-Cp-
Cvy2)
1127 1120 1127 1121 1121 1127 Arg wagging NH"
Ser, Val : .
rocking NH;
1032 1037 1033 1037 1037 1036 Thr OH def
Phe d(C-H) def
1003 1003 1001 1003 1003 1003 Phe Ring breathing
850 850 847 847 845 848 Tyr Fermi doublet
828 831 828 826 831 831

Another important remark is that upon complex formation, the 6(C-H) modes of the
Met residues undergo different displacements. In presence of the 16E6 this signal goes from
1171 cm™ to 1175 cm™, in presence of 16E6 5 Lo/V it arise at 1178 cm™ and in presence of
16E6 R.s/A it arises at 1168 cm™. For the other two peptides there are no relevant changes.
The P.s seems to have a direct interaction with the Met residues, probably Metl (Figure 4.1-
18). In the 16E6 R.s/A as the amino acid side chain of the peptides is shorter; it might have an
effect in the binding. In the WT bound forms the Met residues are affected in the same way
upon binding.

Hydrogen bonding. In the MIR spectra (Figure 4.1-19) variations in the amide A and
B as well as in the v(C-H) region are remarkable. In case of the spectra in presence of the 11-
residue peptides, upon binding amide B is barely visible due to the increase in the absorption
intensity of amide A, even though there is only a slight shift in the frequency of this band, it
shifts from 3289 cm™ to 3287 cm™.

For the shorter peptides the spectra’s characteristics are quite different. Amide A
appears at 3270 cm™ in presence of 16E6¢ 5 Lo/V and at 3275 cm™ in presence of 16E6; 6
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Lo/V. Amide B have a shift from 3071 cm™ to 3062 cm™. Additional to these bands, a new
signal arises at 3185 cm™ for 16E6¢ 5 Lo/V and at 3191 cm™ for 16E6 5 Lo/V, this signal
corresponds solely to the v(N-H) vibrations that are usually coupled to the v(O-H) vibrations

in amide A.

In Raman, the signals arising in the v(C-H) region are summarized in Table 4.1-10.
The asymmetric v(C-H) vibrational modes arising from the Met residues show a similar
pattern of the side chain contribution already described before from this amino acid, in
presence of 16E6 the signal goes to higher frequencies as well as in presence of 16E6; 5 Lo/V
but in presence of 16E6 R.s/A the band arises at lower wavenumbers. But the symmetric v(C-

H) only shows a slight difference in presence of 16E6 R.s/A.

For the rest of the signals in this region it is important to remark that only in presence
of 16E6 and 16E6 R-s/A a perturbation of the His vibrations in this spectral region is

observed.

Table 4.1-10. v(C-H) region of PDZ1 GGG in its free and bound form by Raman spectroscopy

PDZ1 Bound Bound Bound Bound Bound Amino Modes
GGG 16E6 16E645 | 16E646 | 16E6Ly/V | 16E6 acids
free Lo/V Lo/V R-s/A
2724 2728 2732 2725 2725 2721 Met asymmetric
v(C-H)
2769 2772 2769 2769 2769 2767 His asymmetric
v(C-H)
2874 2869 2873 2869 2868 2868 Ala, Val | symmetric
e | V(-CHy)
Leu
2896 -- 2890 2890 2890 2898 | Thr,Pro | symmetric
v(C-H)
2934 2935 2935 2935 2935 2932 Met symmetric
v(C-H)
2966 2966 2965 2965 2966 2966 Ser,Thr | symmetric
v(C-H)
3064 3063 3060 3064 3063 3061 Tyr v(a-CH)

For the hydrogen bonding collective modes in the FIR (Figure 4.1-20), with all the 11-
residue peptides the band becomes broader in comparison to the free form of the mutant
(Figure 4.1-20), which shows the contrary effect observed with the WT PDZ1 and its
interaction with the peptides. With the shorter peptides no major changes in the shape or the

frequency are seen.
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For 16E6 bound form, the band arises at 162 cm™, the shape of the signal is very
different from the other bound forms. With 16E6 Lo/V the signal arises at 160 cm™, while
with 16E6 R.s/A the signal splits into two peaks at 144 cm™ and 158 cm™.

The spectral differences in this region indicate that, regardless of the affinity of the
peptide, the effect of the mutation is similar upon binding. Nevertheless, the differences
between the bound form of 16E6 and 16E6 L/V showed that the C-terminus of PDZ1 is a key
region in the strength of the hydrogen bonding network upon binding. How a mutation in the
Po, that has a higher binding affinity, can be correlated to hydrogen bonding form by the
residues of the C-terminus is still an open question.

However, it can be concluded, according to the results, that the interaction of P(.s.11)
residues with the C-terminus, are important for the strength of the hydrogen bonding upon
binding, especially the P_s residue.

4.1.5.2 Discussion

In summary, the changes in the backbone vibrations indicates that upon binding the
dynamics of the protein are very different for the peptides of 6 and 11 residues than for the
peptide of 5 residues. From the differences in the bands displacement, it can be concluded that
the PDZ1 GGG-16E6 5 Lo/V has a complete different set of characteristics than the rest of
the bound forms, showing that the interaction between the P with the C-terminal has

significance for the final conformation necessary to form the complex.

Furthermore, the amide Il analysis shows that mutation in P_s position has a larger
effect on the [-sheet interactions between the protein and the peptide. Additionally,
comparing the interaction between the bound form with 16E6 and 16E6 Lo/V, it is evident that
variations in the Py position meaning changes in the secondary structure. These modifications
are not only affecting the N-H and C-N groups, as it was seen in the interaction of the
peptides and the PDZ1 WT, but also the C=0 groups of the amide bonds. The C-terminus
plays a role in maintaining the backbone groups in its place upon binding and also through a

strong hydrogen bonding network with the P_s and P(.7.11) residues of the viral protein.

It is surprising how a mutation in the Py position of the peptide and its interaction with
the binding loop can affect the C-terminal motions, this leads to conclude that not only the

direct interaction between the aB and BB with the peptide is important to stabilize the binding
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and form the complex. Comparing to what was observed in the interaction of the WT and the
different peptides, the first difference is the broadness of the band, in the case of the WT the
signal becomes sharper upon binding and in the interaction of the PDZ1 GGG the signal
becomes broader, pointing towards that the C-terminal is a crucial of assembly of the

hydrogen bonding network to stabilize the binding.

From the side chains vibrational modes, it is evident that the Thr, Ser, Val and Arg
residues have a direct role in the interaction with the P.s and P(7.11) residues while the Met
and His residues do not seem perturbed in the mutant in presence of the peptides Lo/V and R.
5/A, as it was observed with PDZ1 WT. This suggests that the residues in the interaction
between the C-terminus and the peptide have an effect on other areas of the protein besides

the binding loop.
4.1.6 Variations in the pC-strand

By NMR spectroscopy the binding of the 16E6 Lo/V to the PDZ1 domain of MAGI-1
results in significant spectral changes, a part of the global response of the PDZ domain to the
peptide binding besides the changes in the residues close to the binding site supplementary

changes were observed around Lys44, a residue of the BC-strand sequence®'?

. According to
these results, the carboxylate group from the peptide C-terminal interacts with the backbone
of the GFGF motif, and additional hydrogen bonds are formed between the backbone of BC-
strand and the peptide. A similar result was obtained in X-ray structure of PDZ1 with HPV18

E6%,

As a part of the conclusion of previous studies, the mutation of Lys44 residue against
Glu (K44/E) or Ala (K44/A) residue does not affect the folding of the PDZ domain, these

variants were classified as functional mutants2®®

, allowing them to be good candidates for the
study of hydrogen bonding changes upon binding. The only important difference is seen in
K44/A where the mutation causes chemicals shift on several residues of the C-terminal
extension®'?. Additionally, the solution structure showed an interaction between P.; and

Lys442%,

Backbone conformational changes. The MIR spectra of both variations (Figure 4.1-
21) in comparison with the WT PDZ1 (Figure 4.1-2) show Amide | at 1636 cm™, which is at

the same frequency and has the same characteristics (amide |1 fitting) as the WT spectrum. It is
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also similar for amide Il in the K44/E spectrum, while in the case of the K44/A mutant there

is a slight shift in the frequency, where the signal arise at 1525 cm®.
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Figure 4.1-21. MIR and FIR spectra of PDZ1 K44/E (solid line) and PDZ1 K44/A(dotted line) in H,O

The same can be seen for the amide | and amide Il signals in the Raman spectra
(Figure 4.1-22) were amide | is found at 1667 cm™ for both mutants and amide 11 at 1565 cm™
for K44/E and at 1570 cm™ for K44/A.
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Figure 4.1-22. Raman spectra of PDZ1 K44/E(solid line) and K44/A(dotted line)
The amide 111 band arises at 1240 cm™ for mutants in infrared and in Raman it is
observed at 1241 cm™ for the B-strand component and at 1270 cm™ for the p-turn component.
In the spectrum of K44/A a shift is seen in the first component where the signal arises at 1250

cm™ points towards a different conformation of the B-strands.
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The amide VI in the FIR region, however, shows a relevant shift in the frequency due
to mutations. For K44/E the signal arises at 520 cm™ and for K44/A at 526 cm™. Given that
this vibrational mode is the combination of 8(C=0) in-plane and out-of-plane in addition to
the (C-C-N) deformations modes; from amide | it is established that the C=0 groups do not
have any perturbation, therefore, the changes seen in amide VI are more probable to be caused
by the changes in the C-C-N groups. This indicates that the mutation affects the dihedral
angles of the amide bonds.

Amino acid side chains. From the amino acid side chain vibrations the main
difference found in the Raman spectra is the signal at 1408 cm™ corresponding to the 8(C-H)
from the Thr residues in K44/E spectrum and the signal at 1125 cm™ corresponding to the

contribution of the wagging and rocking of the N-H groups from Arg, Ser and Val residues.

A feature that calls the attention is the appearance of a signal at 993 cm™ for both

mutations, this signal corresponds to the of the v(C-C) and v(C-N) vibrations of lle residues.

Figure 4.1-23. Schematic representation of the PDZ1 K44/E (red region) and PDZ1 K44/A (grey region)
(PDB: 2KPK displaying His residues (soft red) Thr residues (green) and Ser residues (orange)

Hydrogen bonding. The more important modifications in comparison with the WT
spectrum are seen in the bands related to the hydrogen bonding. Amide A (Figure 4.1-21)
signal arising at 3279 cm™ and 3188 cm™ in the case of K44/E and at 3281 cm™ and 3194 cm
! for K44/A. Amide B only have a relevant displacement in the K44/A mutant arising at 3068

cm™.
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In the v(C-H) region in the IR spectra (Figure 4.1-22), a minor shift in the signals at
2960 cm™, 2932 cm™ and 2875 cm™ for both mutants is observed. In the Raman spectra the
only perturbed vibration is the signal at 2966 cm™ that in the WT was observed at 2970 cm™,

this signal correspond to Ser and Thr symmetric v(C-H).

Figure 4.1-24. Schematic representation of PDZ1 K44/E superimpose with K44/A. (PDB:2KPK)
displaying the Ala residues (green), Leu residues (cyan) and lle residues (purple).

The FIR collective modes show a major change in the broadness and the frequency of
the band, the band in the mutant’s spectrum is sharper than the band observed in the WT
spectrum. For K44/E the band arises at 154 cm™ and for K44/A it arises at 159 cm™.

This difference in the hydrogen bonding vibrational modes can be directly correlated
to the residue’s position, the side chain of the amino acid is positioned on the most exposed
part of the domain (Figure 4.1-23), it can be suggested that the interactions between the
positively charged side chain like Lys44 been mutated to a neutral residue, as is the case of
K44/A, or to a negative charged residues as is the case of K44/E, modify the electrostatic

interactions between the protein and the solvent.

The small perturbation observed in the amino acid chain can be correlated to the
interaction between Lys44, Thr30 and Ser45 (see Figure 4.1-23). According to the H/°H
exchange by NMR this Thr30 has an group of hydrogen bonds with Lys44 and Ser45°'2. The
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schematic representation in Figure 4.1-23 shows the possible amino acids affected by the
mutation. From all the eight Thr residues (marked in green) present, the closest ones are
Thr30 and Thr 60, given the orientation of the Glu or Ala side chain is more probable that the
interaction is with the Thr30. For the Ser residues (marked in orange) the only residue close

enough to the mutation site is indeed Ser45.

In general, the replacement of this residue with a neutral and negatively charged amino
acid does not cause major backbone changes, but generates motions in specific amino acids
around the mutated site. Besides this, it is evident that the hydrogen bonding of the protein
does not have the same conformation as in the WT.

4.1.6.1 PBC- strand variations and its interactions with HPV16 E6 peptides

By SPR it was shown that the interaction between PDZ1 K44/A and 16E6 Lo/V
peptide has an affinity that is two folds attenuated as compared to the PDZ1 WT, in contrast
the PDZ1 K44/E totally abolishes the interaction in presence of the 16E6 peptide®®® 32,

Congruently, even if the spectra of the mutants alone do not show many differences in
comparison to the WT, spectral differences are observed in the behavior of the mutations in
presence of the HPV16 E6 peptides. K44/A and K44/E do not present the same properties
upon binding; variances in the amide vibrations as well as the hydrogen bonding are

described.

Backbone conformational changes. The MIR spectra of the interaction of K44/A with
the HPV16 E6 peptides (Figure 4.1-25) show a displacement of amide | only in presence of
the 11-residue peptides, the more pronounced shift is seen in presence of 16E6, where the
signal arises at 1642 cm™. For the other bound forms with 16E6 Lo/V and 16E6 R.s/A, the
signal arises at 1640 cm™. In the Raman spectra of the bound forms with K44/A (Resume in
Table 4.1-11), it is evident that there are no relevant changes in the Amide | vibration upon

binding.

However, for the K44/E mutation, in the infrared spectra amide | shifts from 1636 cm™
in the free protein to 1641 cm™ in presence of all the peptides. In Raman, amide | shifts from
1667 cm™ to 1670 cm™ with the short peptides and to 1671 cm™ with 16E6 and 16E6 Lo/V.
For the bound form with 16E6 R-s/A the signal is at 1672 cm™.
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In summary, it can be concluded that, the mutation of Lys44 for a negatively charged
residue, gives as a consequence changes in the C=0 amide groups, and that these changes are
more pronounced in presence of the 16E6 R.s/A peptide indicating a different interaction
between the Lys44 and the P_s when this Arg residue is mutated of the HPV16 E6 peptide.
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Figure 4.1-25. MIR spectra of the PDZ1 K44/A (right) and K44/E interaction with the different HPV16 E6
peptides

For amide 11, the complex formation with K44/A in infrared displays a displacement of
the signal to higher wavenumbers, this effect is more marked with the short peptide where the
signal arises at 1536 cm™. Instead with 16E6 the band arises at 1533 cm™ and with 16E6 Lo/V
and 16E6 R.s/A it arises at 1531 cm™. A similar pattern is seen in the amide Il of the Raman
spectra (Table 4.1-12), for the bound forms with the short peptides the signal appears at 1570
cm™ and with 16E6 it appears at 1569 cm™. With the other two 11-residue peptides it appears
at 1568 cm™. It seems that the lower the affinity for the peptide the larger the changes of this
vibrational mode, similar patterns were observed in the interactions between the PDZ1 WT
and the HPV16 E6 peptides.
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For K44/E in infrared, the amide Il arise at almost the same frequency in presence of
all the peptides, for the bound form with 11-residue peptides it arise at 1543 cm™ and with the
short peptides at 1541 cm™.

In Raman (Table 4.1-11), amide 1l band shifts from 1570 cm™ to ~1574 cm™ in all the
bound forms. It is important to notice that with K44/E the displacement of this signal upon
binding in the infrared spectra is more pronounced than with K44/A, however in Raman the
shift in the amide Il band is more or less of the same magnitude for both mutations. This
difference between both techniques is because in Raman amide Il has a low scattering having
a low resolution of the signal.

Table 4.1-11. Summary of the backbone vibrational modes of PDZ1 K44/A and K44/E in its free and
bound forms by Raman spectroscopy

Modes (cm™) Amide | Amide Il d(Ca-H) Amide 11 Amide 111
B-turns B-sheet
K44/X = A | E A E A | E A | E A E
Free 1667 1565 | 1570 1408 1270 1241 | 1250
+ 16E6 1666 | 1671 | 1569 | 1574 | 1407 | 1407 | 1267 | 1268 | 1246 | 1257
+16E6.5 Lo/V | 1666 | 1670 | 1570 | 1573 | 1408 | 1407 | 1270 | 1266 | 1242 | 1255
+16E6:6 Lo/V | 1667 | 1670 | 1570 | 1573 | 1407 | 1403 | 1269 | 1266 | 1242 | 1255
+ 16E6 Lo/V 1667 | 1671 | 1568 | 1573 | 1407 | 1402 | 1267 | 1263 | 1247 | 1259
+ 16E6 Rs/A 1667 | 1672 | 1568 | 1574 | 1407 | 1407 | 1267 | 1263 | 1246 | 1259

The amide 11l band in the infrared spectra (Figure 4.1-25) of the bound form with

K44/A displays a shift to lower wavenumbers is presence of 16E6, appearing at 1232 cm™ and

a shift to higher wavenumbers with all the other peptides, where it is observed at ~1242 cm™.

In Raman, the amide III component for the B-turn does not display any shifts in
presence of the short peptides as well as the f-strand component. However in presence of the
11-residue peptides the band corresponding to -turns component has a slight shift, from 1270
cm™ to 1267 cm™. For the B-strand component the signal shifts from 1241 cm™ to higher
wavenumbers, arising at 1246 cm™ for 16E6 and for 16E6 Lo/V and 16E6 R.s/, at 1247 cm™.

On the other hand, infrared amide 111 of the bound forms with K44/E shows a shift to
higher wavenumbers with the short peptides; arising at 1243 cm™. With 16E6 the band a more
pronounced shift appearing at 1250 cm™ and with 16E6 Lo/V and 16E6 R.s/A it arise at 1267

cm™.
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Amide III of the B-turns vibrational modes in Raman upon binding shifts to lower
wavenumbers with 16E6 it shifts only to 1668 cm™, with the short peptides it arises at 1266
cm™, with 16E6 Lo/V and 16E6 Rs/A in appear at 1663 cm™. For the p-strand component of
this vibrational mode, the signal shifts to higher frequencies, with the shorter peptides it arise
at 1255 cm™, with 16E6 appears 1257 cm™ and with 16E6 Lo/V and 16E6 Rs/A is at 1259

cm™.

The results of amide I1I suggest that the addition of the B-strand as part of the binding
process is being perturbed due to the mutation, where in the case of the K44/A in comparison
to the changes observed in K44/E upon binding, there is only a partial 3-strand addition.

In the FIR spectra (Figure 4.1-25), amide VI of the K44/A-peptide complexes shows
that with the short peptides the signal goes from 526 cm™ to lower wavenumbers, arising at
518 cm™ for 16E6¢ 5 Lo/V and at 523 cm™ with 16E6 5 Lo/V. With the 11-residue peptides
no changes are detected in presence of the 16E6 peptide and a slight shift is seen with 16E6
Lo/V for the signal at 528 cm™. Nevertheless with 16E6 R-s/A the signal has a pronounced

displacement appearing at 535 cm™.
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Figure 4.1-26. Far infrared spectra of PDZ1 K44/A and K44/E interaction with the different HPV16 E6

eptides
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For the K44/E-peptide complexes, this signal shifts from 520 cm™ in the free form, to
510 cm™ in presence of 16E6, to 518 cm™ with 16E6¢ 5 Lo/V and for the rest of the bound
forms it appears at 523 cm™. Upon binding to the WT, a similar behavior is seen, as an
exception with the WT in presence of 16E6 Lo/V the signal has the same frequency as in

presence of the 16E6 peptide, which is not the case with K44/E.

In the case of the changes in amide VI with K44/A-peptides it is evident that a
completely different conformation is seen in each one of the bound forms, the outcome from

this signal can be compared as to the conclusions described for the amide 111 modes.

In addition to the amide vibrations, it is relevant to discuss that in the Raman spectra
the 8(Ca-H) modes do not show any perturbation in the K44/A bound forms and in the K44/E
there is only a shift in presence of 16E6. 6 Lo/V and 16E6 Lo/V where the signal appears at
1403 cm™ and 1402 cm™, respectively.

Amino acid side chains. The MIR spectra (Figure 4.1-25) shows that upon complex
formation the signal corresponding to the side contributions of the Glu residues, around 1077
cm, is not perturbed, in K44/A or K44/E. Comparing to the interaction between the WT and
the HPV16 E6, this signal has an important displacement in the presence of peptides with a
Val residue in the Py position. Figure 4.1-14 shows the Glu residues, Glu36 and Glu39, in the
loop between BB and BC strand that might be an important part of the interaction between
both proteins, what is not evident from the structure and the position of the amino acids is
how changes in the residue 44 are related to these Glu residues. It is more likely that the

signal in this case is reflecting the motions of the Glu residue from the peptide.

Taking as a model the X-ray studies on PDZ1 MAGI-1 in presence of HPV18 E6 (7
residues peptide)®, it is evident that Lys479, that correspond to the Lys44; and the Glu
residue in the peptide (P.3) has a direct interaction thought hydrogen bonds and indirect
interactions through Ser, Thr and Val residues of the protein with the Thr(P.;) from the
peptide forming an intricate network.

The contribution from Thr, Ser and Tyr side chains vibrations, attributed to the signal
at 1165 cm™ in K44/A spectrum, shows no significant shift upon binding. In presence of 16E6
Lo/V and 16E6¢ 5 Lo/V the signal arises at 1164 cm™, for 16E6¢ 6 Lo/V and 16E6 Rs/A it
arises at 1168 cm™ and in presence of 16E6 it arises at 1162 cm™. These differences can be
due to the correlation between the hydrogen bonds of Thr465 in the BB-strand (Figure 4.1-27),
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before named Thr30, and the Lys44 residue. Nevertheless, for K44/E this signal shows a
significant shift upon binding, except in the presence of the 16E6 R.s/A peptide, pointing
towards a connection between the P_s and Lys44 being needed for a proper binding.

SER00 36 THR-465 “

LYS-479

3.0 °23

Figure 4.1-27. Schematic representation of the H-bonds between Lys479 from PDZ1 MAGI-1 and the Glu
(P.s) and Thr(P_,) from the HPV18 E6 peptide (H-bonds in yellow). (PDB: 2104)

Table 4.1-12 and Table 4.1-13 have a complete resume of all the amino acid side

chains vibrations observed in the spectra of K44/A and K44/E in its free and bound forms.

It can be seen that the signal at 1408 cm™, attributed to the 8(C-H) of Thr does not
present almost any shift upon binding, in contrast to what was observed in MIR, where the
v(C-OH) and the 6(O-H) modes are perturbed in the case of K44/E, suggesting that the

changes observed in MIR are due to the Ser and Tyr residues.

For the signal at 1031 cm™, In comparison to the interactions of PDZ1 WT, where the
signal shifts to higher wavenumbers upon binding; with the mutation to a neutral amino
(K44/A) no changes are seen. With a negatively charged amino (K44/E), the displacement
goes to lower wavenumbers. It is known that these vibrational modes are sensitive to
hydrogen bonding, according to previous studies, higher value are related to hydrogen bonded

20 As a conclusion, it can be deduced
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that upon binding in the WT there are new hydrogen bonds forming within the side chain of

Ser and Tyr residues, and in K44/E the hydrogen bonds are disrupted due to the mutation.

Table 4.1-12. . Amino acid side chain vibrations of aromatic residues of PDZ1 K44/A and PDZ1 K44/E in
its free and bound form by Raman spectroscopy

Modes (cm™) His Tyr Phe/Tyr Thr/Phe Phe
K44/X = A | E A | E A | E A | E A | E
Free 1585 1606 1207 1031 1002

+ 16E6 1585 1581 | 1606 1606 | 1203 1210 | 1030 1031 | 1002 1001
+16E645 Lo/V | 1585 1585 | 1606 1609 | 1207 1207 | 1035 1030 | 1002 1005
+16E646 Lo/V | 1585 1584 | 1606 1609 | 1207 1207 | 1030 1030 | 1002 1002
+16E6 Lo/V | 1585 1580 | 1606 1609 | 1203 1204 | 1029 1038 | 1002 1001
+16E6 Rs/A | 1585 1580 | 1606 1610 | 1204 1200 | 1030 1043 | 1003 1007

Table 4.1-13. Other amino acid side chain vibrations of PDZ1 K44/A and PDZ1 K44/E in its free and

bound form by Raman spectroscopy

Modes (cm™) | Ala, Leu, Phe Thr Met Iso/Leu Arg, Ser, Val

K44/X = A | E A | E A | E A | E A | E

Free 1464/1448 1408 1173 1158 1126

+ 16E6 1465/ 1465/ | 1408 1407 | 1173 1175 | 1155 1160 | 1127 1117
1448 1448

+16E6¢5 Lo/V | 1464/ 1465/ | 1407 1406 | 1173 1181 | 1155 1168 | 1126 1118
1448 1448

+16E6¢6 Lo/V | 1465/ 1464/ | 1407 1408 | 1172 1170 | 1154 1164 | 1126 1116
1448 1448

+16E6 Lo/V | 1465/ 1464/ | 1408 1408 | 1173 1177 | 1154 1164 | 1126 1116
1448 1448

+ 16E6 Rs/A | 1464/ 1464/ | 1407 1407 | 1172 1178 | 1154 1168 | 1127 1126
1448 1447

For K44/A upon binding the RR spectra shows perturbation only in the symmetric

v(Ring-0) of Tyr and the (ring) of Phe, assigned to the signal at 1207 cm™. A similar

behavior is seen with the K44/E mutation upon binding, except that in presence of 16E6 the

signal has an upshift instead of a downshift as it was seen with the other peptides. This band is

sensitive to hydrogen bonding in the case of the Tyr scattering but this is not valid for the Phe

residues, due to the apolar character of this amino acid. As a general explanation the changes

in the frequency might be due to displacement of the ring position caused by the electrostatic

interactions in the surrounding of the residues.
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In the case of the K44/E the effect upon binding in the ring breathing modes of Phe is
also evident in presence of the 16E6: 5 Lo/V and 16E6 R.s/A peptide, where the signal shifts
from 1002 cm™ to 1005 and 1007 cm™ respectively.

Furthermore, a perturbation of the ring breathing modes of Tyr (Tyrl01) is also
present in K44/E RR spectra upon complex formation. The differences in the signal at 1606
cm™, are seen upon binding with all the peptides except with 16E6. In summary, it can be
concluded that in K44/E Tyr101 ring is perturbed due to the formation of hydrogen bonds
upon binding but in the K44/A this motion is not seen. Besides, for K44/E several spectral
differences are observed. The first is the signal at 1585 cm™ attributed to v(C-C) modes of His
residues, this vibration downshifts in presence of the 11-residue peptides. This motion is not
observed in the spectra of the complex with the WT. There are only 3 His residues in the
PDZ]1 sequence, His75 and His77 are located in aB helix, the vicinity of Lys44, how changes
in the mutations of this residue can perturb His residues upon binding is still an open question.

A possible explanation might be that, because of the mutation, many of the hydrogen
bonds between Lys44 and the peptide, direct or indirect might be lost. The peptide forms a
new hydrogen bond network with other residues around; the His residue involved might be
His79. It is suggested from the shifts in the spectra that residues upstream (P.7-P_;1) are the

ones involves in this interaction.

For non-aromatic amino acids (Figure 4.1-27) in K44/E, perturbations of the rocking
(C-O(H)) from Met residues are observed. Additionally, displacement in the signal attributed
to the rocking CH3 and d(Cyl-CB—Cy2) from Ile and Leu residues are observed, likewise
changes in the frequencies corresponding to the wagging N-H of Arg and the rocking CH, and
CHs; from Val and Ser respectively, are observed upon binding. The effect over these residues
is more pronounced in presence of 16E6.5 Lo/V and 16E6 R-s/A, pointing out to a different
conformation than the one observed with the PDZ1 WT of the complex structure because of
the lack of the P_7-P_;; residues. For K44/A, only the Ile and Leu rocking CH3 and &(Cy1-Cp—
Cy2) were slightly perturbed.

Hydrogen bonding. In the FIR spectra (Figure 4.1-26), the hydrogen bonding
collective motions show another property of these mutants. Upon peptide binding with K44/A
the corresponding band has no importantl shift from 159 cm™ to 160 cm™ with the short
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peptides. For the rest, in presence of 16E6 and 16E6 R.s/A the signal arises at 165 cm™ and in
presence of 16E6 Lo/V the signal appears at 174 cm™.

The higher the affinity to the protein, the higher the frequency of the band, this is
similar to the pattern observed in the WT interactions, the only difference in that case is the
displacement of the signal was more pronounced and the shape of the signal had a tendency to

be sharper, this last one is not seen in the spectral depiction of K44/A.

For K44/E the spectral differences are more prominent not only due to the shift but
also to the shape of the band itself. In presence of 16E6.; 5 Lo/V and 16E6 R.s/A the signal is
characterized by a broad band with a peak at 155 cm™ and 145 cm™ respectively. With 16E6
the band is also broader and has a prominent peak at 158 cm™ and a shoulder at 116 cm™. At
last in presence of 16E6. 6 Lo/V and 16E6 Lo/V the band gets a sharper shape it comparison
to the rest, arising at 172 cm™ and 174 cm™ respectively.

Additionally, the v(C-H) region in the Raman spectra (Table 4.1-14), shows that for
K44/A only the Ser and Thr vibrations are perturbed upon binding; for K44/E instead, Met
residues in the presence of the 16E6 and 16E6 Ly/v are influenced in a similar way, for His
vibrations displacements are evident in the presence of the three 11-residue peptides and the

more evident one is in presence of 16E6 R.s/A.

Table 4.1-14. . v(C-H) region of PDZ1 K44/A and K44/E in its free and bound form by Raman

spectroscopy
Modes (cm™) Met His Ala, Val, Ser, Thr Tyr
Leu, lle

K44/X = A | E A | E A | E A | E A | E

Free 2731/2936 2774 2876 2968 3060

+ 16E6 2731/ | 2723/ | 2774 | 2270 | 2876 | 2875 | 2869 | 2869 | 3061 | 3065
2936 | 2930

+16E605 Lo/V | 2732/ | 2731/ | 2774 | 2773 | 2876 | 2876 | 2870 | 2970 | 3061 | 3058
2935 | 2936

+16E606 Lo/V | 2732/ | 2728/ | 2774 | 2773 | 2875 | 2876 | 2965 | 2966 | 3060 | 3065
2936 | 2936

+16E6 Lo/V | 2731/ | 2723/ | 2771 | 2771 | 2876 | 2876 | 2967 | 2960 | 3060 | 3065
2935 | 2929

+16E6 Rs/A | 2731/ | 2731/ | 2774 | 2781 | 2876 | 2876 | 2965 | 2975 | 3061 | 3056
2936 | 2935

The Thr and Ser modes have an important shift upon binding. As with the His

vibrations, the effect is more pronounced in presence of 16E6: 5 Lo/V and 16E6 R.s/A, where
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instead of going to lower frequencies the shift is to higher frequencies. The Tyr modes are the
also affected in presence of all the peptides, what is interesting is that in presence of 16E6; 5
Lo/V and 16E6 R.s/A the signal goes to lower frequencies and in presence of the rest of the
peptides it goes to higher frequencies, pointing to the importance of the residues upstream and

their interaction with Lys44.

4.1.6.2 Discussion

It is important to consider that Lys44 has a unusual set of spectral properties as the
side chain of the amino acid is positioned in the most exposed domain. NMR structural
studies suggested that the positively charged side chain of Lys44 interacts with the negatively
charged side chain in the Pro rich sequence between Aspl06-Aspl09. Furthermore, it
proposed that this interaction might restrict the motions and hence the conformation of the C-

terminal extension’*.

In summary, the K44/A mutant losses of the ability to bind properly to the HPV16 E6
peptides. Nevertheless, changes in the hydrogen bonding and the amide were observed. In
case of K44/E a different set of spectral characteristics were observed upon peptide binding,
suggesting that changes in the charge of this specific residue might generate a new binding

arrangement between both proteins.

From the changes of the amide 111 vibrations, it can be suggested that upon binding the
K44/A mutant presents conformational changes in the B-turns and p-strand only in presence of
the 11-residue peptides. However, with K44/E in presence of the short peptides there is
already a conformational shift that begins to take place and becomes more pronounced in
presence of the 16E6 and furthermore with 16E6 Lo/V and with 16E6 R_s/A.

Other smaller characteristics that differ in behavior between these mutants and the WT
PDZ1 is that upon binding with the K44/A protein the -strand amide 111 vibration shifts to
lower frequencies while for K44/E shifts to higher frequencies.

Comparing these results to the interaction between WT PDZ1 and the peptides, it is
important to remark that in the WT in presence of all peptides a relevant shift to lower
wavenumbers was observed in the B-turns contribution of the Amide 111 mode. This indicates
that with K44/A, the B-turns components in the protein are not able to interact with the first

residues of the peptide. In K44/E this effect is not detected, indicating how the change from a
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charged amino acid, regardless if is positive (Lys) or negative (Glu), to a neutral one is a key

for the interaction.

For the B-strand amide Il modes, the behavior of K44/A and the WT are very similar.
They both present a shift to lower wavenumbers of similar magnitude in presence of the 11-
residue peptides. However with K44/E this shift goes to higher wavenumbers, indicating that
instead of the bonds gaining strength upon binding as it happens with K44/A and the WT,
mutation to negatively charged amino acid causes a loss in the strength of the bonds
corresponding to this vibration (see Figure 4.1-21). As changes in amide | and Il were seen, it
is expected that the C=0, as well and the C-N and N-H groups, have a different conformation
upon binding.

According to what was observed in the vibrations correlated to the hydrogen bonding
vibrations, it seems that the complex formation, the mutation K44/A inhibited the hydrogen
bonds formation seen in the WT, while in the case of K44/E, the mutation generates a new
coordination of the hydrogen bonding network that it is completely different from the
characteristics previously described in PDZ1-HPV16 E6 interactions. This demonstrates the
importance of the electrostatic interactions between Lys44 and the HPV16 E6 to the binding

affinity.

For the side chains contributions, changes in the Ser, Thr, Tyr, His and Met residues
were described in the free protein as well as in the bound form with the different peptides.
This corroborates with what was proposed in Figure 4.1-14, that the region around Lys44 is
the region were the strength of hydrogen bonds defines the affinity and furthermore if the p-

augmentation process occurs or not.

4.1.7 Conclusion

For a long time PDZ domains have been considered to have a passive function in
comparison to others protein-protein binding domains®?, but their capacity to use multiple
surface for docking a diversity of molecules, and their promiscuity have related the binding
event to allosterically-regulated processes, through long-range energetic couplings that link

the binding site to a distal region on the structure.

Previous studies of the interaction of PDZ1 from MAGI-1 with other viral proteins,

like the cellular binder NET1®" and HTLV1 Tax®®, have demonstrated that the oncogenic
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effect of high risk HPV seems not to be driven by binding affinity competition with the host
ligand. The majority of the data are in vitro assays mainly providing qualitative information.
Initial structural insight into the targeting of PDZ domains by the HPV E6 proteins was
described by Zhang et al ®. The analysis of the crystal of a short peptide that mimics the C-
terminal of HPV18 E6 bound to PDZ1 domain from MAGI-1 and SAP97/Dlg revealed that
peptide residues outside the canonical PDZ binding motif were involved in direct contacts
with the canonical core region of the PDZ domain.

Furthermore, the NMR structure of the free form of PDZ1 MAGI-1 and its bound form
in presence of 16E6 Lo/V, indicates that the conformational changes outside the canonical
core, that is not related to the carboxylate binding loop, might have an important role in the

stability of the complex and the affinity in presence of different targets’".

In the present work mutations of the 11-residue C-terminus of HPV16 E6 as well as
mutation of PDZ1 domains were analyzed by infrared and Raman spectroscopy. The aim was
to investigate the sequence requirements for the E6-binding specificity. The results show that
this specificity is correlated to changes in the hydrogen bonding more than changes in the

backbone.

The differences in the percentage of B-sheets beside the B-turns elements in the
presence of the 16E6 Lo/V peptide in comparison with the 16E6, suggest that a different
hydrogen bonding pattern is occurring in the binding process with the mutant, where as a
result the peptide has a more pleated structure’” **". This indicates that the higher the affinity
the more pleated the structure of the peptide as the hydrogen bonding network is stronger

between the peptide and the protein.

According to the results, the differences in affinity are directly correlated to the
hydrogen bonding, suggesting that the pathogenicity and prevalence of a particular virus

type
comparison to the natural binder.

66,324 a5 in this case HPV16, is in its ability to have a strong hydrogen network in

Based on the spectral differences of the amino acid side chains contributions, it is
evident that Thr, Ser, Tyr and Arg residues play an important role in the binding process. The
main differences of the Thr, Ser and Tyr indicate that most of these residues are hydrogen
bonded in the bound form. For the Arg residues the changes are more related to different
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orientations of the side chain, as the vibrations affected were the v(C-H) modes and the

wagging of the N-H group.

Besides, Met and His residues are also part of the setting for the peptide binding.
Grouping these residues according to what was observed with PDZ1 GGG, PDZ1 K44/A and
PDZ1 K44/E, two regions of the proteins can be highlighted as the main core of the hydrogen
bonding network (see Figure 4.1-14.A).

From the study with the PDZ1 GGG mutant in the specific, it was demonstrated that
the C-terminal is crucial for assembly of the hydrogen bonding network to stabilize the
binding. The interaction between the P and this region has significance for the final
conformation necessary to form the complex. The Pq position of the peptide and its interaction
with the binding loop are also affecting the C-terminus which leads us to conclude that not
only the direct interaction between the aB and BB with the peptide is important to stabilize the
binding and form the complex. As a conclusion, the interaction between the C-terminus and
the peptide has an effect on other areas of the protein besides the binding loop

Simulations of the PDZ1-HPV18 E8 exchanging Leu is the P, had shown that the
presence of the Leu weakens the B-sheet interaction between the peptide and the pB3%, the
main chain of interactions of this -sheet with the peptide backbone are responsible to for
stabilizing an extended peptide in the binding groove, thus increasing or decreasing the
affinity interaction, as it was shown in our results from the comparison between the short
peptides and the eleven residues peptides.

The P residue is usually a conserved positively charged residue (Arg). Many studies
have suggested that this residue might be a key point for PDZ binding **°; as a support in vitro
and in vivo assays *?° and X-ray structures of several PDZ domain in presence of viral proteins
%27 suggested that positions located upstream of the canonical four residue PDZ binding motif
may also modulate the conformational changes upon binding®® 2. According to the results,
the electrostatic interactions or a charged Lys44 have a key role in the binding affinity. The P.
5 position has a larger effect on the B-sheet interactions between the protein and the peptide
charge amino acid, regardless if is positive (Lys) or negative (Glu), to a neutral one is a key
for the interaction. This means that the interaction is mediated by charged residues upstream

of the PDZ-binding motif strongly contribute to binding selectivity.
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As a resume of the interaction of PDZ1 with the shorter peptides, the binding of the
HPV16 E6 is modulated by more than the last 6 residues of the C-terminal sequence. Studies
with other viral and natural binders with PDZ1 MAGI-1 have demonstrated the importance of
the Ry and R residues. Mutation in the P.s this residue abolished the E6-mediated
degradation of PAGI-1 and SAP97, this demonstrate the important role of these residues
outside the canonical PDZ-recognizing sequence (only four amino acid), these additional
interactions provide the viral protein with an upper hand in competing with cellular ligands.

The latest allostery model, the “shift population” model, proposed that upon binding,
conformational changes distal to the carboxylate group might be the key to understanding the
binding dynamics between the PDZ domains and the viral proteins. Ligand-dependent
dynamics of this allosteric behavior and the inter-molecular signaling may be directly
correlated to the methyl side chains. The B-augmentation upon binding triggers the C-H
groups of specific amino acids makes the hydrogen network stronger, as was observed in our
results. However, the molecular details of such intradomain allostery are still unclear.

As perspectives, site-direct mutagenesis of the Thr30, His75, His77 and residues in the
aB-BF loop and the BA-BB loop corroborate the network proposed. Furthermore, extension of
these studies to other PDZ domains that are known also to be target of viral proteins confirm
that the hydrogen bonding pattern is not an isolated phenomena of the PDZ1 from MAGI-1 in
presence of HPVV16 E6 C-terminus.
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4.2 Copper coordination with the Ap16 peptide
4.2.1 Introduction

The participation of transition metal ions in the neurodegenerative process is highly
discussed since Zn, Fe and Cu ions are found in amyloid plaques at significant concentrations
and clearly seem to promote the aggregation of the isolated peptide®*33!. Deciphering the
redox characteristics of the copper AS peptides complexes is an important task in connecting

the dots of the role they are assumed to play in Alzheimer’s disease.

The metal-binding sites have been identified in the N-terminal hydrophilic region of
the AP peptide®*?. The coordination environment of Cu(ll) is defined by 3N10, corresponding
to 3 or 2 His**® and the N-terminus together with an Asp or Glu residue. At pH 9 the amide
bond of Ala2 is a binding partner (see Figure 1.2.3, section 1.2.1)**% ** Residues His6,
His13, His14 and Aspl have been identified to be part of the coordination sphere by infrared
spectroscopy® and other techniques®®®. The CuA/ components present two conformers
between pH 6 and 9, respectively, that have been described to be in equilibrium with each
other at physiological pH33* 3%6-3%,

The focus of this work is to understand the reorganization of the Ag16Cu-peptide upon
redox reaction by means of electrochemically-induced FT-IR difference spectroscopy. With
this technical approach, the analysis of both, the Cu(ll) and the Cu(l) AS16 complexes, in a
single difference spectrum was made. As the sample remained in solution under a controlled
temperature, the problems related to a fast aggregation that is typically observed in the

CuApB16 complexes®*® were overcame.

The difference spectra of CuAS16 samples were recorded at pH 8.9, with the aim to
access separately the one of the CuApl6 complexes that occurs simultaneously at
physiological pH. Differently labeled samples were studied for data analysis including **N to
N labeling of the discussed His residues and a change of *2C to *3C in addition to the °N
labeling at the Aspl residue. Furthermore, to corroborate the band attribution and the
concluded properties from the spectra, the electrochemically-induced FTIR difference spectra
of two model peptides DAHK (Asp-Ala-His-Lys) and GHK (Gly-His-Lys) in presence Cu

were performed.
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4.2.2 CuDAHK and CuGHK complexes

DAHK is the N-terminal metal-binding sequence of human serum albumin (HSA), and
GHK is a copper binding growth factor in plasma. Their structure in presence of Cu(l1)*, their
thermodynamics®, and their function®**® have been widely studied and very well characterized,
making them thus, a reference for the assignment and understanding of the ApS redox

behavior.

In previous experiments, Cu ions in DAHK and GHK showed a rather complex
electrochemical behavior. For GHK not only Cu (I), but also Cu(0) was observed upon
reduction depending on the applied potential. In DAHK the oxidation to Cu(lll) was also
described”. So both peptides react in a distinct way. In the experiments shown here, we could
obtain reversible infrared difference spectra when cycling between the oxidized and reduced
form for both peptides (Figure 7.2-7 appendix), suggesting that the redox reaction remain
between Cu(ll) and Cu(l).

The differences observed in the results could be due to the experimental approach: in
cyclic voltammetry experiments, the kinetics of an electrochemical reaction are observed;
while here a fully reducing or oxidizing potential was applied with a timing of several minutes
in each step until the equilibrium was obtained. This allows the system to make the necessary
conformational changes to accommodate Cu(l). The data was obtained by averaging several
cycles of oxidized minus reduced difference spectra and vice versa. For each cycle the spectra
were reproducible, indicating that the reduced form was stable.

The oxidized minus reduced FT-IR spectra at pH 6.8 and 8.9 are shown in Figure
4.2-1.A and Figure 4.2-1.B for DAHK and Figure 4.2-1.C and Figure 4.2-1.D for GHK. The
positive signals correspond to the changes of the oxidized form and the negative signals to the
reduced form. The FT-IR difference spectra of both peptides at pH 6.8 show the same general
spectral features. Contributions from the peptide bonding are expected, the so-called amide
bands and from the individual amino acids: His, Lys (C-terminal) and Asp (N-terminal) in the
case of DAHK®*. The summary of all bands analyzed here is presented in Table 7.2-1

(appendix).

Smaller but highly reproducible signals are seen around 1590-1570 cm™ arising from
the different protonation states of the imidazole in His indicated the change for the
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coordination of the Cu(ll) via the N" changes to N* at pH 6.8 upon reduction. The negative

signal at 1589 cm™ is characteristic of the Nz-H, present in the reduced state, and the positive
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Figure 4.2-1. FTIR difference spectra of the Cu-DAHK complex. A. At pH 6.8. B. At pH 8.9 and Cu-GHK
complex. C. AtpH 6.8. D at pH 8.9

In the spectrum of DAHK at pH 8.9 (Figure 4.2-1.B) this signal only appears for the
reduced form, indicating that at this pH, Nt is protonated and that the Cu(l) coordination is
made via Nz. For GHK at pH 8.9 (Figure 4.2-1.D) the corresponding signal at 1592 cm™
shifts to 1596 cm™, and the positive signal from 1579 cm™ shifts to 1574 cm™ upon reduction,

indicating the same changes in the coordination of the imidazole as at pH 6.8.

One of the main difference between the two peptides is the position of the His residue,
previous studies have proposed that this is an important factor that can regulate the

coordination mode™® 32, The main spectral differences are observed in the deformation and
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stretching of the His vibrational modes. For GHK, a positive signal is observed at 1416 cm™
at pH 6.8 and 1414 cm™ at pH 8.9. This band corresponds to the deformation of the Nt-H**"
%2 The signal gain intensity at high pH, changes in the dipole moment in this kind of modes

are related to stronger hydrogen bonding.

For the DAHK at pH 6.8 a small shoulder is observed at 1482 cm™ in the reduced
state; at pH 8.9 this vibrational mode gains intensity and arises at 1485 cm™; this band
corresponds to the v(Co=Nm)*®" 32, As it was concluded from the vibrational modes described
before, DAHK coordination mode changes from N to Nt upon reduction at pH 6.8 while at
pH 8.9 the same coordination with Nm is observed. Nevertheless, the gain in intensity
indicates that the dipole moment in both states is not the same, suggesting a change in the

symmetry of the molecule.

It can then be suggested that according to the position of the His residues, when the
His is in second position in the sequence, an exchange of the imidazole coordination is more

probable than when the His is in the third position.

The signals at 1688 and 1691 cm™ at pH 6.8 (and at 1695 and 1684 cm™for pH 8.9

247,344 of the reduced

include the contributions of the v(C=0) vibration of the peptide bonding
form. The positive signal between 1628 and 1620 cm™ in the different spectra reflects the
signal of the oxidized form. The shift of the v(C=0) vibration upon reduction can be
explained by a change of the hydrogen bonding and thus the environment of the C=0 group
upon reduction of the Cu ion confirming a change of the coordination sphere upon reduction.
Keeping in mind that the samples sequence are only three or four residues long, a change in
the hydrogen bonding is unlikely to affect the secondary structure to an extent where the
frequency of the amide vibration upshifts, from 1626 cm™ to 1688 cm™, as seen in the

difference spectra of DAHK at pH 6.8.

In addition, it is worth noting that in the GHK spectra at pH 6.8 a similar upshift (+63
cm™) is observed. This observation rules out the role of the hydrogen bonding changes as the
cause of the upshift of the carbonyl vibrations. Therefore, the most probable reason may be

that the amide carbonyl is coordinating Cu(l).

Besides the signals from the backbone and the His, the contributions from the Asp
residue can be expected in DAHK. Protonated acidic residues typically display a v(C=0)

vibration around 1700 cm™, the exact position depending on the hydrogen bonding
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environment. For deprotonated acidic residues the intense contributions of the v(COO)*" can
be found at positions close to 1560 cm™ and 1400 cm™ respectively®*® 3% The difference
signal of the COQO" can be due to a hydrogen bonding difference between the two forms (e.g.
with the amino terminal group or due to an interchange between the amino terminal group and
the COO™ (Rotation of the C-C bond)*" 2. This is more likely at pH 8.9 than pH 6.8. It is
important to note that the signal upshifts upon reduction; therefore, the hydrogen bonding
becomes weaker. The absence of difference signal indicates that the Asp side chain does not
change environment upon reduction at higher pH.

Interestingly the changes become more pronounced at pH 8.9 and additional signals
are present around 1574 and 1430 cm™ in direct comparison to the GHK peptide. This
suggests that at high pH the Asp may experience a change in environment upon reduction. In
this case, it can be proposed that the amine becomes free and can form a hydrogen bonding
with the carbonyl of the Asp. Thus, this may lead to a slight shift in the frequency of the
carbonyl vibrations. The signals of the additional Ala residue cannot be at the origin of these
differences, since the absorption coefficient of Ala is typically small and this amino acid has

no significant absorption in this range.

Finally, signals from the Lys residue that is present in both, GHK and DAHK, are
observed. In model compound studies the (NH3")* and the 5(NHs")* vibrational modes of the
Lys side chain have been observed at 1650 and 1520 cm™ *%2. Whereas the asymmetric mode
may be overlapped by the broad differential amide | signals around 1688 and 1626 cm™, the
symmetric mode is involved in the broad contribution of the v(COO")® vibration as well as

the amide I1 signals at 1559 cm™%*.

4.2.3 The CuAp16 complex

Redox induced FTIR difference spectra of CuAp16 pH 8.9: backbone and Aspl. The
second conformer of CuAp16 that occurs physiologically can be obtained at pH 8.9. The
oxidized minus reduced FT-IR difference spectra for the unlabeled sample at pH 8.9 (A), after
'H/?H exchange (B) and the Asp1 labeled peptide (C) can be seen in Figure 4.2-2.

The spectra show mostly negative signals, which points towards small modifications in
the coordination sphere of Cu during the course of the redox reaction. This is confirmed by

the changes in intensity of the v(C=0) vibrations in the region between 1700-1600 cm™. The
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amide | region includes a signal at 1665 cm™ which shifts towards 1648 cm™ upon *H/?H
exchange to 1648 cm™. In the amide Il region corresponding to the negative signal seen at
1555 cm™ shifts towards lower frequencies. The amide II” vibration is seen as a broad signal
at 1485 cm™. These spectral differences point towards a rearrangement of the structure upon
reduction.

1572¢ 1583

510" AAbs

1800 1600 1400 1200

Wavenumber / cm™

Figure 4.2-2. FTIR difference spectra of the CuAf#16 complexes. A. unlabeled sample at pH 8.9, B. at pD 8.9
and C. Aspl *C- and **N-labeled sample at pH 8.9

Aspl. Figure 4.2-2.C shows the oxidized minus reduced FT-IR difference spectra of
Aspl labeled by *C and N at pH 8.9. The labeling of this residue decreases the signals
including the v(C=0) vibration at 1665 cm™ confirming the involvement of the backbone
group from Aspl in the signal of the reduced form. Due to this shift, a peak at 1672 cm™
becomes visible that can be attributed to the v(C=0) vibration of the backbone in the typical
B-sheet conformation adopted by the peptide at pH 8.9.

The labeling also affects the positive signal at 1599 cm™ which is split in two signals

at 1617 cm™ and 1593 cm™ respectively. Smaller signals like the scissoring vibration of the
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®NH, side chain of Aspl may arise here; being redox active, more likely the side chain of

Aspl is participating in the binding.

Upon *H/2H exchange the amide Il vibration downshifts toward 1485 cm™ (Figure 4.2-
2.B) and other signals become visible in the 1600-1550 cm™ range. Those signals can be
arising from His and Asp. Upon labeling of Aspl, the contribution(s) of this residue
downshift. This can be seen in the two shoulders that appear at 1593 cm™ and 1525 cm™.
Those vibrations can be assigned to the v(C=0) and v(COO")* modes, respectively. With this
in mind, the signal at 1672 cm™ can be then assigned to the carbonyl groups of the backbone.
In the amide 11 range, the broad negative signal centered at 1555 cm™ shows a shoulder at

1522 cm™ upon labeling, that involves coordinates of the Asp v(COO")* vibrational mode.

Tyr10. In previous data obtained at pH 6.8 by Youssef EI Khoury in our laboratory, a
negative signal at 1517 cm™ was identified as the contribution of the v1¢(CC) ring mode of
protonated Tyr (see Figure 7.2-8 appendix). In the A516, there is only one Tyr residue, Tyr10.
At pH 8.9, this signal is not evident anymore (Figure 4.2-2.A) and smaller signals at 1498 and
1487 cm™ are seen. The position at 1498 cm™ is typical for the deprotonated Tyr34 3%,
Therefore, it can be suggested that the conformation of Tyr10 changes when the pH changes
and its side chain moves from being buried away from the solvent to become more exposed to
the solvent at pH 8.9. However, it is noted, that the intensity of this vibrational mode is
typically higher than for the protonated form, which is not the case here and the assignment is
thus not straightforward. The signal may be partially overlapped, as it is for example clearer in
the data obtained for the Aspl labeled compound, where the signal is observed at 1500 cm™

(Figure 4.2-2.C).

It cannot be excluded that at pH 8.9, the Tyr residue is not participating in the
conformational change that occurs upon redox reaction and is thus not visible in the difference
spectra. In any case we can conclude that the Tyr is not showing the same features at the two
pH values studied. In addition, the deprotonation of a few percent of Tyr in not excluded at
pH 8.9. However, the Tyr signal is redox-active and the deprotonation seems to happen only
upon reduction. Nevertheless, no clear statement can be made concerning the Tyrl0 and

further analysis by site-directed mutagenesis or labeled Tyr residue is recommended.

His6, His13 and His14. The comparison between the FT-IR difference spectra of the

unlabeled sample and the His labeled samples is shown in Figure 4.2-3. Several small shifts
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are seen in the amide | range at 1665/1670 cm™ indicating that the vibrational modes of the

backbone contributions involved here are coupled and shifted due to the isotopic labeling.
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Figure 4.2-3. FTIR difference spectra of the CuAf16 samples recorded at pH 8.9. A. Unlabeled, B. His6-
labeled, C. His13-labeled and D. His-14 labeled.

The slight downshift in the frequency upon reduction is an indicator of a geometrical
changing of the complex; however the deprotonated amide remains a binding partner of Cu(ll)
and Cu(1). It should be noted that the frequency is unusually-high for a deprotonated amide®**
%4 however this particular deprotonated amide function is involved in the coordination of
Cu(ll) and Cu(l) which is expected to affect the frequency of this vibration. The Ala2 residue
was shown to bind Cu" at pH 9.0%. If this residue has any spectral contributions, they would
appear in the 1500-1400 cm™ region but difficult to assign because of the low extinction
coefficient.
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The negative signal seen at 1404 cm™ in the spectrum of the unlabeled sample
undergoes a slight downshift upon His6 labeling (i.e 1403 cm™) and a more pronounced one
upon His13 labeling (i.e. 1401 cm™). This is an indication on the involvement of the His13
residue in the coordination of Cu' at pH 8.9. Furthermore, the signal’s frequency is typical of
d(N™-H) vibration of N*-bound form of His. The sensitivity of this signal to the labeling of His
by N leads us to assign this signal to the v(CN) vibration of the N™-protonated form while N*
binds Cu. Therefore, it is likely that both, His6 and His13, bind Cu(l) via N* at pH 8.9.

Between 1350 and 1200 cm™ several small signals appear, that are highlighted in the
insets. These signals in the fingerprint region include the overlapping contributions of the
coupled v(CN) and 8(CH) ring vibrations and reflect small but reproducible shifts of the His
modes upon reduction, that can be confirmed in the labeled samples. Specifically, the positive
signal observed at 1340 cm™ can be attributed to the v(C-Nm) mode®*® 3#. It is important to
note that in the His13 spectrum the signal arises at a similar frequency, while in the His6 and
His14 spectrum the signal appears at 1347 cm™, changes in this vibrational mode have been
associated with the hydrogen bonding of the Nz, suggesting that in the oxidized state the Nxt

of these residues are protonated.
4.2.4 Conclusion

The structures suggested for the model peptides on the basis of the obtained results are
shown in Figure 4.2-4. The coordination sphere of the DAHK-Cu(l) displays a different
His(N) coordination at the two pH values studied. In the case of GHK the same Cu(l)

coordination can be expected at both pH values.
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Figure 4.2-4. Suggested structure of the Cu (I/11) coordination of GHK and DAHK at pH 6.8 and 8.9
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For the ASL6 peptide, it can be concluded that the Tyrl0 residue may undergo a
deprotonation upon reduction at pH 8.9 whereas at pH 6.8 this residue remains in the neutral
form. In the light of the previous findings concerning the role of Tyr10 in the formation of the
A plaques, our data suggest that the redox transition of the CuAf16 at pH 8.9 may be a
critical step in the pathway of the plaques formation.
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Figure 4.2-5. Suggested structure of the Cu (I/11) coordination of Ap16 at pH 8.9

At high pH (8.9) Cu(l) has a coordination sphere formed by Aspl, His6 and H13 via
Nt, and H14 via N=n as depicted in Figure 4.2-5. The major changes observed in the redox
reaction are due to coordination with the N atom of the His residues and the Aspl, while the
Ala2 contribution remains without changes. In comparison to the model peptides, the

coordination sphere of DAHK seems to be the most similar one upon reduction.

The results showed a difference sphere of coordination between the Cu(ll) and Cu(l)
complexes, where the major changes in the structure will be dominated by the contribution of
the imidazole ring of the different highlighted His residues, Aspl and Tyrl0. The FT-IR
difference spectra showed that only negative signals appear in the Ox-Red difference spectra,
pointing towards an important change in the transition dipole moments upon reduction.
Furthermore, the coordination sphere of Cu(ll) is conserved to a large extent when the
reduction to Cu(l) occurs since the spectra do not show any positive signals that shift and
become negative upon reduction.

It is believed that amyloid formation in AD and other amyloidogenic diseases such as
prion disease are the result of protein or peptide misfolding®® 3%, The AB peptide has a

structural transition associated with amyloid formation, with conversion from random coil to

142

an extended P sheet-like conformation in aqueous medium~". According to recent studies in

presence of Cu, both monomeric and dimeric species have been proposed®*°.
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These results with CuAp16 point towards a monomeric complex, as it was also
observed for the model peptides. Changes in the structure were observed, where the C=0, N-
H and C-N groups of the backbone are perturbed due to the Cu binding. In the reduced as well
as in the oxidized CuAf complex the structure seems to be formed by mostly p-sheet.
Although copper reduction does induce a re-ordering of the main chain, as the rearrangement
of the structure upon reduction is reflected in the displacements of the amide bands to lower
wavenumber, comparing the difference spectra with the spectra of Cu''AS16 complex of
previous studies®. This indicates that the formation of the fibrils observed in AD patients is
not only triggered by the presence of Cu and its redox process. It can be proposed that the
effect of metal ions in AD pathology is a two-step process as it was described by Faller*4> 3
and by Hardy and Selkoe®!. First, the development of the fibrils is pH-dependent and the
contribution of the protonation of other amino acids is suggested. The second step will be

production of ROS induced by Ag.

It is important to note that the data shown here were obtained with the AS16 peptide,
since the coordination takes place in the N-terminal region. For future studies, it can be
suggested to follow the same line as here in order to investigate how other transition metals,
such as Zn or Fe, bind to the AB16 peptide. The deep understanding of the transition metals
coordination spheres in the Af16 would open new possibilities in the application of this
aforementioned technique on the full-length Ag peptide.
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4.3 The metal-ligand vibrations in Complex I

4.3.1 Introduction

Complex I is a very complex metalloprotein, it contains between 5-9 Fe-S clusters,
according to the different organisms'®. In the last 20 years, studies on complex | involved
mainly EPR measurements'®® 18 2!® The reduced state had been widely described by EPR
and other spectroscopic techniques, the properties of the cluster in their oxidized state had
been deduced according to the paramagnetic properties of the clusters and to the recently

resolved structure'®,

In this study the aim is to describe the RR bands of complex I in the oxidized and
reduced states. This study focuses mainly on the assignments of the RR bands of the Fe-S
cofactors observed in the low frequency range where a systematic investigation of the Fe-S
cluster is undertaken by investigating several subunits of the complex | as well as the
complete one. Together with the isotopic labeling of the Fe iron atoms with **Fe, this
approach allows an accurate assignment of the RR bands to the individual clusters which later
will be used in the analysis of the roles of the cofactors in the electron transfer chain.
Furthermore, site-directed mutations of some amino acids present around the Nla and N2
clusters can help a better understanding of the roles of the amino acids in the tuning of the

cluster redox properties.

As the structure of complex | from E. coli or A. aeolicus is not yet resolved, we rely on
the T. thermophilus published structure *** as well as on the sequence alignment between the
different species. This comparison allows to suggest which are the specific amino acids
involved in the clusters’ environment beyond the cluster motifs and which might be they

contribution in the electron transfer process.

Besides the Fe-S cluster, attention has been given to the assignments of RR bands of
the remaining known cofactor, namely the FMN as well as the elucidation of a newly
discovered quinone cofactor which is investigated by means of electrochemistry coupled to

fluorescence spectroscopy where UQ models included in the study for comparison.

The obtained results are shown below, starting with the fully oxidized state, the fully
reduced state and finally the reduction by addition of NADH, the effect of other nucleotides as
NADPH and NAD" was also investigated.
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4.3.2 The oxidized state

The Raman spectra of Complex I, QRF and NDF from E. coli, as well as the spectrum
of NuoEF from A. aoelicus were recorded after the excitation with a 514.5 nm laser. The
spectra can be classified in three regions according to the nature of the observed vibrational
modes. First, the metal-ligand vibrations and their overtones can be seen in the range 100 -
700 cm™. Between 700 - 1800 cm™ the FMN vibrations can be observed additionally to the
amide modes and the amino acid side chain vibrations related to the environment of the
cofactors. The last region, between 2700 and 3200 cm™, corresponds to the v(C-H) vibrations
of the carbon-a (Ca) of the backbone.

Fe-S modes. The low frequency region in the Raman spectra (Figure 4.3-1) is
characterized by the Fe-S vibrational modes. The selective enhancement of Fe-S vibrations is
based on the excitation of the Fe-S bonds between the iron and the sulfur from the
coordinating Cys residues and the sulfide ions within the cluster. A charge transfer (CT) band
arises when the transition from the ground to the first excited state takes place. Fe-S clusters

exhibit identifiable RR spectra using excitation into the intense S—Fe** CT bands. **

Small Fe-S proteins have been extensively studied by RR spectroscopy®>* ***. Here,
the assignments were made with respect to the previously reported studies on [2Fe-2S] and
[4Fe-4S] model complexes and their excitation profiles ®>%1%* The assignments were also
supported by isotopic labeling. The shifts are in line with other isotopic labeling studies as

well as normal mode calculations®® %73,

There are nine well-described stretching modes arising from the Fe-S clusters®®
(Figure 4.3-1). An overview of all the Fe-S modes observed in the different samples is
depicted in Table 4.3-1.

The main Fe-S stretching modes of the [2Fe-2S] and the [4Fe-4S] clusters are clearly
distinguishable, since the D,y distortion only applies for [2Fe-2S] clusters. In contrast, the
[4Fe-4S] clusters have a T4 symmetry that seems to be very often distorted, as reported

previously®> 3¢ 30 Thjs

leads to a signature that is more precisely fitted by a Dy
compressed distortion. According to this coordination geometry, four “short” and eight “long”
Fe-S bonds can be described, the arrangement is based on the benzyl cube model for protein

bound clusters'® 2”°. The eight long bonds are in parallel and perpendicular direction with
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respect to an idealized fourfold axis. These characteristics only apply to clusters that have
only Cys Iigands355. The signals in this region are further discriminated in bridging (Fe-Sb)
and terminal (Fe-S') modes.

—— NDF
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A,
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Figure 4.3-1. Low frequency RR spectra enhanced by an excitation of 514.5 nm. A. E. coli complex I. B. The
NADH dehydrogenase fragment (blue solid) and the **Fe-enriched NADH dehydrogenase fragment (dotted
line) of the E. coli complex. C. Quinone reductase fragment and D. A. aeolicus Subcomplex NuoEF.

The spectrum of NuoEF allows describing the properties of the N1a and N3 clusters.
In the spectrum of NDF the signals arising from N1b, N4, N5 and N7 are observed and the
spectrum of QRF supports the assignment for the N6a, N6b and N2 clusters. Due to the
complementary of all these spectra, a full assignment of the metal-ligand vibrations of

Complex | was achieved.

Identification of the [2Fe-2S] clusters. The spectrum of the NuoEF subcomplex
(Figure 4.3-1. D) includes the modes of the binuclear cluster N1a and the tetranuclear cluster
N3. The signal at 211 cm™ corresponds to the Ay mode of the Fe-Fe interaction, typical for
[2Fe-2S] clusters®?. The strength of the Fe-Fe interaction within the [4Fe-4S] clusters is lower
than in the [2Fe-2S] clusters, and thus, the resonance of this vibration is expected to be weak
in the case of the [4Fe-4S] cluster.** 3>
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In the spectrum of the dehydrogenase fragment this RR band is present at 217 cm™ in
the NDF spectra (Figure 4.3-1. B), and at 220 cm™ in complex | (Figure 4.3-1.A). The

frequency’s upshift (6-9 cm™) in comparison to the NUoEF spectra is related to differences in

the interaction between the Fe orbitals

and complex | samples.

12, 359

arising from the contribution of N1b in the NDF

Table 4.3-1. Metal-ligand vibrations of Complex | and its fragment by Raman spectroscopy.
(Assignments are mainly according to the studies of Moulis et al.?®, Czernuszewicz et al.** and Han et

a.|.12, 359)
Modes QRF | Complex| | NDF NDF NuoEF | Type of Cluster
*Fe cluster | contribution
A, Fe-Fe - 220 217 217 211 2Fe-2S N1la, N1b
Bridging - 249 244 - - 4Fe-4S N4,N5,N7
(Tz: leE)
Terminal(Bs,) -- 281 290 2Fe-2S N1b
Bridging 4Fe-4S N4,N5,N7
(T1:A/E)
=2 Bridging - 322 oV ov 319 2Fe-2S Nla
% (Big)
S Terminal 333 334 332 - 335 2Fe-2S N1la, N1b
@ (A1 breathing) 4Fe-4S N3,N4,N5,
s N6a,N6b,N7,
L N2
Terminal 349 340 -- -- -- 4Fe-4S N2
Fe-S (Cys)
Bridging(A,) 388 388 414 388 2Fe-2S Nla
Bridging(B,,) 403 404
Bridging 417 411 -- -- -- 4Fe-4S N2
(BZU)
Ci-Cp-C+ 451 455 447 446 - 2Fe-2S N1b,
> o C,-N-C 4Fe-4S N4,N5,N7
£5 Cy-Cg-N 479 - -- -- 466 2Fe-2S N1la, N2
g S 4Fe-4S
@ Fe-S-C + A; 490 492 491 484 4Fe-4S N3,N4,N7
overtone
2 X T4(A) 516 -- - - -- 4Fe-4S | N2, N6a,N6b
f 2x T, (E) 522 528 531 527 527 4Fe-4S All
S 2Fe-2S
CI;J 2X Bgyy, 547 552 544 545 - 2Fe-2S N1b
o T2 x 569 568 - - - 4Fe-4S N2,N6a,N6b
‘3 v(Fe-S-Fe)
L Al x - - 593 594 591 4Fe-4S N3,N4,N5,
v(Fe-S-Fe) N7
C-S 621 620 620 - 628 4Fe-4S All
Stretching 641 641 -- -- N5
Cysteinate 758 758 757 -- -- 4Fe-4S N2,N6a,N6b
group
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Cluster N1a of NUoEF is coordinated by a Cys-(XxX)12-Cys-(XxX)-Cys-(Xxx)s-Cys
motif, that is also present in the [2Fe-2S] ferredoxin from Clostridium pasteurianum and

Azotobacter vinelandii.***. This type of ferredoxin has a thioredoxin-like ligation, where the

cluster has a motif formed by two loops (Figure 4.3-2.A). The unique features of this cluster
are the Fe-S® modes (Ag, B,y) of the Fe?(u2-S)? unit which appear at 388 cm™ and 404 cm™,
respectively. These signals have been also described for the 25 kDa subunit of the Paracoccus
denitrificans complex 17%% 3% Although the signal is a shoulder, it remains present in the
spectra of the full complex and its fragment (NDF) (solid line Figure 4.3-1.B). In the **Fe
labeled fragment, this signal shifts towards 414 cm™ supporting the assignment of this signal

to cluster N1a.

Figure 4.3-2. Schematic representation of the [2Fe-2S] clusters present in Complex | and their motif
A.Nlaand b. N1b. The dashed yellow line represents a hydrogen bond, its length is shown in A. (PDB:
4HEA)

Besides the previous modes, the signal at 319 cm™ can be attributed to a Fe-S® mode
(Byy), observed before in the “red paramagnetic protein” in C. pasteurianum®®, Rieske
proteins®? and mitoNEET®*, it had been described only for [2Fe-2S] cluster, therefore it is
related to the N1a cluster in the NuoEF spectrum. This signal is not detectable in the spectrum
of NDF, most likely due to an overlap with the more intense signal around 330-340 cm™
arising from [4Fe-4S] clusters. In complex | the Fe-S° mode (B1g) is seen at 322 cm™. It can
be concluded that the clusters contributing to this spectral range have different environments

in complex | from E. coli and NuoEF from A. aeolicus.
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In summary, the binuclear cluster N1a is found to exhibit similar characteristics as a
thioredoxin-like [2Fe—2S] Ferredoxin. The RR of the N1a cluster, assigned to the fundamental
Ag Fe-Fe of the N1la Cys motif points towards a weak connection of the cysteine ligands
between each other and overlap of the Fe orbitals and weak Fe-Fe interactions. The cluster
motif can also influence the distortion of the cluster; as can be seen in Figure 4.3-2. N1a and
N1b motifs have a completely different arrangement. While the Fe atoms in N1b are
connected through 3 amino acids between their Cys ligands, in N1a the Cys ligands form two

loops leaving both Fe atoms “free” and not directly connected.

Besides the normal modes, Fe-S overtones can be identified in the spectra. From
previous studies it is expected to observe the overtones between 500 and 800 cm™3°7: 36 366
For the [2Fe-2S] and [4Fe-4S] clusters, the bands are assignable to overtones of the
fundamentals of Fe-S stretching modes. There are two possible quantum transitions v and v,
and the intensity of the overtones and the frequency should be proportional to the squares and

products of the corresponding fundamentals®*®.

An overtone seen in all spectra is caused by the vi: Fe-S' (Bsy) and va: Fe-S° modes
present in the region of 275-290 cm™. This overtone is expected to be in the spectral region of
500-550 cm™. The Fe-S stretching modes in this area are coupled; however, their overtones
are typically uncoupled®” 3% The signal at 545 cm™ present in the spectra of complex I and
the NADH dehydrogenase fragment was described for the [2Fe-2S] clusters, specifically for

adrenodoxin-type clusters®®

, leading to the conclusion that N1b could have the type of
distortion described for ferredoxins®®®. The increase of its intensity in the spectrum of
complex | may be explained by the C-S stretching vibrations probably contributing to the
signal®”.

The four C-S stretching modes from [2Fe-2S] clusters are expected at 650-670 cm™ *2
however, they are not detectable in any of the spectra because, most likely, they are too weak

to be seen under the experimental conditions applied.

The main difference between Nla and N1b, observed in the RR spectra, can be
attributed to the ligation of the clusters. The spectral characteristics of the cluster N1b reveal

that the frequencies related to the Bz, mode and the Ag, By, Bogt and Bay, modes differ
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significantly from Nl1a. The data for N1b reveals a distorted symmetry as described

previously in adrenodoxin-type clusters®® %%°,

This is in line with EPR data, redox titrations and the energy profile for electron

18 216 N1a has a lower midpoint potential than N1b*‘. EPR spectroscopy

transfer
characterizes Nla as a signal of rhombic symmetry (gz,y,x = 2.00,1.94, 1.92), while N1b
exhibits an axial symmetry (gz,y,x=2.02, 1.94, 1.94)**. This suggest that, the differences in
the geometry, due to the effect of ligation of the cluster motif are the cause of the

dissimilarities of their redox and paramagnetic properties.

In addition, it has been suggested that redox interactions of N1b with the other clusters
further change the environment and therefore the shape of the cluster itself, even though its
function is to be a single electron carrier'® *®. As explained above (see section 1.4.3) the
function and the properties of Nla are still a matter of controversy, including the
understanding of the structure of the cluster motif, the pH-dependency of the Em and the role

during the electron transfer.

Identification of the [4Fe-4S] clusters. In the spectrum of the NuoEF subcomplex the
contributions of the tetranuclear clusters derive only from N3, in the NDF the signals derived
from N4, N5, and N7. In complex | the additional vibrations from clusters N6a, N6b and N2

are seen; the QRF fragment will only give rise to the contributions from N6a, N6b and N2.

In the spectra of the NDF and of complex | (Figure 4.3-1. A and B), a RR band is
evident at 244 cm™ and 249 cm™, respectively. This signal is assigned to the Fe-S vibration
from [4Fe-4S] clusters, not present in NuoEF. This RR band had been described as a T, mode
including two components, B, and E**°. The average of the vibrations will be E type at lower
frequencies around 242 cm™ as in the spectrum of the fragment. For complex | the average
will be B, near 250 cm™. Since this signal is only present in the spectra of the NDF and the

complex I, it can be assigned to the contribution from the clusters N4, N5 and N7.

The differences in the frequency between the various samples may be caused by the
change in the environment, especially in the case of N5. It should be mentioned that cluster
N5 being close to the protein surface®® in the fragment will have a different environment in
the complex inducing small shifts. The T,(E) and T,(B2) bridging modes involve small

355

amplitudes of Fe motions™> that may be due to the longitudinal movement of the T,(E)
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stretching and the latitudinal movement of T,(B2), giving evidence for the influence of the
ligation of the Cys residues that form part of the cluster motif. As can be seen in Figure
4.3-3.C, all the Cys residues of N5 are connected through the motif while in the other [4Fe-

48] clusters only three of the Fe atoms are connected.

The spectral region around 275-290 cm™ includes the Fe-S' vibrations from the [2Fe-
2S] clusters according to the Bs, mode? and Fe-S® vibrations of the [4Fe-4S] clusters
according to the T; mode. This mode also has two components: A, and E'**. The signal is
only detectable in the spectra of the NDF and the complex, arising at 290 and 281 cm™,
respectively (Figure 4.3-1. A and B), suggesting that the vibrations of the [4Fe-4S] clusters
N4, N5 and N7 have the major contributions to this signal. The shift of 9 cm™, also reflects
that the environment of the cluster is not the same in both proteins.

The 330-340 cm™ region contains the bridging modes of the clusters. One of the
strongest bands around 336 cm™ was described for [4Fe-4S] clusters as a total symmetric Al
breathing mode, primarily from Fe-SP stretching®™® 2. In the case of NUoEF this vibration is
seen at 335 cm™ corresponding to the contribution of N3. This band is known to be
characteristic of the intermediate state of the [4Fe-4S] clusters, in which the Fe atoms move
away from each other, while all the S atoms move towards the center®>> 3”. For NDF the
signal is broad and appears at 332 cm™. In the case of the complex it is seen as an intense peak
at 334 cm™ and for QRF this signal is seen at 333 cm™ (Figure 4.3-1.C).

This band is also an indicative of a full cysteinyl coordination of the cluster in
oxidized Fe-S proteins®™®. Several studies have correlated the intensity of this band with the
overlapped bridging modes and their coupling with the S-C-C modes (AgSCC). The
frequency of this band is linked to the dihedral angles®® 3 3% 37 The relationship can be
summarized as follows: when the angle of the AgSCC decreases, the frequency of the mode
increases demonstrating the interaction between the S'-C-C bending motions and two
stretching Fe-S terminal modes. Details of this coupling are evident in the spectrum of the
>*Fe labeled fragment where the signal upshifts to 338 cm™ from 332 cm™ in the unlabeled

sample (Figure 4.3-1, solid and dotted line).
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The RR bands at 340 cm™ and at 411 cm™ in the spectrum of complex | (Fig. 4.3-1.A),
and 349 cm™ and 417 cm™ in QRF (Figure 4.3-1.C) are assigned to the Fe-S° (B,,) mode of a
[4Fe-4S] cluster. At 411 cm™ in the spectrum of complex |, this band is mainly the
contribution of the Fe-S” modes. Similar features have been described in a native 2[4Fe-4S]

cluster in ferredoxins?’°.

More specifically this vibrational mode is a characteristic signal of hybrid clusters, or
clusters that have a non-cysteine amino acid as ligand, as for example the ferredoxin from
Pyrocuccus furiosus, from Chromatium vinosum or C. pasteurianum®® *"®. It was proposed
that the differences are caused by the degree of splitting of the vibrational modes attributed to
the Fe-S(Cys) (Fe-S”) that change the vibration depending on the various distortions
experienced by the Fe-S(Cys)/ (Fe-SP) bonds.

In summary, this signal reveals the unusual ligand coordination for one of the
tetranuclear clusters. In complex |, there are two clusters that have these characteristics,
namely N5 and N2. Whereas N2 is coordinated by two neighboring cysteine residues, N5 is
ligated by a histidine residue. Since this vibration is only visible in the spectra of the QRF
fragment and complex | (Figure 4.3-1. A and C) and not found for the NDF, it can be

unambiguously assigned to the N2 cluster.

35 it was shown that this

In another study using the benzyl cube model in solution
vibration has two components with a regular cysteinyl ligand at 340 cm™ and 367 cm™
attributed to a Fe-S' vibration described by a T»(E) mode. Since the two components are not
visible in the spectra of complex I, the vibration shows a distinct conformational relaxation
due to different cysteinyl coordination. A lower symmetry of cluster N2 can be concluded

from the band position at 411 cm™ band in the complex |.

As shown is Figure 4.3-3.G there are two main differences between N2 and the others
[4Fe-4S] clusters that can be the cause of the variations in the Fe-S stretching vibrations. First
in N2, two of their Cys ligands are joind (Cys44-Cys45), which will cause a difference in the
dihedral angles of the cluster motif in general. Second, usually three of the Cys ligands are

connected through the motif while here only two of them have this property.

The region between 450-500 cm™ is characterized by a mixture of bending modes: S-
Co-CB, Ca-Cp-C and Ca-N-C*"’. These modes directly depend on the Fe-S-Co-CB dihedral
151



Results — The effect of substrate binding of Complex |

angle, the coupling strength between the Fe-S stretching and the Fe-S-Ca vibrational mode
with S-Ca-Cp bending displacement'®. The spectrum of the fragment (Figure 4.3-1.B solid
line) shows a band at 447 cm™, which is not susceptible to the **Fe substitution (491 cm™;
Figure 4.3-1.B dotted line) in the spectral region dominated by the Ca-CB-C and Co-N-C
bending. The clusters contained within the fragment display different bending vibrations than
clusters N1b and N3 in NuoEF again indicating that the environment of the clusters is
different in E. coli and in A. aeolicus. The signal at 466 cm™, dominated by the Co-CB-N

bending modes*® is only seen in the spectra of and NuoEF (Figure 4.3-1.D).

The frequency and the intensity of this band directly reflect the core symmetry
depending on the hydrogen bonding of the Cys side chains. The Fe-S/S-C-C coordination
mixing has been extensively studied®”’; which helps to account for the variability in the
spectral pattern of the Fe-S (Cys) modes and the intrinsic properties of the clusters observed
in the samples. This vibration indicates a skeletal deformation confirming the unique

environment of cluster(s), probably N1a, that may be stabilized by strong hydrogen bonds.

The signals at 484 cm™ and 492 cm™ in the spectrum of the fragment and that at 490
cm™ in the spectrum of complex I include the bending of T, modes in Ty symmetry®’’. This
mode is a Fermi resonance composed by a Fe-S-C bending mode and the A1 components of
the Fe-S stretching overtone of the [4Fe-4S] clusters (described below). The frequency is
influenced by the average strength of the Fe-S stretching force constant®’. This signal is the
consequence of the contribution of all the clusters except N6a, N6b and N2, as they are not

present in QRF.

The RR band at 568 cm™ in the spectrum of complex | and at 569 cm™ in the spectrum
of the QRF fragment, arises from the combination of the Fe-S® T, mode (the signal at 249 cm
! described above) and the Fe-S-Fe bending modes. The signals at 591 cm™ and 593 cm™ in
the spectra of NuoEF and the fragment, respectively, are caused by the combination of the
symmetric Al breathing mode seen at 335 cm™ for NuoEF and 332 cm™ for the fragment and
the Fe-S-Fe bending modes of the [4Fe-4S] clusters.

For the [4Fe-4S] clusters signals between 620-650 cm™ are expected as a contribution
of the v(C-S) modes®® %, The spectrum of NuoEF contains a broad band with a maximum at

628 cm™ corresponding to the N3 v(C-S). In the spectra of the complex and the fragment a
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signals is present at 620 cm™ and it contains the overlapping C-S stretching modes of all [4Fe-
4S] clusters. The shift in this signal is directly correlated to changes in the dihedral angle
between the Fe-S-Ca™>®.

The signal at 641 cm™ that can be found in the spectra of the NDF and complex 1 also
corresponds to the C-S stretching modes. This signal was previously described for [4Fe-4S]
clusters with three Cys ligands and as a fourth ligand a different amino acid like Asp, His or
Glu?™® 37237 The number of possible orientations of the Cys side chain carbons and the Fe-S-
C-C dihedral angles lowers the true site symmetry and there is evidence of the deformation of
the tetranuclear symmetry and the length of the bonds?’® *"*. In the data shown here, the signal
most likely arises from the contribution of cluster N5 since it is the only cluster with an
incomplete Cys ligation (Figure 4.3-1.B) in NDF.

A broad signal is present at 758 cm™ in the spectrum of QRF and of complex I. Bands
at this position are usually assigned to C-S stretching vibrations from the cysteinate group.
The same assignment can be made in the spectra of the complex | and the fragment for the
signals at 757 cm™ and 756 cm™, respectively. The high frequency of these modes is also
related to the contribution of the CH, rocking mode®® ** This signal arises from the
contribution of all the [4Fe-4S] clusters except the N3 cluster, since this signal is absent the

spectrum of NuoEF.

FMN modes. In addition to the Fe-S clusters, signals from the flavin cofactor may be
expected in the RR spectra. The main contributions from flavin typically originate from the
isoalloxazine ring (Figure 4.3-4)%"°. Several studies have demonstrated that the spectra from
FMN, FAD and riboflavin include the same modes®°. Raman lines have been assigned to

each of the three rings®®* and to each of the carbonyl groups or nitrosyl moieties*®.

Previous studies with free and protein bound flavin demonstrated that the interactions
between the protein and the cofactor might weaken bonds leading to decreased force constants

and hence to a shift of many of the signals of protein-bound FMN*7-%.
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Figure 4.3-4. Structure of Flavin Mononucleotide. Adapted from the ligand explorer data bank (RCSB,
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According to these studies, the breathing-like mode of ring 111 (see Figure 4.3-4) ¥ is
involved in the band at 732 cm™ for the NuoEF (Figure 4.3-1.D), in the broad signal around
745 cm™ in the spectrum of the fragment (Figure 4.3-1.B), and in the signal seen at 738 cm™
in the spectrum of the complex (Figure 4.3-1.C). A complete assignment of all the FMN

modes and their frequencies from the NuoEF, NDF and complex | spectra is summarized in
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Table 4.3-2. The assignments was also compared to the normal modes described by

simulations and analysis of the spectra of similar proteins®®,

Table 4.3-2. Comparison of the frequencies of FMN normal modes between the analyzed samples and
previous studies.

Band FMN FMN FMN NuoEF NDF Complex | Assignments

number | H,O bovine

[386] [380] h eart[SSB]

-- 742 -- 732 745 739 R3;Qg breathing of ring |
[
-- 788 - 785 778 777 v(C7.N7m), v(Cs-C7) [

X111 1162m 1158 - 1153 va3: V(CoN3), V(Cya-Cy),
V(Caa-Ci0a), (C7-CHg),
3(Ce-H)

X1 1182sh 1183 - 1184 V32: V(C4-Cya), V(N3-Cy),
V(Cy-N3), v5N;-Cyp)

Xl 1232m 1228 1226 1226 V39 : V(Cg-CH3), v(Ns-
Ca)

X 1256m 1256 1251 1276 v (Cg'NlOa), U(Ce'Nl),
3(N3-H), 8(C=0),
8(C4=0),5(Cs=H),
3(Ce=H)

VI 1410s 1407 1407 1415 1422 1423 V2 V(Ni-Cy), v (Cosa
Ce), v (Cg-Co), v (Coa-
Cga)

\Y 1467s 1462 1462 1465 V1 U (Ce-Cy), v (Cg-
Co), v (Co-Caa), 5 (CH3)

1 1585s 1581 1586 1569 1578 1584 V16: V(Cya~C1o ), V(Ciga-
Nio)

Furthermore, above 1000 cm™ (Figure 4.3-5) vibrations that have strong or medium
scattering have been detected. In the case of NuoEF, a complete fingerprint from the normal
modes previously described is observed. It should be noted that these modes overlap with
each other in the case of NDF. This overlapping is even more evident in the spectrum of
Complex I. Even if the RR scattering of the flavins is viable at all UV wavelengths, the
contribution from aromatic amino acids might be stronger depending on which wavelength
the enhancement is made. Since the excitation wavelength (514.5 nm) is closer to the
electronic transitions of the Fe-S cluster, the signals from the amino acids in the environment

are more intense than the vibrations of the FMN.
Contributions from amide vibrations and amino acid side chains.

Tyr. The first two signals above 800 cm™ are characterized by a Fermi doublet from
Tyr residues that have two components, the first one around 820-830 cm™ corresponding to
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TYR91

Nuol

Figure 4.3-6. Schematic representation of Tyr residues around the Fe-S clusters. A. Complex | B. N6a C.
N6b and D. N2
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the overtone from the out-of-plane ring bending of the para-substituted benzene (viga
mode). The second signal observed around 840-855 cm™ originates from the resonance

between the symmetric ring breathing vibrations (fundamental mode v1)*®.

The intensity ratio between the two signals (Ivigd/ly1) reflects the average of the
“exposed” or “buried” tyrosine residues present near the cofactors. If the ratio is high the Tyr
residues are exposed and if the ratio is low, the Tyr residues are exposed®. Typically residues
up to about 20 A away from the cofactors are considered to be possibly contributing to the

Spectra357’ 391, 392.

In this spectral region each sample exhibits a particular signature. The spectrum of
NuoEF has a doublet formed by two signals at 812 and 833 cm™ with Ivies/Ivi: 0.3. The
spectrum of the fragment has a doublet at 822 and 851 cm™ with Ivig/Ivi: 0.5, the QRF
fragment at 824 and 854 cm™* with Iviea/Iv: 0.9 and that of complex I has a doublet at 825 and
851 cm™, Iviea/Iva: 0.3. The factors that influence the ratio of the tyrosine signal are among
others, pH, solvent effects influencing the environment of the benzene ring and the
conformation of the amino acid side chain. Is also important to consider that, ratio is the

average among the population of the different Tyr residues in the protein.

In the case of the NuoEF, the NDF, and the complex I the Ivig/Iv; ratio indicates that
most of the Tyr residues in the vicinity of the clusters are “buried”, the hydroxyl group acting
as a donor of a strong hydrogen bond to a negative acceptor group. On the contrary, the
average of the tyrosine signals indicate that most of the Tyr are “exposed” in the QRF and the
hydroxyl group acts as an acceptor of strong hydrogen bonding from a positive donor group.
The latest may be account for tyrosine residues in the vicinity of cluster N2, N6a or N6b *#*
210,231, 29,393 1 general, the Fermi doublet observed in NuoEF, NDF and QRF spectra gives

an idea of differences in the distribution of the Tyr residues around the cluster in each subunit.

As can be seen in the schematic representation of all the Tyr residues in the membrane
part of complex | from T. thermophilus (Figure 4.3-6.A), the Tyr residues per subunit are
more abundant around the clusters N6a, N6b and N2. On the basis of the recently published
crystallographic data’®

of the N2 cluster, Tyr81 and Tyr87 from NuoD (conserved as Tyr 267 and 273 in E. coli) and

, residues in the vicinity of the cofactors can be discussed. In the case
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Tyr87 from Nuol (Tyr 86 in E.coli) can be identified to be located at distances below 10 A
from the cluster (Figure 4.3-6.B).

Further residues like Tyr91 from Nuol in the case of N6a and Tyr66 and Tyr69 also
from Nuol in the case of N6b are seen in the structure from T. thermophilus are not conserved
in E. coli and will thus not be involved in the spectra reported here. Highly conserved Tyr
residues located in the vicinity of the N2 cluster have been previously studied by means of
electrochemically-induced FTIR difference spectroscopy, revealing that the redox reaction is
perturbing the environment of these Tyr residues notably Tyr 114, 19 and 154 in E. coli that
correspond to Trp95, Phe119 and Tyr136 in T. thermophiles * %*°. Tyr136 (in T. thermophilus)
is located about 12 A from the N2 cluster and thus it is a possible candidate for the resonance
Raman signature described here.

Trp. The signals at 879 and 876 cm™, present only in the spectrum of complex | and
the QRF can be attributed to the v10, Vibrational mode of tryptophan residue(s). Typically this
mode is expected to arise between 870 and 880 cm™. The frequency of the band reflects the
strength of hydrogen bonding at the N*H site of the indole ring (v10s); the lower the frequency,
the stronger the hydrogen bonding®®* 3%*. The 876 cm™ signal is typical for strong hydrogen
bonding; this environmental feature can be correlated with clusters N6a and N6b present in
Nuol and N2 in NuoB.
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In the spectrum of complex I (Figure 4.3-2) the presence of the Trp contribution could
be indicating that in the oxidized state, there are at least two Trp residues around the clusters
N6a, N6b or N2; one of the residues being highly hydrogen bonded. Studies in photosystem |
have revealed that these Trp signals can be used as structural markers for the determination of
the environment and solvent exposure of Trp residues®** **. When the signal is observed, the
indole side chain is located less than 20 A from the electron transfer cofactor and may follow
the structural changes around the cofactors during the electron transfer reactions®.

One residue that can be suggested to be involved in the RR data on the basis of the T.
thermophilus structure'®® is for example Trp 247 in NuoG, which is found at position 219 in
E. coli. It is located about 11 to 13 A from N6a and N6b, respectively, and according to the
structure it seems to be the closest Trp to the cofactors (Figure 4.3-7). Further amino acid side
chains, like Trp37 in NuoB in T. thermophilus, conserved at position 55 in E. coli, is found
around 22 A away from N6b and N2. Several further residues are indicated in Figure 4.3-7,

but they are not conserved in E. coli.

Other amino acids. Table 4.3-3 resumes a full description of the entire amino acid side
modes, the amide vibrations and the v(C-H) modes above 1000 cm™ found in the RR spectra
of complex I, QRF, NDF and NuoEF (Figure 4.3-5). The main differences between them are
marked in blue.

From the signals above 1000 cm™, the contribution from His (Nt-H asym rocking) and
Ala (v(C-C)) present a lower frequency in the NuoEF spectrum, this indicates that the position
and interactions of these residues have a different pattern in NuoEF. Also in the NuoEF, the
spectrum presents three signals, 1141, 1184 and 1527 cm™, that are not visible in the rest of
the samples, this may be due to differences in the sequence of the structure, as NuoEF

subcomplex is from A. aeolicus and the rest of the samples are from E. coli.

The 8(Ca-H) modes of the Cys residues in each of the samples exhibits a different
frequency. In NuoEF the signal arises at 1415 cm™, shifting to higher frequencies in the other
samples. In NDF the signal is seen at 1446 cm™ and at the complex | spectrum it appears at
1423 cm™, while in the QRF two components are observed at 1419 cm™ and 1447 cm™. The
dihedral angle of the Ca with the C=0 (y) influences the position of the signal. The broader

310

the angle the lower the frequency will be®", indicating that the Cys residues in NuoEF and
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Table 4.3-3. Amide vibrational modes and amino acid side chain contributions from Complex | and its

fragments by Raman Spectroscopy.
(Assignment were done based on the studies of Jenkins et al

| 309

and lanoul et al. %)

Modes Complex QRF NDF I;!‘DF NuoEF
I Fe
Fermi doublet Tyr 825 824 822 822 812
851 854 842 851 833
d(ring) Trp 879 876 -- -- --

Ring breathing Phe 1003 1003 1003 1003 1004
v(C-C) Arg,Lys 1032 1031 1038 1038 1032
d(ring) Phe
v(C-N) Met 1093 1087 - - 1085

Nt-H asym His 1126 1128 1125 1125 1115
rocking

v(C-C) Ala

CB-twist lle, Leu - - - - 1141
3(CY1-CB-

CY2)

CpB-twist Iso - 1155 - - 1153

3(CY1-Cp-
CY?2)

8 (C-H) Phe 1170 1174 - - 1184
symmetric Phe, Tyr, Trp 1204 1205 1209 1209 1206
v(Ring —O)

- f-strands 1240 - 1249 1249 1226
83 ﬁ o p-tumns 1272 1286 | 1282 | 1282 | 1276
Em®F=EF
a-helix 1311 1314 1310 1310 1310
v(C-Car) Backbone 1337 1339 -- --
3(Ca-H)
Ca-CB-twist Ala,Met,His,Lys 1357 1360 1358 1358 1340
&(Ca-H) Cys 1423 1419 1446 1446 1415
1447
8(CH,) Methylene group 1448 1460 1467 1467 1448
(side chain)
CH, asym def Met -- -- -- -- 1527
S3(N-H), Amide Il 1553 1553 1554 1554 1553
v(C-N)
v (C=0) Phe 1583 1584 1578 1578 1569
v(C-C) His -
Ring breathing Tyr 1605 1605 1609 1609 --
S(NH3") Lys -- -- -- -- 1611
v(C=0) Amide | 1657 1655 1661 1661 1659
v(COO) Asp, Glu 1735 1784 - - -
Cys, Met -- 2723 2717 2717 2738
2741

His -- -- 2782 2782 --

Met 2838 2826 -- -- --

T Gly,Asp, Glu 2857 - - - -
(_') His 2869 2872 2874 2874 2880

¢ Leu, Lus, lle 2882 -- - - -
Thr, Pro 2933 2937 2940 2940 2935
Cys, His, Ser, 2977 2968 2964 2964 2966

Leu,Trp, Gly, Lys

Phe,Tyr, Trp 3062 3061 3061 3064 3062
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some of the QRF have a larger angles than in the rest of the samples. The difference in the
frequency of this vibrational mode had been also associated with the formation of disulfide
bonds®®, but usually the disulfide bonds, also should give rise to signal between 2600-2700
cm™, as no signal are observed in this spectral range (Figure 4.3-8), this vibration can be

attributed only to the changes in the dihedral angles of the Cys residues.

In addition, in the complex I and QRF a signal between 1730 and 1780 cm™ arises.
This signal can be attributed to the symmetric v(C=0O) modes from amino acids as Asp and

310, 313

Glu residues , Which are in proximity of the N6a, N6b and N2 clusters.

Backbone vibrations. All amide bands are resonance enhanced by the first dipole-
allowed m—n* transition if the enhancement is made by a laser wavenumber in the UV
region. Using an excitation laser with a frequency higher than 250 nm, as in our case, the
ground state involves a dominating C-N bond elongation, with smaller C-C and N-C bond
contractions and a more modest C-O bond expansion. The C-N double bond character
decreases to the point where free rotation occurs so the scattering is lower®’.

Changes in amide I, 1l and 111 are observed in the different samples. These differences
were expected, pointing to a different secondary structure in each one of the samples. The
amide I signal involves the v(C=0) vibration, it is found at 1657 cm™ in complex I, at 1655
cm™ in QRF and it goes to higher frequencies in the NDF and NuoEF, namely towards at

1661 and 1671 cm™, respectively.

Amide 11 vibrations appears around 1553 cm™ in all samples, mainly involves the in-
plane 8(N-H) and v(C-N) vibrational modes. The low intensity of this signal is due to the

small change in polarizability associated with this vibration®®.

The amide 111 range (Table 4.3-3) can be described as a multiband vibrational mode>®.

As general rule, the mode frequencies decrease as the weakened water hydrogen bonding
decreases the amide N-H bending and the C-N stretching force constants and changes in water
hydrogen bonding impact the N-H bend force constant more than the C-N stretch force

constant®*® 252

. The a-helical component has the highest intensity in all the spectra seen here
as expected from the already resolved structure'®. The random coil component has a lower
frequency in NuoEF. This indicates that in A. aeolicus the random coils have a weaker

hydrogen bonding. In contrast to what it happens with the a-helical component in NuoEF and
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NDF arises at the same frequency but a higher frequency in complex | and QRF spectra.
These changes may also reflect the difference in the interaction between the structure and the
environment, due to the absence of the subunits, as is the case of QRF, NDF and NuoEF.

The v(C-H) region. Comparing with the v(C-H) modes, arising above 2700 cm™
(Figure 4.3-8) gives a general idea on the functional hydrophobic interactions in the proteins
can be made. The potential information that can be obtained by RR is based on the fact that
both the relative intensity and the frequency of the vibrational motions of amino acids side
chains and the backbone are sensitive to the changes in the micro-environment, in this case

around the cofactors.
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Figure 4.3-8. v(C-H) stretching region of the RR spectrum of complex I, NDF and QRF from E. coli and
NuoEF from A. aeolicus.

An example is the Met contribution at 2838 cm™ and the Leu, Lys and lle contribution,
this band is observed only in the spectra of complex I, which may indicates that in the
fragments and in the subcomplex some of the amino acids around the clusters have a different
positions. A similar conclusion can be summarized for the signals around 2715-2740 cm™
corresponding to the contribution of the Cys and Met residues. This set of signals is only
observed in the NuoEF, NDF and QRF spectra. Due to the complexity of the complex |
structure the signals above 2800 cm™ may have a higher scattering than the signals observed
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for the other samples, an assignment of the contribution of the different amino acids is not

possible.

In addition, the signal at 2782 cm™, corresponding to the asymmetric modes of the His
is only observed in the NDF spectrum indicating that many His residues are closed to the N1a,
N4, N5 and N7 clusters.

In summary, the difference of the cluster motif between Nl1a and N1b are described
and in addition, changes in cluster motif can be described and assigned in the case of N2 and
N5. The biochemical approach, where the different subunits can be differentiated, allowed
separating the vibrational modes of each one of the cluster as well as the backbone vibrations
and the amino side chain contribution that surround them. The characterization of the Fe-S
properties in their oxidized form is the basis for further studies in order to follow the changes

of the clusters upon reduction. This is the aim of the next sections.

4.3.3 Spectroelectrochemistry

Coupling electrochemistry to FIR and RR allows recording the motions of the metal-
ligand vibrations upon electron transfer and it becomes possible to analyze changes in the
properties of the Fe-S cluster upon reduction. In analogy to the previous section (i.e. Section
4.3.2) a complete assignment of the vibrations corresponding to each one the clusters will be
made together with a full description of the changes in the cluster geometry upon reduction in
far IR.

The FIR and RR electrochemically-induced difference spectra can provide valuable
information of the metal-ligand vibrations of both, the oxidized and the reduced forms of the
protein. In the FIR region, the analysis of the spectra represents a challenge due to the high
water absorption; Although RR and IR optical activity of the vibrations are not always similar
for symmetry reasons, yet they can be complementary to each other. Therefore, the signals

described are the ones that matched with the signals obtained in the differential RR spectra.

For the RR v(Fe-S) modes two different sets can be distinguished according to the
oxidation state of the Fe atom, Fe(111)-S', Fe(11)S!, Fe(11)-S' and Fe(I1)-S°, the assignment
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and properties were compared to the theoretical calculations and experimental approach of

the studies of Yachandra et al**’, Moulis et al #°, Han et al** **°and Staples et al®*™.

The full reduction of a Fe-S cluster is usually accompanied by the rigidity of the
cluster in this case the polarizability is lower and the Fe-S stretching modes have a tendency
not to be enhanced as in the oxidized'” *** %°_ The reason for this is that the RR band
depend critically on the symmetry and structural distortion in the electronic excited states,
hence the changes in the intensity reflect the changes in the energy of the CT of S—>Fe*?
in the excited state'. In general the bands corresponding to the v(Fe-S)" lose intensity while
the bands corresponding to the v(Fe-S)° gain intensity. In order to calculate the ox-red RR
spectra normalization was perform, taking as reference the band of the v; fundamental
mode from Tyr around 820 cm™ for NuoEF and from Phe at 1003 cm™ for the rest of the

samples.
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Figure 4.3-9. Spectroelectrochemistry (Ox-red) of NuoEF from A. aeolicus, NDF from E. coli in its **Fe
isotopic label and unlabeled form recorded by A. Infrared and B. Resonance Raman.
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Figure 4.3-9 shows the comparison between the ox-red spectra of the NuoEF
subcomplex from A. aeolicus and the NDF from E. coli in its >*Fe label and unlabeled form
recorded by FT-IR and RR in the low frequency region where the metal-ligand vibrations
are expected. In the Figure 4.3-9, the bands are classified in the bending motion of the Cys
residues that form the cluster motifs, the v(Fe-S)', and v(Fe-S)®; in the FIR spectra below
210 cm™ the &(S-Fe-S) motions that are observed but also the contribution from the

hydrogen bonding collectives modes are expected to contributed in this area®’.

The FIR and RR difference spectra shows several similarities, especially in the v(Fe-
S) vibrations region. The complementarity of the data allows to confirm many of the
vibrations in the FIR, where only metalloproteins with one or two Fe-S clusters had been

described up to date®®® 266272,

In general, in RR, the negative signals corresponding to the reduced state, are lower
in intensity than the positives ones, corresponding to the oxidized state. It has been
previously described that the absorption coefficient of the v(Fe-S) modes are weaker for the
reduced form due the change of the iron center symmetry upon reduction®®® #°. As the

bonds get closer the cluster have a tendency to have a “rigid” structure™® 1%,

NuoEF Fe-S clusters (N1a and N3). In the NuoEF subcomplex ox-red spectra, the
moieties of the reduced and oxidized states of N1la and N3 clusters are observed. For the
bending vibrations (Figure 4.3-9.A), two signals are observed in the oxidized state, at 523 cm’
! corresponding to N3 and the second at 483 cm™ corresponding to N1a. In the reduced state
the first arises at 501 cm™, whereas the second band is not differentiable due to noise in the
spectra. Nevertheless, in the RR differential spectrum (Figure 4.3-9. B), both signals are also
seen in the oxidized state. In the reduced state the second band, corresponding to N1a is

observed at 450 cm™.

The gain in intensity in comparison to the reduced state indicates different
conformation of the cysteinyl coordination where an elongation of the Fe-S bonds has been
proposed by previously studies®® “?°. However, since drawing conclusions according to the
difference in intensity is not straightforward other characteristics of the signal had to be taking
into account. Typically, the frequency of this band is associated to the dihedral angles, where
shifts to lower frequencies indicate narrower Fe-S-C dihedral angles, as in the case for both

reduced clusters.
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It can be notice that also the v(Fe-S)° vibrations have shifts to lower frequencies for
both clusters upon reduction, suggesting the lengthening of the Fe-S bond. These modes are

also affected by the dihedral angles'® 3%

corroborating with what was concluded from the
spectral differences in the bending motions. However, in the RR spectrum, the signal at 276
cm™ for the oxidized state corresponds to a mixture of v(Fe-S)° and v(Fe-S)' modes of N3. In
the reduced state this signal splits into two components, at 288 cm™ and 257 cm™ indicating a
decoupling of bridging and terminal modes upon reduction, where the first signal corresponds
to the terminal mode and the second to the bridging modes. This vibration is observed in the
FIR differential spectra at 285 cm™, and in the reduced state only the contribution of the
terminal modes is observed at 299 cm™, based on its asymmetric nature of the vibration. The
displacement of the v(Fe-S)° modes corresponds to what was already described for ferredoxin

[4Fe-4S] clusters?’® 36401,

For the terminal mode, the same behavior is observed in the signal in the region 320-
390 cm™. It is interesting to note, that in the FIR differential spectra the v(Fe-S)" are better
resolved than in the RR differential spectra. This difference is due to the Fe-S' bonds having
more possible normal modes as asymmetric vibrations than the Fe-S® modes!®* 39 39400 The
v(Fe-S)' of both clusters are represented in the FIR differential spectra. The N1a contribution
is observed at 310 cm™ in the oxidized state and at 317 cm™ in the reduced state, whereas for
N3, the signals at 322 and 346 cm™, correspond to the vibrations of terminal coordination in

the oxidized and reduced state, respectively.

Below 220 cm™ in the FIR spectrum the S-Fe-S bending modes are expected®®® 2%, In

the oxidized state this signal is observed at 197 cm™ and in the reduced state at 201 cm™, the

displacement to higher frequencies is associated with the Fe(I1) oxidation state®®®.

NuoG clusters (N1b, N4, N5 and N7). In Figure 4.3-9 the difference FIR and RR
spectra of NDF can be observed. The difference between the signals already described for
Nla and N3 can be attributed to the metal-ligand vibrations of the Fe-S cluster in the NuoG

subunit.

For the bending motions, the clusters present in this subunit have a different cysteinyl
coordination compared to N1a and N3. In the FIR spectra only one signal was reproducible at
504 cm™, whereas in the reduced spectra three signals arise at 532 cm™, 491 cm™ and 478 cm’

! As in NDF there is a major contribution from [4Fe-4S] clusters, the oxidized band can be
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attributed to contribution of N3, N4, N5 and N7. In the reduced state, the first two signals had

only been described for [4Fe-45]%7% 40243 \yhile the third can only be assigned to [2Fe-2S]**
164, 359

This suggested that the [4Fe-4S] cluster N4 and N7 in NDF have a similar behavior
described for the N3 cluster of the NuoEF subcomplex, where the reduced component arises
at lower frequencies (See Figure 4.3-3.A/B/D), while N5 (see Figure 4.3-3.C) have a more
rigid structure where all the Cys coordinating residues are connected to each other. The signal
at 491 cm™ can be assigned to the reduced component of the first type of clusters. The signal
at 532 cm™ can be assigned to the bending motions of N5, indicating that upon reduction, the
dihedral angles of the cluster are broader. A similar behavior had been observed for High-

376, 404, 405 \where a small

Potential Iron-Sulfur Protein (HiPIP) from Chromatium vinosum
distortion from T4 symmetry was proposed, compared to the typical ferredoxin [4Fe-4S]
cluster. This symmetry alteration is caused by a distortion of the Fe-S(Cys) bonds due to the
high hydrophobic environment that surrounds the cluster, as is the case of N5. In the reduced
state an upshift of this vibrational mode of this type of clusters had been attributed to a weaker

hydrogen bonding.

The third signal at 478 cm™ in the NDF spectra, corresponding to [2Fe-2S] clusters,
indicates that N1b does not show the same elongation of the Fe-S bond as seen for Nia.
According to this, it can be suggested that the changes in the dihedral angle are more
pronounced in Nla than in N1b. It can be concluded, that these [2Fe-2S] have different redox

properties.

In the spectrum recorded by FIR and for the v(Fe-S)° modes, the band at 411 cm™ in
the oxidized state was attributed (see Table 4.3-1) to [4Fe-4S] clusters. This bands splits into
two components upon reduction, observed at 433 cm™ and 395 cm™, indicating that some of
the [4Fe-4S] cluster have an increase in the dihedral angle and others a decrease. As was
described before, a decrease in intensity was observed for N3 which is also expected for N4
and N7, suggesting that the signal at 395 cm™ corresponds to these clusters. An increase of the
dihedral angle of N5 was concluded from the spectral differences in the bending motions, this

suggests that the signal at 433 cm™ can be attributed to the v(Fe-S) of the reduced N5.

From the RR difference spectrum, one positive and one negative signal can be

observed at 444 cm™ and 431 cm™, respectively. These signals were described for the v(Fe-S)®
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modes of ferredoxin [4Fe-4S] clusters, attributed to N3, N4 and N7. Besides, the positive
bands observed at 295 cm™ and 245 cm™ correspond to the v(Fe-S)° modes of [2Fe-2S]
cluster. The splitting indicates that N1a and N1b differ in their geometry in their oxidized
state as well as in their reduced state where the corresponding negative bands are observed at
277 cm™ and 250 cm™.

For the v(Fe-S)' modes in the FIR spectra, one positive and one negative band are
observed at 347 cm™ and 323 cm™ respectively, this terminal mode has been attributed to
[4Fe-4S] and [2Fe-2S] clusters, the displacement to lower frequencies was expected in the
reduced cluster as explained before for N3 and N1a from the NuoEF difference spectra. The
shift in frequency, with respect to what is observed in the NuoEF difference FIR spectra,
suggest that the cluster in NuoG has different cysteinyl coordination. As this band contains
the contribution of all the clusters in the protein, not much information can be concluded

about it, more than the complete reduction of the cluster.

The v(Fe-S)' modes in the RR spectrum show only one positive band at 332 cm™,
described for the [4Fe-4S] cluster, and two negative bands, at 338 and 313 cm™, the first
corresponds to the reduced [4Fe-4S] cluster and the second to the reduced [2Fe-2S] cluster.
Below 220 cm™, in the FIR spectrum, a similar differential signal is observed in the NuoEF

spectrum, corresponding to the S-Fe-S bending modes.

NuoB and Nuol clusters (N2, N6a and N6b). The difference between the NDF
spectra and the complex | spectra (Figure 4.3-10) allows to assign the contribution from the
cluster present in the NuoB (N2) and the Nuol (N6a and N6b). It is clear that due to the large
number of Fe-S clusters in the sample, the bands previously described in NuoEF and NDF are
broader, increasing the complexity of the spectrum interpretation.

In the region of the bending motion, the spectral differences described for N5 and the
rest of the [4Fe-4S] clusters are also present in the ox-red FIR spectra of complex I. It can be
suggested that the N2, N6a and N6b clusters behave, upon reduction, in the same way as the
rest of the [4Fe-4S] clusters.

However, in the v(Fe-S)° vibration region, in the FIR difference spectra, a positive
signal at 468 cm™, attributed in the oxidized state description of the N2 cluster (see section
4.3.2), shows a shift to lower frequencies in the reduced state arising at 447 cm™. In
ferredoxin [4Fe-4S] clusters the downshift of this band upon reduction is not more than 10
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cm™, while here only one of the clusters (N2) shows a downshift of ~20 cm™, indicating a
strong change of geometry of the cluster (and perhaps hydrogen bonding). As the geometry of

the cluster is severely affected, other vibrations present several shifts as well.
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Figure 4.3-10. . Complex I ox-red difference spectrum recorded by A. Infrared and B. Resonance Raman.

For example, the signal at 357 cm™ in the RR difference spectrum, assigned to the
v(Fe-S)' modes N2 in the oxidized state, shows a negative counterpart at 337 cm™. This
suggests that instead of the Fe-S' bonds getting shorter as it is typically observed in the
ferredoxin [4Fe-4S] clusters®®® ** the Fe-S' bonds of N2 are elongated upon reduction. A
similar pattern of what was observed for the reduced Nla. It seems that this property can be

related to their pH-dependent character, this behavior had been described before for cluster

that have the ability of slower rates of electron transfer.

For the rest of the bands observed in the RR and FIR ox-red difference spectra all the
assignment are according to what was observed in the NDF and NuoEF spectra. This suggests

that N6a and N6b clusters have very similar properties to N3, N4 and N7.
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Tyr. Besides the metal ligand vibration in the low frequency region of the RR
difference spectra, important change are observed in the Fermi doublet corresponding to the

Tyr residues (Figure 4.3.11).

For NUoEF, two positive signals described the Fermi doublet in the oxidized state, at
805 and 815 cm™, while in the reduced state an upshift is observed for both of the signals
arising at 810 and 824 cm™. As explained above (see section 4.3.2 pg 159) the difference in
frequency and intensity of this doublet is reflection of the hydrogen bonding and the exposure
to the environment of the Tyr residues. The shift to higher frequencies suggests a weaker
hydrogen bonding. The difference in intensity, between 815 cm™ and 824 cm™ suggest that
many of the residues that were buried in the oxidized state are now exposed to solvent in the

reduced state.

In the case of NDF two positive signals are observed at 823 cm™ and 851 cm™ and two
negative, at 840 cm™ and at 863 cm™. As for NUuoEF, the average of the Tyr residues around
the clusters in the reduced state are weakly hydrogen bonded in comparison to the oxidized
state. The difference in intensity between the signal at 851 cm™ and at 863 cm™, indicates that
in average the Tyr residues are more buried within the structure in the reduced state than in

oxidized state.
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Figure 4.3-11. RR difference spectra (Ox-red) in the fermi doublet region of NuoEF from A. aeolicus, NDF
from E. coli in its **Fe isotopic label and unlabeled form.

For the complex | difference RR spectrum, two positive signals are observed at 825
and 831 cm™ and two negatives at 820 and 840 cm™. As both of the signals do not have the
same shift to higher frequencies, it can be said that on average some of the Tyr residues have
now a weaker hydrogen bonding, mostly the Tyr surrounding the subunits NUoEFG, as it was
observed in the NDF, and some of the Tyr residues around the NuoBI have a strong hydrogen
bonding in the reduced state. As the intensity of the both of the signals are higher in the
reduced state, it can be suggested that on average the Tyr residues are more buried within the

structure in the reduced state.

Even though the Fermi doublet gives an average about the state and the disposition of
the Tyr residues in the sample, it is evident that upon reduction the Tyr residues are an
important key in the description of the conformational changes in complex I. The Tyr residues
around Nla and N3 do not have the same behavior as the Tyr residues of the NuoG subunit.
This can be due to the differences in their position between the A. aeolicus and the E. coli

protein, or their distribution around the cluster.

4.3.3.1 Conclusion

In conclusion, the FIR difference spectra are suitable of the v(Fe-S)" vibrations while
RR is more appropriate for the v(Fe-S)® vibrations. Both techniques are complementary,
helping to obtain a proper assignment and description of the redox active vibrational modes
and the properties of the Fe-S cluster present in the protein. An assessment of the changes in
the metal-ligand vibrations facilitates the comprehension of the molecular changes occurring

in the cofactors upon reduction.

It can be seen that N1a and N1b show a different set of redox properties. This was also
proposed in the studies of Ohnishi et al. and Hirst et al.?** %}’ The main difference is that Nla
binding length of the cluster ligation increases upon reduction, given by the changes in
transfer of the S to the Fe(l1), where the dihedral angles are narrower and the Fe-S' and Fe-S"

are elongated. In contrast, N1b the Fe-S° bonds are kept in the same geometry upon reduction,
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this characteristic had already been described by several [2Fe-2S] clusters like the one present

in adrenodoxins®" 3,

N3, N4, N6a, N6b and N7 display a similar redox behavior. Similar redox
characteristics had been described for ferredoxin [4Fe-4S] clusters®™* “®®. Here, narrower
dihedral angles and shorter (Fe-S)' bonds are seen upon reduction. The opposite can be said
for the behavior of N5, where longer (Fe-S)' bonds and wider dihedral angles are the major
characteristic of the cluster upon reduction. Several studies in similar Fe-S clusters indicate
that these changes are related to a highly hydrophobic environment, where the hydrogen

bonds involved with the cluster motif are weaker after reduction®®® 404 40¢,

In general, according to the difference in the Fe-S' and Fe-SP bonds, the clusters N1a,
N5 and N2, showed an expansion of their geometry upon reduction. According to the redox

properties described for similar clusters®>% 34 4%

, these are metal centers whose function is
related to the need to stabilize a high-energy electron and/or an electron that will not be
transferred very fast, the changes in the geometry allowed a fast recovery to the oxidized state.
It is noted that these clusters play a crucial role in the timing of the electron flow and hence
the coupling of the electron and proton transfer reaction as well as the rate-limiting step in the
kinetics of the electron transfer reactions. On the other hand, the cluster with an unchanged
geometry upon electron transfer can be suggested to function as a stabilizer of an additional
electron since this cluster does not hold the electron for a long time because its electron

transfer rate is much faster than the clusters described before!®® 497,

4.3.4 The effect of substrate binding

As the reduced state obtained by electrochemistry is not the natural equilibrium
process observed during catalysis, the effect of complex I substrate, NADH, was studied. The
NADH reduces several of the Fe-S clusters, transferring the electrons from the FMN (see
section 1.4.2.2). In general the spectra of the reduced proteins are an order of intensity lower
than the oxidized protein. The effect is more pronounced in the NDF spectra than in the other

samples.

In order to determine if the nucleotides are bound, the bands at 1010 cm™ and 1378

cm™ corresponding to the adenine moieties, were followed***. The decrease of these signals
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reflects their bound state. The same protocol was described in the RR studies of substrate

binding of dehydrogenase enzymes**#*#.

The full reduction of a Fe-S cluster is usually accompanied by a change in the rigidity
of the cluster'® > %% The polarizability is lower and the Fe-S stretching modes are less
enhanced®. Beside this, it is important that these metal centers have a different electronic

266, 415

state upon reduction which is reflected in the frequency and the intensity of the obtained

spectra.

NAD", the oxidized form of NADH, is known to interact directly with the flavin when
no other nucleotide is bound™" #!°. Its effect had been described for the moieties of the
FMN*"#2 hut so far the conformational changes or the influence in the properties of the Fe-
S cluster have not been noticed. In addition, the interaction between complex | and NADPH
it still a source of controversy, for example Albracht*® “?° had proposed that this nucleotide
does not react in the same site as NADH giving to the mechanism another route to electron
transfer. Li et al.*** followed by many others***?* had proposed that NADPH can act as a
kind of inhibition of the ROS production. Brandt et al.**® have also proposed that its binding
IS not necessary for the catalytic activity but it stabilizes the complex in the reduced state.

Besides the metal-ligand vibrations the contribution from specifical side chains amino
acids perturbed upon the substrate binding the v(C-H) modes above 2700 cm™ will be
discussed.

4.3.4.1 Metal-ligand vibrations

The Ag Fe-Fe modes. As explained above (section 4.3.3) this vibrational mode is
expected to be enhanced only for the [2Fe-2S] clusters*® . This mode allows a correlation
measurement of the distance between the two Fe atoms, as the vibration arises from the

motion of the Fe atoms towards each other (Figure 4.3-12)"2

NN

Figure 4.3-12 . Eigenvector for the normal mode of the Ag Fe-Fe vibration. Adapted from Han et al.*?
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The frequency itself is not an indication of the metal-metal bond strength, but higher
frequencies suggest a stronger Fe-Fe interaction®. In NuoEF (Figure 4.3-13. A), upon the
binding of NAD" a small shift to higher wavenumbers is observed, whereas in presence of
NAPDH and NADH, the band shifts towards lower frequencies; the effect is more prominent
in with the latter one. For NDF (Figure 4.3-13.B) and complex | (Figure 4.3-13.C) the same
shift is observed upon the reduction with NADH; suggesting that in N1a and N1b Fe orbitals
are more distant upon reduction, whereas in presence of NADPH and NAD" no major changes

occur.
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Figure 4.3-13. Resonance Raman spectra of A. NUoEF, B. NDF and C. Complex I in presence of
NAD+, NADPH and NADH in the Ag Fe-Fe vibrational mode region.

These results can lead to the conclusion that Fe-S coordination where the enhancement
in the electron donation from the ligands to the Fe-S cluster core results in an elongation of
the Fe-Fe distances and to a more distorted structure of the proximal Fe-S cluster. This had

164, 214, 410

been previously proposed by electron tunneling and broken symmetry DFT
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calculations*’, where upon reduction the cluster provides a pathway for inner sphere of

electron transfer.

The v(Fe-S)' and v(Fe-S)° . The first v(Fe-S)® mode arises at ~260 cm™ in the spectra
of NuoEF (Figure 4.3-14.A), NDF (Figure 4.3-14.B) and complex | (Figure 4.3-14.C). This
band can be attributed to the B, (Fe(111)-S)° modes of [4Fe-4S] clusters®”. The shift of these
modes is related to narrower cysteinyl Fe-S-CB-Ca dihedral angle.** ' As the shift is
observed in all the samples it means that all the [4Fe-4S] clusters (N3, N4, N5, N6a, N6b and
N2) have the tendency to display the same change in the cysteinyl coordination.
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Figure 4.3-14. Resonance Raman spectra, in v(Fe-S) stretching region of A. NuoEF B. NDF and C.
Complex | in presence of NAD+, NADPH and NADH.

In the spectra of NuoEF subcomplex (Figure 4.3-14.A) three v(Fe-S)' modes are
observed in the v(Fe-S) region . The first, arising at ~286 cm™, which was not observed in the
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spectra of the oxidized form (Figure 4.3-15.A dotted line), it can be attributed to the Bs,
v(Fe(ID)-S)", this mode is expected for [2Fe-2S] as well as for [4Fe-4S]** %8 suggesting that
N1a and N3 are reduced. However, some contribution from the T, v(Fe(111)-S)° from [4Fe-4S]
clusters can be also be expected in this area**® **. The gain in enhancement supports the
contribution of v(Fe(II)-S)° as this kind of mode had been described to lose enhancement
upon the reduction of the Fe atom . In general, changes in intensity suggest that the Fe-S°

bond is weaker?"°.

This indicates that in N3, in presence of all the nucleotides the coordination of the Fe-
S° changes to a more “relaxed” state. In the spectra of NDF (Figure 4.3-14.B), the same is
observed in presence of NADH and NADPH, whereas for NAD" no changes are observed in
comparison to the oxidized state. This suggests that for the [4Fe-4S] clusters N4, N5 and N7
in presence of NADH and NADPH the same effect is observed.

In the spectra of complex | (Figure 4.3-14.C) the signal is only observed in presence of
NAD", while for NADPH and NADH the signal is observed as a broad shoulder where is not
possible to assigned a specific frequency. It can then be proposed that N6a, N6b and N2 are
likely to have “rigid” Fe-S” bonds®® *%,

In the RR study of a pure S=3/2 ferredoxin cluster from Pyrococcus furious*®, the Fe-
sP signals of “rigid” bonds have a tendency to arise at higher frequencies and lower intensity
than the “not rigid” counterpart. According to the simulations, electron tunneling studies**
#10. 430 and broken symmetry calculations'®, “relaxed” centers likely allow a faster electron
transfer than the “rigid” centers, where as in the “rigid” the reversibility to the oxidized state
is slower due to the change in the energy of the Fe-S bridging bonds™’. Nevertheless, upon
addiction of NAD" no electron transfer is expected and the changes in the cluster’s geometry

are most related to conformational changes of the protein upon the substrate binding.

The vibrational mode, By, v(Fe(Ill)-S)® of [2Fe-2S] cluster, arising at 321 cm™
(NADH) and 324 cm™ (NADPH and NAD") in the spectra of NuoEF, is assigned to Nia.
This band shifts only slightly upon reduction in comparison to the oxidized state (319 cm™).
This indicates that the bridging bonds of the metal center are not perturbed upon substrates

binding. Thus, it can be suggested that upon binding of the substrate, N1a is not fully reduced.

In the spectra of NDF, this band was overlapped by the v(Fe-S)' modes of the [4Fe-4S]
cluster, however upon binding a band arises at 321 cm™ (NAD"), 323 cm™ (NADH) and 327
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cm™ (NADPH). From the shape of the band, it is more probable that it corresponds to the A;
v(Fe-S)°, where some of the Fe-S' display a narrower cysteinyl Fe-S-CB-Ca dihedral angles™
263, 401 and some remain in the same symmetry as in the oxidized state, corroborating the
observation of the previously described vibrations. For the rest of the signals in this spectral
region, some of the Fe-S' bonds keep the same cysteinyl geometry upon the binding of the
substrate attributed to the signal at 333 cm™ which is the case in presence of NAD".
Nevertheless, upon binding of NADH, a second signal arises at 338 cm™, and with NADPH at
352 cm™, suggesting that some of the clusters have wider dihedral angles upon reduction. It is

interesting to keep in mind that the effect is more marked with NADPH.

In complex 1, with NAD* no major spectral differences are observed. Furthermore
with NADH and NADPH the v(Fe-S)® modes do not seem perturbed indicating that no
changes in the geometry of N6a and N6b are occurring. However, with NADH and NADPH
the most important spectral difference is observed in the signal at 340 cm™ attributed to the
v(Fe-S)' modes of N2, this band is no longer visible, this indicates that the dihedral angles of
the cysteine coordination is perturbed, where the cluster is fully reduced and must present a

different geometry™®® %2,

The last bands observed in the NuoEF spectra corresponds to the v(Fe-S)° modes of
Nla and N3 (see Table 4.3-1). No difference is observed in the frequency with respect to the
spectra of the oxidized state, nevertheless the loss in intensity in presence of NADH indicates
that the clusters might be partially reduced. In the spectra of NDF with NAD™ two signals
arise at 380 cm™ and 396 cm™, indicating that N1a have a displacement to narrower dihedral
angles*®**. Nevertheless, in presence of NADPH and NADH the signals are no longer visible
suggesting that the cluster is completely reduced. A similar behavior is observed in the spectra
of complex I, with the difference that second signal at 410 cm™ does not change upon
substrate binding.

According to these results, it can be proposed that the N1a in A. aeolicus and the N1a
in E. coli do not have the same reduction mechanism. This dissimilarity might be due to the
structural changes due to the missing subunits in the subcomplex or to differences in the
hydrophobicity, typically observed in the protein core of thermophilic organisms as A.

aeolicus.
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The bending motions of Cys. Between 420 and 500 cm™ the bending motions are

expectedlz‘ 401, 431

. In the oxidized state three bands were attributed for all the samples (see
Table 1.1-1). In general, for NUoEF, upon the binding of NAD" many spectral differences are
observed, while in presence of NADPH and NADH the spectra are similar to each other and
to the band described in the spectrum in the oxidized state. This implies that no difference in

the Cys residues of the cluster motif change upon reduction in the N1a and N3 cluster motif.
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Figure 4.3-15. Resonance Raman spectra of A. NuoEF B. Complex | and C. NDF in presence of NAD+,
NADPH and NADH. The spectra shows the region of the bending motions, the overtones from the v(Fe-S)
and the v(C-S)

Specifically, the presence of NAD", the spectrum of NuoEF (Figure 4.3-15.A) shows a
well-resolved band at 488 cm™ and a broad band with several peaks where two are more
distinguishable from the rest at 464 and 445 cm™. The last band was not present in the spectra
of the free form and it was attributed to the cluster in the NuoG subunit (N1b, N4, N5 and
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N7). This vibration was assigned to the coupling of the 6(Ca-CB-C) and 8(Ca-Cp-N). It seems
that upon binding, the N1a and N3 clusters display characteristics observed before in the
cluster of the NuoG subunit. Nevertheless, the band is too broad indicating the presence of a

different conformation. A similar conclusion can be said for the peak at 464 cm™.

In the NDF and complex | spectra with NAD™ (Figure 4.3-15.C) no major changes are
observed. Nevertheless, in presence of NADPH and NADH, the NDF spectrum (Figure 4.3-
15.C) presents three bands in which all of them exemplify a different conformation of the Cys
residues. The differences in intensity and frequency are related to the displacement in the
dihedral angles, confirming the conclusions made from the differences of the v(Fe-S)".
According to Han et al.'? and Czernuszewics et al.'®, the signal at 435 cm™ is only observed
in fully reduced [4Fe-4S] cluster.

The overtones from v(Fe-S) modes. In the spectral region between 500 and 600 cm™
the overtones form the Fe-S stretching are observed (Figure 4.3-15). Due to the complexity of
the possible combinations between the Fe(l11)-S', Fe(11)-S', Fe(11)-S' and Fe(11)-S” modes a
full assignment of this area will require the support of theoretical calculations. Nevertheless, it
is evident from a qualitative approach that the this spectral range reflects the changes
observed in the already described v(Fe-S)' and v(Fe-S)P.

The v(C-S) modes. This particular mode is sensitive to motion of the Ca-H and the
Co-N group*®, while perturbation in the Ca-N group lead to lower frequencies, motions in the
Co-H leads to higher frequencies**? “®, In the spectrum of NuoEF in the oxidized form, only
one broad band was observed in this region at 628 cm™, while in presence of NADH two
bands are observed, with NADPH three and with NAD" four. The lower frequency bands,
between 600 and 620 cm™, correspond to the v(C-S) modes of [4Fe-4S] cluster, while the
higher frequency bands, between 620 and 640 cm™, of the [2Fe-2S] clusters. In summary,
upon the binding of NADPH, N3 and N1a have a typically C-S coordination where the Fe-S-
Co dihedral angle is between 90-170° 2% 43 whereas in presence of NADPH, in N1a, it seems
that at least one of the C-S bond has a different coordination due to motions in the Ca-N

group, and in presence of NAD" the same effect is observed for N3.

In NDF (Figure 4.3-15.C), a similar behavior is observed, although with NADH the
[4Fe-4S] clusters (N4, N5 and N7) exhibit two different C-S coordination while the [2Fe-2S]

clusters (Nla and N1b) are similar to their oxidized state only in the lower frequency
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suggesting minor motions of the Ca-N groups. Instead with NADPH and NAD", four bands
are observed. In the case of NADPH the [4Fe-4S] clusters display three different coordination,
this is also observed with NAD", whereas the [2Fe-2S] cluster displays three different

conformations.

4.3.4.2 FMN vibrations

In the spectra of the reduced form, many of the contribution from the FMN
isoalloxazine ring are combined with the contribution from the amino acid side chains or with
amide vibrations. There are two main bands at ~732 cm™ and ~785 cm™, observed in all the
protein spectra. These bands are FMN vibrational modes. These bands will be taken as

markers of the changes in the bonds around the isoalloxazine ring of the FMN upon reduction.

| T
O H.C \! N 0 H.C N N 0
LS C OO S O
“H  HC NNTH K NN H
H o H 0
Fully Oxidized form sSemiguinoid form Fully Reduced form
FMN FMNH FMNH,

Figure 4.3-16. Isoalloxazine structures in the fully oxidized, semiquinoid and full reduced states. The
nomenclature of the bond is shown in the fully oxidized state. R=ribose-5-phosphate

The isoalloxazine moieties of FMN can exist in three different oxidation states, the
fully oxidized (quinoid), the semiquinoid, and fully reduced states (See Figure 4.3-16). In
general, upon reduction with NADH the vibrational modes corresponding to the carbonyl and

nitrosyl moieties of the ring I, 11 and 111 are observed**>*%'.

The signal at 735 cm™ (NuoEF), 745 cm™ (NDF) and at 739 cm™ (complex 1) in the
oxidized state, shows a shift to lower frequency in presence of NADH, NAD" and NADPH
(Figure 4.3-17), furthermore in the spectra of NDF (Figure 4.3-17.B) and complex | (Figure
4.3-17.C) with NAD" the vibration have a decrease in the enhancement, whereas in presence
of NADPH and NADH the opposite is observed. For NuoEF (Figure 4.3-17.A), the behavior
is different from the other proteins: the signals have a tendency to gain intensity in presence of
NAD", while in the presence of the other two nucleotides no changes in the intensity are

observed.
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This band corresponds to the contribution of ring breathing modes of ring 13> *7. As
the resonance enhancement of FMN bands is expected only for the modes in which the atoms
are displaced within the molecular plane of vibration, a gain in intensity means that changes
upon the substrate binding, cause a major displacement of the vibrational mode of ring I,
furthermore a lower frequency implies a lower energy of the bonds. Previous theoretical and
experimental comparison of different flavin samples in the semiquinone state had related
changes in the frequency and the intensity of this mode to changes in the electronic density of

the ring 1°%¢ .
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Figure 4.3-17. Resonance Raman spectra of A. NuoEF subcomplex B. NDF and C. Complex I in presence of
NAD", NADPH and NADH

The band at 785 cm™ (NuoEF), 778 cm™ (NDF) and 777 cm™ (complex 1) in the

oxidized state corresponds to the v(C7-N7m), v(Ces-C7) modes of ring 11%%8 %8 |n NuoEF-
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NAD" spectra this signal shows a decrease in the frequency arising at 780 cm™, while for
NDF and complex | higher frequency is observed (~798 cm™). This indicates that the
delocalization of the electron is density in the ring 111 NuoEF subcomplex from A. aeolicus,
which seems perturbed only in presence of NAD", while in complex | and NDF from E. coli it
is the binding of NADPH and NADH that causes the perturbation.
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Figure 4.3-18. Resonance Raman spectra in the mid frequency region of A. NuoEF, B. NDF and C.
Complex I in presence of NAD*, NADPH and NADH.

The signal at 1153 cm™ and 1184 cm™ in the oxidized state, are mostly attributed to
the v(C2-N3) and to v(Cs-Cya), respectively (see Table 4.3-1). Upon binding of the three
nucleotides these signal are no longer observed in the spectra (Figure 4.3-18). The loss of
intensity suggests a significantly weaker hydrogen bond to the NH group (N3-H) of the

isoalloxazine ring®®> **° (see Figure 4.3-4). This result, together with the reported X-ray
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structure, where the N3-H group is surrounded by a negatively charged surface without
hydrogen bond formation, suggests that Ns-H is weakly polarized. A similar result as
observed in the studies of Hikita et al.** in bovine heart complex I. This corroborated the

assignment of these two bands to only FMN vibrations.

It is important to note that the same changes are observed in the presence of NAD™ and
NADPH, indicating that even if the electron transfer might not be occurring, the binding to

any of the nucleotides has the same effect over these bonds in the isoalloxazine structure.

Furthermore, the band V (v(N;-C»)), observed at ~1415 cm™ (NuoEF) and 1422 cm™
(NDF) in the oxidized spectra and the band II (v(C4,-Cyp)), observed at 1569 (NuoEF), 1578
cm™ (NDF) and at 1584 cm™ (complex 1) in the oxidized state (Figure 4.3-5), are empirical
markers for the dielectric environment of the isoalloxazine moiety**°. Upon reduction with
NADH the first band disappears. This loss of enhancement had been associated with the
hydrogen bonding of the C,=0**.

For the second band, an important gain in intensity is observed in presence of NAD"
and NADPH for all the proteins, besides, the band shifts toward lower frequencies. In the case
of the proteins with the bound NADPH, the shift to lower frequencies is more pronounced for
NuoEF and NDF and the gain in intensity is no longer observed. These spectral differences
are related to different electronic distribution in the ring I, lower frequencies point towards the
formation of the fully reduced state, while the gain in intensity indicates an alternation

between the oxidized and the semiquinone state®®> .

In summary it can be said that the polarized N3-H, adjacent to the C,=0 group may
stabilize the polarized state of C,=0 to strengthen the hydrogen bond of the C,=0. This could
be the reason of a stronger hydrogen bond of this oxygen atom. The results indicate that both
N; and N3 are protonated upon reduction. In addition to this, changes in the electronic density

of ring I can be suggested to occur upon binding of any of the nucleotides.

4.3.4.3 Contribution from amino acid side chains

In general, NuoEF side chains show more manifest spectral differences in presence of
the different nucleotides than NDF and complex 1. In this part only the bands perturbed upon

binding will be discussed.
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Tyr -Fermi doublet. In the low frequency region the contribution from Fermi doublet
attributed to the Tyr residues shows spectral differences upon the binding of the nucleotides in

comparison to the oxidized state.

Upon binding of NAD", in the NuoEF (see Figure 4.3-17.A) and NDF (Figure
4.3-17.B) spectra in principle no changes are observed, in comparison to the oxidized state,
except for the new band arising at 849 cm™ in NuoEF at 850 cm™ in the NDF spectrum. In
complex | with NAD" Figure 4.3-17.C), both bands that represent the Fermi doublet arise at

lower frequencies, the v; fundamental mode at 847 cm™ and the Vi mode at 821 cm™.

Upon binding of the NADPH, in NuoEF the two bands have a slight shift to lower
frequencies while in NDF only the v; fundamental (850-830 cm™) is observed at lower
frequencies, where in complex | no changes are observed. In addition, in NuoEF and NDF the
v, fundamental band gains intensity changing the l16/ly1 ratio. It is important to note, that in
addition to these two proteins a second signal is observed, at 847 cm™ in NuoEF and at 850
cm™ in NDF.

The new band observed in the NuoEF and NDF spectra in presence of NAD" and
NADPH corresponds to the same vibrational modes. Site-direct mutagenesis in Tyr residues

#41.442 showed that when a population of deprotonated residues is embedded in

of viral proteins
a highly hydrophobic environment, they are able to give rise to an enhanced second
component of the v, fundamental mode that is usually at higher frequency in comparison of
the main doublet. This suggests that, upon binding of NAD" and NADPH to the NuoEFG
subunit (clusters N1a, N1b, N3, N4, N5 and N7), a motion of Tyr residues occurs where many
of the exposed residues will the buried within the structure. Furthermore, many Tyr will be in

the deprotonated state.

Upon binding of NADH, a minor displacement of the v, fundamental mode to lower
frequencies is observed in the NDF and complex | spectra, in comparison to the spectrum of
the oxidized form (see Figure 4.3-1.D). However in the spectrum of NuoEF this signal has an
important shift to higher wavenumber (~20 cm™), which points towards weaker hydrogen
bonding in the case of complex | and NDF upon the reduction with NADH and the contrary

can be suggested for the NuoEF subcomplex.
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Besides this, in the three proteins, an increase in intensity is observed for the v; mode.
Changes in the intensity are reflected in the l,16/lv1 (Igs0/ls20) ratio, where a higher ratio, as is
the case, indicates changes in the environment between the “exposed” and “buried” Tyr
residues, suggesting a higher quantity of exposed residues, where many of hydroxyl groups

become a donor of a strong hydrogen bond to a negatively charger acceptor®.

Trp - d(ring). In the spectra of complex | (Figure 4.3-17.C), the signal corresponding
to the 8(ring) mode at 876 cm™ of Trp residues does not present any significant shift upon the
binding of the nucleotides. This band corresponds to the Trp residues around N6a, N6b and
N2, suggesting that upon binding none of the Trp residues surrounding the clusters are

perturbed.

However, in the spectra of NuoEF (Figure 4.3-17.A) a new signal corresponding to
this vibrational mode arises upon binding, indicating the proximity to the clusters of Trp
residues upon binding. In general the frequency of the band reflects the strength of the
hydrogen bonds of the N;H site of the indole ring, in presence of NAD™ the signal is observed
at 878 cm™, while in presence of NADPH and NADH at 878 cm™, this frequency is related to

355, 443

strong hydrogen bonding

Arg, Lys - v(C-C)/ Phe - d(ring). The band corresponding to these vibrations was
observed in the oxidized state spectra (see Figure 5.2-5) at 1043 cm™ for NuoEF, 1038 cm™
for NDF and at 1032 cm™ in the complex I. With the binding of NADPH, the signal loses
intensity and in the case of NUoEF it arises at lower frequency (1029 cm™) where in NDF and
complex | it arises at higher frequencies, at 1050 cm™ and 1039 cm™, respectively.
Furthermore, a shoulder is depicted in the NuoEF and NDF spectra, arising at 1047 cm™ and
1056 cm™, respectively; this shoulder can be attributed to the Arg and Lys v(C-C) modes.
This shoulder suggests that many of Arg and Lys residues display different motions, while

some of them just remain unchanged.

As the ring breathing modes of the Phe (~1001 cm™) are not perturbed upon binding in
any of the samples, it can be depicted that the changes of this vibration is due to changes in
the side chain of Arg and Lys residues. The loss of intensity may be due to changes in the
position of the residues according to the cluster or, more probably to changes in polarizability

with respect to the distance between the atoms*'°.
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With NAD" and NADH, the signal arises at lower frequencies for NuoEF and the
shoulder at 1045 cm™ is observed, for complex | with NAD* the band is observed at 1056 cm’
! while for NDF and no major spectral differences are observed.

In summary, it can be suggested that the Arg, Lys residues around the Nla and N3
clusters in the NuoEF subcomplex are having some motions upon the binding of the
nucleotides, where with NAD" and NADPH the perturbation is more pronounced. The same is
observed in NDF upon the binding of NADPH, indicating that the Arg and Lys around the
clusters except N6a, N6b and N2 display different motions.

His —asym rock/ Ala — v(C-C). This mode was observed in the oxidized state at 1115
cm™ in NuoEF and at ~1125 cm™ in NDF and complex I. Upon the binding of NAD* and
NADH in NuoEF the band shift to 1127 cm™, while for NDF it shift 1121 cm™. No shift is
observed in complex I. In the presence of NADPH, for NuoEF the signal arise at 1122 cm™,
for NDF at 1121 cm™ and for complex I at 1126 cm™.

For NDF the effect of the binding of the nucleotides is the same, a small perturbation
of this residues can be suggested, while for complex | this perturbation is only observed in the
presence of NADPH. However, the spectral differences in NuoEF upon the binding suggest
that the His and Ala residues are more affected in the NuoEF subunits than in the rest of the

protein, where the effect is more pronounced in presence of NAD* and NADH.

vV(C-Ca)/ 6(Ca-H). The frequency of this vibration is directly related to the dihedral
angle of the backbone, the lower the frequency, the lower the angle, the band is only the
reflection of the most populated conformation.’® 2% 249 With the binding of all the
nucleotides the band arises at lower frequencies, except in complex I. In the case of NuoEF
the shift is more pronounced in presence of NAD* and NADH. Furthermore, a gain of
intensity is observed is all the samples, reflecting the general conformational changes due to
the binding.

Lys - 6(NHs")/ Tyr — ring breathing. The gain of intensity of this band is only
observed in the NUoEF spectra, in the oxidized state it was seen as a small shoulder at 1617
cm™, that was attributed to the (NHs") modes of Lys. The enhancement of the vibration is
more pronounced in the presence of NADPH, while the shift in frequency is more relevant in
presence of NAD* and NADH, where the signal arises at 1610 cm™, at this frequency also the
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contribution of the ring breathing modes of Tyr are also expected. The gain in intensity

usually is related to changes in the pKa of the side chain®*.
4.3.4.4 The v(C-H) region

In region above 2700 cm™, in NUuoEF spectra in presence of three nucleotides (Figure
4.3-19.A), the band corresponding to the His, Leu and lle residues observed at 2880 cm™ in
the oxidized state presents a shift to lower frequencies in presence of the three nucleotides.
For NDF (Figure 4.3-19. B) no major shift is observed for this band.
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Figure 4.3-19. Resonance Raman spectra of A. NuoEF subcomplex, A. NDF and C. Complex | in presence
of NAD", NADPH and NADH.

The main alteration from the effect of each one the nucleotides is evident in the signal
attributed to the combination of the His, Ser and Cys residues where of the NuoEF the
difference in frequencies lead to the relation: NuoEF-NAPH > NuoEF-NADH > NuoEF-
NAD", where the frequency of the NuoEF-NAD" is identical to the one observed in the
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spectrum of the oxidized form. However, in the NDF spectra the relation can be described as:
NDF-NADH > NDF-NADPH > NDF-NAD", which the frequency of NDF-NAD" is almost
the same as in the spectrum of the oxidized form. From these results it can conclude that, in
the case of the NAD" no changes in the dihedral angle of these amino acids are observed,
whereas in NUoEF the effect of the NADPH is more prominent than in the case of NADH.
This can be due to the difference in quantity of these residues in each one of protein, making
the effect more evident for the NuoEF subcomplex than in the fragment.

In complex I this contribution was observed in the oxidized state at 2977 cm™, where
in presence of NAD" it arises at 2984 cm™ and with NADH and NADPH it arises at 2970 cm”
! This indicates that the residues around N6a, N6b and N2 have very different behavior to
what was observed for NDF and NuoEF.

In addition to this, in the complex | spectra (Figure 4.3-19.C) the band arising from the
contribution of Leu, Lys and Leu, observed in the oxidized state at 2882 cm™, in presence of
NADPH it arises at 2877 cm™, whereas in presence of NAD* and NADH no changes are
observed. A similar pattern is observed in the band corresponding to the contribution of Phe,

Tyr and Trp arising at 3062 cm™.

The last variation in the contribution from the Thr and Pro, described in the oxidized
form at 2933 cm™, in the presence of NAD" the signal arises at 2937 cm™, whereas with
NADH and NADPH a second signal is observed at 2948 cm™. This suggest that in presence of
NAD" all the Thr and Pro residues in average have a different conformation while in presence
of NADPH and NADH some of them remain in the same conformation as in the oxidized

state.

These vibrational modes, for the analysis of protein, reflect changes in the micro-
environment. It is important to consider that due to the overlapping of several contributions
not much information can be deduced from their analysis®®® 3**. Nevertheless, it is typically
accounted that the lower frequency of the bands reflects narrower dihedral angles of the

amino acids involve in the backbone structure™® 4%,

In summary, from these vibrational modes, it can be concluded that for all the samples
NAD" does not exert any influence, whereas for NUoEF in presence of NADH; His, Leu and
Ile may have a narrower dihedral angle, and the Ser and Cys residues broader ones, where for

this second one the effect is more pronounced in presence of NADPH.
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For NDF, only major changes of His, Ser and Cys are observed, which in presence of
NADH the perturbation is more marked. In the complex | samples Thr and Pro residues are
perturbed in presence of NADPH and NADH, whereas in presence of NADH perturbation of
His, Tyr, Trp and Met were observed.

4.3.45 Conclusion

The reaction between the FMN and NADH is a two-electron reaction which is very
likely to be a hydride transfer reaction*** **°. The reduced flavin is re-oxidized by electron
transfer to the iron-sulfur clusters, presumably in two one-electron steps. However, further
knowledge of both the kinetics and thermodynamics of NADH oxidation is required to
understand how NADH oxidation is linked to energy transduction, conserving essentially

all the free energy” *%,

Efremov et al.?** *® showed the structures of the hydrophilic domain of complex |
from T. thermophilus with nucleotides bound. This study had revealed a juxtaposition of
specific interactions between the protein and the nucleotide, in specific stacking interactions
between three Phe residues and the adenine ring, besides a number of hydrophobic

interactions, and hydrogen bonds to the nicotinamide carboxyamide.

Upon binding, the nicotinamide ring of NADH forms a stacking interaction with the
isoalloxazine ring of FMN, this interaction provides a favorable geometry for fast hybrid
transfer between the C4-N of NADH and N5 of FMN,* which is also observed in our results.
Alternatively, it can been proposed that NADH and NAD", form an hybrid mechanism,
where the turnover of the protein is directly regulated to the concentration of NAD" in the
environment and the ROS production. This is reflected by the differences first in the
v(C4=0), in the oxidized state the oxygen molecule is externally weak, taking in count the
state of the protein as, a steady state, each reaction functions as a two-substrate reaction
except in the case of NAD". That kind of reaction is already achieved by the substrate given
to the protein. Furthermore, the result points towards Ns-H groups surrounded by a
negatively charged surface without hydrogen bond formation and the hydrogen bonding of
the C,=0.

From the metal-ligand vibrations the results suggest that the reduction of the [2Fe-2S]
clusters have as consequence the distancing of the Fe orbitals, whereas in presence of NAD"
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changes in the geometry of the cluster are more associated with narrower dihedral angles and
with NADPH, wider ones. As it was shown, Nla in the NuoEF subcomplex was partially
reduced or not reduced at all, suggesting that N1a in A. aeolicus and the N1a in E. coli do not

have the same reduction mechanism.

For the [4Fe-4S] clusters, N3, N4 and N5 N5 in presence of all the nucleotides, the
coordination of the Fe-S changes to a more “relaxed” state, while N6a, N6b and N2 are likely
to have “rigid” Fe-S° bonds. The “relaxed” centers are likely to be faster electron transfer than
the “rigid” centers, where in the latter ones, the reversibility to an oxidized state is slower due

to the change in the energy of the Fe-S bridging bonds.*®’

In summary, it can be concluded that the conformational changes that follow the
substrate binding have a great effect on the cysteinyl coordination of the Fe-S cluster even
if there is no electron transfer. Moreover, the redox properties of the cofactor modulate the
changes in the protein structure and the changes in structure have a modular effect in the
metal coordination of the Fe-S clusters.

Even if the electron transfer takes route defined by the successive sites of redox
centers, the electrons do not go directly from NADH towards the ubiquinone molecule; they
frequently jump back and forth between neighboring redox centers with the result that net flux
of electron through Complex | (net number of electrons reducing a ubiquinone) is far smaller

than the number of redox reactions that actually occur.

The reduction potential of the FMN in the enzyme’s active site is lower than that of
free FMN (thus, the oxidized state of the FMN is most strongly bound) and close to the
reduction potential of NAD". Consequently, the catalytic transformation is reversible. The
conformational changes observed with the bound NAD™ in all the samples around the cluster
environment may reflect the effect of this process. It may be the cause why, in the presence
of NADPH, these changes are not seen. Due to the environment of the protein, many
hydrophobic residues complement the electron charge occasioned by the NADPH to NADH
reduction. In this case, the protein in all the states presents a kind of inhibition, and this

effect is especially enhanced for N1la.
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4.3.5 Site-direct mutagenesis in NuoEF and NuoB subunits

According to previous studies, there are certain amino acids that can have an important
effect on the midpoint potential of the cluster® ¥ ?*°_ In eukaryotes, neutral residues as Val,
Ser and Pro, even if they are not part of the Fe-S cluster motif have been considered to be
involved in crucial hydrogen bonding® **°. This hydrogen bonding network can influence the
pH-dependent redox reaction in the case of N1la and N2 clusters, in contrast to the other

clusters.

Site-directed mutagenesis allows the examination of the possible influence of several
amino acids around the cluster motif. Previous studies have presented a series of residues that

|1 1% 229 |5 this section mutation of

are conserved among several species in complex
conserved residues around the N2 and N1a cluster will be analyzed in order to learn more

about their special properties and crucial roles.

4.35.1 Studies in NUuoE variations in A. aeolicus

A.aeolicus NuoEF subcomplex is part of the NADH dehydrogenase fragment. It has a
molecular mass of 66 kDa and contains three cofactors: FMN, N3 and Nla. In previous

studies the structure of this subcomplex was solved to 1.9 A%%,

As explained above Nla has its binding motif in the NuoE subunit (See section
1.4.2.2-Figure 1.4-3). The motif of this cluster has a special feature, the Cys are connected
into two loops (See Figure 4.3-20.A), loop 1, between Cys83 and Cys88 (T. thermophilus
nomenclature) and loop 2 between Cys123 and Cys128. Another important region to consider
is the C-terminal B-strand (CT-p), previous structural studies revealed that this region shares
secondary structural elements among several species and might be part of the loop that
regulates the potential of the cluster®. Furthermore, the amino acid residues responsible for
substrate binding as well as the cluster motif are conserved in both subunits of the protein,
making this subcomplex a suitable structural tool to serve as model for the studies of the site
of input of the first electron in complex I.

The midpoint potential varies with the species; by protein film voltammetry the E. coli
and A. aeolicus N1a cluster showed a midpoint potential between -280 to -240 mV (vs. SHE);
for B. taurus, P. dentrificans and T. thermophilus it is between -420 to -370 mV (vs. SHE). It
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can be noted that E. coli and A. aeolicus have a higher redox potential, making them “high-
potential” cluster in comparison to the complex I of the rest of the species studied that can be

classified as “low-potential” clusters.

CT-p of the A. aeolicus NUoEF contains a Val residue (\Val136) which was exchanged
against Met. As seen in B. taurus and Y. lipolitica, the loop 1 contains a Val residue (V90
corresponding to Ser86 in T. thermophilus) that was exchanged against a Pro residue. These
mutations were done in order to incorporate residues that belong to the “low-potential” Nla
cluster (Pro and Met) hence attempting to modify N1a from being a “high-potential” cluster to

a “low-potential” cluster.

A
<——Loop 2
Loop 1 p
X
C
Loop 1 Loop 2 CT-p
B — " .
B. taurus IQVCTTTPCMLRN 113 EVECLGACVNAPMVQINDN 159
Y. lipolytica LOICTTTPCQLCG 109 EVECLGACVNAPMMAINDD 155
E. coli IRYCDSVVCHING 102 PTCCLGNCDKGPNMMIDED 148
T. thermophilus LOVCATLSCKLAG.93 KVECLGSCHTAPVIQVNDE 139

Figure 4.3-20. A N1la cluster motif, loopl labeled in red and loop2 labeled in purple, mutated residues (T.
thermophilus nomenclature) are labeled in pink. (PDB:4HEA) B. Alignment of the sequences of the 24 kDa
subunit (B. taurus, UniProt code P04394), NUHM (Y. lipolytica, UniProt code Q9UUTY), NuoE (E. coli,
UniProt code POAFD1) and Nqgo2 (T. thermophilus, UniProt code Q56221), indicating important features
(yellow and grey). The arrows indicated the mutated residues. Adapted from Birrell et al. ®

Martha Vranas from Prof. Friedrich’s group (Institut fur Biochemie, Albert-Ludwigs-
Universitat Freiburg im Breisgau) performed kinetic and EPR measurements besides X-ray

crystallography as a collaboration in the aim to characterize this subcomplex. In our group
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UV/visible titration were done in order to determine the midpoint potential of these variants as
well as a complete spectroscopic characterization by FT-IR and RR of the oxidized and
reduced states.

Table 4.3-4. Characterization of the A. aeolicus variants and the N1a redox properties.

NuoEF Km [kMT™ EPR (detectable)™ Nla En
Nila N3 (mV vs. SHE)
WT 0,9+0,1 + + -254%%°
V136M 0,8+0,1 + + 241+ 4,3
VI0P 0,55 + 0,05 - + 192 +£5,1
VI0P/V136M 0,1 0,05 - + 202 5,3

Table 4.3-4 shows an overview of the midpoint potentials, it can be seen that the
NuoEF-V136M mutant has a similar properties as the ones displayed by the WT. NuoEF-
VO0P displays 50% less activity compared to the WT whereas the activity of NuoEF-
VVI0P/V136M is completely abolished; the midpoint potential of both variations shifts to more
positive value. The details of the titration as well as the Nernst curve fitting can be found in

the appendix Figure 7.2-8.

Birrel et al.® performed site-direct mutagenesis of the conserved residue Val against
Pro in the E. coli NuoE subunit and Pro against Val for the homologue NUHM subunit in Y,
lipolitica and the 24 kDa from B. Taurus. As a result, N1la from E. coli was transformed into a
“low-potential” cluster and N1a from Y. lipolitica and B. taurus were transformed into “high-
potential” clusters. Exchanging both residues (Val90/Val136) increases the potential in the B.
taurus and Y. lipolytica proteins by ~160 mV, and decreases the potential in the E. coli protein
by 100 mV.

In this work, the mutations VO0P and the double mutant, VO0P/VV136M give rise to
more positive midpoint potential. This may indicate that in NuoE from A. aeolicus the
residues have a different influence that in the Nla cluster from previously described
organisms.® The different sphere of coordination shows that a third hypothesis should be

made. In thermophilic organisms usually the structure is more rigid as part of a setup to the
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adaption to an extreme environment. In the case of N1a in A. aeolicus the environment of the
cluster is highly hydrophilic in comparison to its E. coli counterpart, for example. This
difference in the environment may be the cause of the differences between what was expected

and what was obtained.

The crystal structure of NUuoEF V0P revealed a conformational change at the loop
that coordinates the Nla cluster (Figure 4.3-21). In this variant the main carbonyl chain of
some residues (11e89, His92 and Leu93) shift towards the Fe-S cluster binding site, causing a
conformational change in the second coordination sphere of Nla (residues Glu333 and
Asp330).

Figure 4.3-21. Structure comparison of NuoEF V90P (cyan) and NuoEF WT (grey) from A. aeolicus. Red
arrows show the conformational changes of the main chain. Relevant residues are labeled. Adapted from
Vranas.?*

435.1.1 Infrared spectra

ATR-MIR spectroscopy (Figure 4.3-22) showed that V136M has the same spectral
characteristics as the WT, except in the v(C-H) region (signal at 3068 cm™). On the other
hand, NuoEF-V90P and NuoEF-V90P/VV136M showed changes in amide A, amide B and the
v(C-H) indicate the possibility of perturbation in the hydrogen bonding of the protein.

Besides, changes in amide Il are seen in NuoEF-V90P indicating a perturbation of the
protein backbone, in the case of NuoEF-V90P/VV136M a similar shift of amide Il is observed
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but also amide | is displaced, indicating that in the double mutant not only the N-H and C-N
motions are changed due to the mutations but also the C=0 backbone.

Amide A Amide B V(C-H)

5(CH,)

—WT Amide | Amide Il pef (CH,) Amide III
—V136M o N N U U W
—Va0P =
——VO0PV136M - © — W

pridpad —V136M

h pin —V90P

s —V90P V136M

0,5Abs

T I T T T T T T T T
4000 3500 3000 2300 1700 1600 1500 1400 1300

1
Wavenumber / cm Wavenumber / cm”

Figure 4.3-22. ATR-MIR spectra of NuoEF WT and NuoEF mutants. The differences between the WT and
the mutants are highlighted in colors.

The deconvolution of amide | (Figure 7.2-9 appendix) showed that NuoEF-V136M has
the same secondary structure composition as the WT sample, whereas NUoEF-V90P (Table
4.3-5) presented changes in the percentage of all the components as well as the NuoEF-
VVI0P/V136M. This suggests that these mutants have very different structures in comparison
to the NUOEF-WT.

In Figure 4.3-23 the spectra of the NuoEF WT and the different mutants are displayed,
the complete assignment of the observed bands can be seen in Table 4.3-6, where the main

shifts between the proteins are highlighted in bold blue.
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Table 4.3-5. Amide | deconvolution from the spectra of the NuoEF WT and its mutants

(in parenthesis the frequency of the secondary structure component assigned)

%) WT V136M VI0P | VIOP/V136M
o-helix 30,9 30,9 26.1 413
(1657/1649) | (1657/1649) | (1667/1657) | (1668/1655)
B-sheet 28,5 28,5 36,6 374
(1618/1630) | (1618/1630) | (1629/1642) | (1629/1642)
B-turns 21,9 21,8 10.1 21,3
(1674) (1674) (1681) | (1681/1673)
Random 18.7 18.6 27,2 --
coll (1643) (1645) (1650)

From the metal-ligand vibrations the main perturbation due to the mutations are

around the v(Fe-S) terminal modes; the shifts are more pronounced in the case of NuoEF-
VI0P and NuoEF-V90P/V136M. Displacements of the (C-C-N) and 6(C-S) modes are also

seen for these two mutants. This indicates that these mutations have a direct effect on the Cys

coordination, but the perturbation does not influence the shape and orientation of the cluster,

as it does not affect the bridging modes.

1,0 1

0,8

0,6 H

Abs

0,4

0,2 4

0,0

— WT

— V136M
— V90P

—— V90PV136M

700

Figure 4.3-23. ATR-FIR spectra of NuoEF WT and the different NuoEF mutant of A. aeolicus.
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The most relevant spectral difference between the WT and the mutants is the hydrogen
bonding collective modes. This vibrational mode is characterized by a band with two peaks.
As seen in MIR and the metal-ligand vibrations, the NUoEF-V136M spectrum is very similar
to the WT. For NuoEF-V90P, the first peak seen at 161 cm™ in the WT, arises now at 159 cm’
! whereas the second peak at 97 cm™ in the WT appears now at 119 cm™; not only the
frequency changes but also the shape of the band. In the WT the first peak has a higher
intensity than the second one; in this spectrum the second one changes from being a shoulder
to become a well-defined peak. For NuoEF-V90P/VVal36Met this characteristic is even more
pronounced, where the second peak now has higher intensity and lower frequency, arising at

54 cm™ and the first peak becomes a shoulder arising at 159 cm™.

Table 4.3-6. FIR modes of the NuoEF WT and the different mutants.
(Highlight in bold blue are the modes shifted in the variations)

Modes Fe-S cluster WT V136M VI0P VI0P/VV136M
3(C-S) All 627 627 630 632
v(Fe-S) N3 595 595 595 596
Bridging
Amide VI -- 525 525 525 527
3(S-Ca-CpB) N3 488 488 489 488
d(C-C-N) All Cys side 466 463 464 461
chains.
v(Fe-S) N3 413 414 413 415
Bridging T1
v(Fe-S) N3 375 374 374 374
Bridging T1
v(Fe-S) Nla 352 351 358 361
terminal
v(H...O) -- 161 161 159 159
Collective
modes 97 97 119 54

As a general rule for this vibration, the lower the frequency, the stronger the hydrogen
bonding. One of the plausible explanations is that more water molecules gain access to the

inner part of the protein, therefore interact with the backbone of the protein and further
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stabilize the structure. This stabilization can also be reflected by the higher midpoint potential

of the Fe-S cluster.
4.35.1.2 RR spectra

In Figure 4.3-24 the RR spectra in the low frequency range represent the symmetric
and asymmetric metal-ligand vibrations of Nla and N3, the main shifts of Nla in the
vibrations corresponding to N1a are highlighted. A comparative overview of all the observed
bands, according to the assignment made before for N1a and N3 (see section 4.3.2) can be
seen in Table 7.2-2. (Appendix). As the aim is to compare the effect of the mutations around
N1a, Table 4.3-7 shows a summary of the metal-ligand vibrational modes corresponding only

to this cluster.
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Figure 4.3-24. RR spectra of the NuoEF mutants. The vibrational modes highlighted are the ones affected
by the mutations.
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In general, a decrease in the intensity of the signals corresponding to the metal-ligand
vibrations is observed in the NuoEF-V90P spectrum and the effect is more pronounced for
NuoEF-V90P/V136M, this indicates that the mutations destabilize the CT transfer that give
rise to the enhancement of the of Fe-S vibrations, where the transition from the ground to the
first excited state takes place. This is in line with the UV/Vis spectrum described by

Vranas®®?,

An important vibration is the fundamental Ag Fe-Fe. This mode is a correlation
measurement of the distance between the two Fe atoms, as the vibration arises from the
motion of the Fe atoms toward each other?. In NuoEF-V90P and NuoEF-V90P/V136M the
signal arises at 222 cm™ and 216 cm™ respectively, in comparison to the WT at 211 cm™,
indicates an overlapping of the Fe orbitals.

Table 4.3-7. N1a metal ligand vibrations by RR spectroscopy of the NuoEF subcomplex WT and its
variants from A. aeolicus (laser: 514.5nm)

Modes WT V136M VV90P VI0PRO/
V136M
A, Fe-Fe 211 209 222 216
Bridging(B,) -- 243 245 --
£ [Terminal(Ba) 261 259
é Terminal(B,g) 319 320 322 320
C?I Bridging(A,) 335 334 334 338
= Bridging(A,) 388 387 387 388
Bridging(B,.) 404 404 414 413
Bending Fe-S-C+ A, 484 485 488 488
motions overtone
Fe-S 2x T, (E) 527 528 535 534
Overtones
C-S 621 622 629 611
Stretching -- 642 641 641

The frequency itself is not an indication of the metal-metal bond strength, but higher
frequencies suggest a substantial Fe-Fe interaction'; nevertheless, weak bonds are found to
give larger intensities because of their dependence on the polarizability on the cube bond

distance®®*. Not only changes in the frequency are observed, the shape of the band becomes
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broader in the spectra of the mutants, this indicates a decrease of the intensity that involves

mutual displacement of the Fe atoms (see Figure 4.3-12).

In addition, In the NuoEF-V90P and NuoEF-V136M spectra two signals arise at ~243
and 261 cm™ that are not seen in the WT nor NuoEF-V90P/V136M spectra. In the WT, as the
bands have a low intensity they could not be correctly assigned; although in the NuoEF-
VVI0P/V136M spectrum these band are not enhanced at all, indicating that this protein is more
photosensitive than the other samples, this can also be observed from the intensity of the
metal-ligand vibrations with respect to the amino acid vibrations, where the first are half of
the intensity observed in the NuoEF WT and NuoEF-V136M

Besides, it is evident that the mutants NuoEF-V90P and NuoEF-V90P/VV136M present
differences in the v(Fe-S) terminal modes more than the v(Fe-S) bridging modes. In these
mutations the terminal modes arise at higher wavenumber, indicating a loss of energy by the
bonds that coordinate the metal center, this corroborates with the results observed in FIR.
Nevertheless, for the v(C-S) modes above 620 cm™, the symmetrical vibrational mode in
NuoEF-V90P goes to a higher frequency while in NuoEF-V90P/V136M it shifts to lower
frequency. The effect of the mutation on the vibration is more pronounced in the later one

where the signal is observed at 611 cm™.

Another important characteristic in the RR spectra of the mutants is that the three
variations affect the Fermi doublet attributed to the contribution of Tyr residues in the same
manner. These vibrational modes were seen in the WT at 812 and 833 cm™, the second
component corresponding to the symmetric ring breathing vibrations (fundamental mode v;)
arise at ~850 cm™ in the three mutations. It may be noted that the fundamental mode v; is
sensitive to changes in the environment; conformations of the surrounding amino acid chains
are usually the cause of these changes. A higher frequency indicates that many of the Tyr
residues are now exposed to the solvent, whereas in the WT structure they were interacting

with other side chains.

In the WT the ratio between these modes was Ivigy/Ivi: 0.3, indicating that the
hydroxyl groups of several Tyr residues present in the structure act as donors forming strong
hydrogen bonds, these Tyr residues are described as “buried” within the structure. For the
mutants NuoEF-V90P and NuoEF-V90P/V136M as the intensity of the vig, mode is higher,

the Iviga/Ivy 1S 0.35 and for NUOEF-V136M is Ivie/Ivi: 0.45. However, it is important to note
200



Results — NuoE variations

that for the NuoEF-V136M this is the only spectral characteristic that differs from the
spectrum of the WT.
Table 4.3-8. Amide vibrational modes and amino acid side chain contributions of NuoEF WT from A.

aeolicus and its variants by Raman Spectroscopy.(Assignment were done based on the studies of Jenkins et
al.*® and lanoul et al. %)

Fermi Tyr 812 816 816 811
doublet 833 851 849 850
876 878 876 876
dring Phe 1004 1003 1004 1001
v(C-C) Arg, Lys 1032 -- -- --
dring Phe
OH-def Thr 1043 1039 1041 1040
motion
Nt-H asym His 1115 -- -- --
rock
v(C-C) Ala
NHs" asym Lys 1141 1124 1125 1125
rocking
CPp-twist Ile 1153 -- -- --
3(CY1-CB-CY2)
d (C-H) Phe 1184 1174 1171 1179
v (ring-0) Tyr, Phr, 1206 1207 1207 1207
Trp
B-sheet 1226 1235 1227 1242
E T80 Rand_om 1276 1277 1278 1276
S2000 coil
§ B E a-helix 1310 1309 1310 1309
d(Ca-H) 1340 1334 1333 1333
d(Ca-H) Cys 1415 1419 1421 1421
d(CH,) Leu, Lys 1448 1447 1449 1447
CH3 asym Met 1527 -- 1524 --
def
v(C-N)+ Amide 1l 1553 1551 1554 1555
d(N-H)
v(C=0) Phe 1569
v(C-C) His 1587 1584 1584
S(NH3") Lys 1611 1616 1615 1614
v(C=0) Amide | 1659 1658 1660 1656
Lys, Leu, lle 2880 2880 2876 2873
lle,Ser 2935 2929 2930 2934
’f Cys, His, Ser, 2966 2973 2980 2973
o Leu,Trp, Gly,
o Lys
Trp, Phe, 3062 3062 3057 3059
Tyr
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Above 800 cm™, a summary of all the bands and their assignments can be seen in
Table 4.3-8. Three new bands arise in the mutants’ spectra, at 1032, 1115 and 1153 cmt, As
seen in the crystal structure (Figure 4.3-21) lle 89, His92, Leu 93 have different orientation in
NUuoEF-V90P, this change in orientation in some amino acids may be reflected in the

enhancement of their vibrations.

Additionally, changes in the 8(C-H) and the v(C=0) modes of Phe are observed. For
the first vibrational mode, in the WT the band arises at 1184 cm™, in NuoEF-V90M it is seen
at 1174 cm™, in NuoEF-VO0P at 1171 cm™ and in the doubled mutant at 1179cm™. Changes
in the frequency of this vibration are related to the dihedral angle motions (Figure 2.4-2),
indicating that in the mutation the Phe residues have a different orientation. A similar pattern
is seen for the band of the v(C=0) modes, where for the WT the signal arises at 1569 cm™, for

the mutants it is seen at 1584 cm™.

The Cys 8(Ca-H) modes are also perturbed, whereas for the NuoEF-V136M the signal
arises at 1419 cm™ for NuoEF-V90P and NuoEF-V90P/V136M it arises at 1421cm™, for this
vibration, the dihedral angle of the Ca with the C=0O (y) exerts an influence, where the

310

broader the angle the lower the frequency will be®™, indicating that the Cys residues in the

WT have a broader angles than in the rest of the samples. The difference in the frequency had

been also associated with the formation of disulfide bonds>®°.

From the amide vibrations, changes in the amide III corresponding to the f-strand
component present an upshift in the case of NuoEF-V136M and NuoEF-V90P/V136M.
Additionally, a slight shift of amide Il and amide I is evident in NuoEF-V90P/VV136M spectra,
corroborating the observed changes in MIR, pointing towards important changes in the
secondary structure in the case of the double mutant.

Furthermore, the modes corresponding to the 8(Ca-H), present a downshift, from 1340
cm™ in the WT to ~1333 cm™, indicating motions of dihedral angle of several residues, as it
was seen for the Phe and Cys residues.

In the v(C-H) modes above 2700 cm™ (Figure 4.3-25), changes are observed in the
contribution from His, Leu and lle, the band the NuoEF WT arises at 2880 cm™ in the WT
and NUuoEF-V136M, whereas for the NuoEF-V90P it arises at 2876 cm™ and for NuoEF-
VI0P/V136M at 2873 cm™. A similar displacement is seen for the band corresponding to
the His, Phe and Tyr contribution, where shifts are only seen for NuoEF-V90P and NuoEF-
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V90P/V136M. Nevertheless, for the contribution of Cys, His, Ser, the signal presents a shift
for the three mutants, going from 2966 cm™ in the WT to 2973 cm™ for NuoEF-V136M and
NuoEF-V90P/V136M and for NuoEF V90P the band is observed at 2980 cm™.

— V136M

2929

2973
2880

3062

— VI0P

2980
2930
2876

3057

VIOOP V136W

3200 3100 3000 2900 2800 2700

Raman shift / cm™
Figure 4.3-25. v(C-H) region of the RR spectra of NuoEF mutants from A. aeolicus

Changes in this region indicate variations of the hydrophobic groups. As described
before, many of the shifts reflect changes in the dihedral angles of the structure; even if the
motions in the angles are small the enhancement given by the resonance effect of the

technique provides an amplification of the bonds perturbed.
4.3.5.1.3 RR spectra — reduced state

In order to obtain the reduced state, dithionite and NADH were added to the samples
according to the conditions explained in section 4.3.4. The spectra shown in Figure 4.3-26
correspond to the reduced state of NZ1a and N3 clusters with dithionite and NADH in low
frequency region. In order to assure the reduced state of the samples, the band at 732 cm™
and 788 cm™ corresponding to the isoallazine ring of the FMN were monitored, as seen in

the complex I, NDF and NuoEF WT samples (see section 4.3.2 and 4.3.4.2).
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Figure 4.3-26. Resonance Raman spectra of NuoEF mutants in the reduced state. A. with NADH and
B. with dithionite

The first characteristic that is evident from the spectra, is the change in intensity (see
section 4.3.4.1), the spectra obtained in the reduced state are an order of magnitude less
than for the oxidized proteins. RR band depend critically on the symmetry and structural
distortion in the electronic excited states, hence the changes in the intensity had to do with
changes in the energy of the CT of S—> Fe™ in the excited state*”. In general the bands
corresponding to the v(Fe-S)' lose intensity while the bands corresponding to the v(Fe-S)b
gain intensity. In order to better compare the spectra, normalization was made taking as

reference the contribution from the signal at ~812 cm™.

For the v(Fe-S) modes two different sets can be distinguish according to the redox
state of the Fe atom, Fe(111)-S', Fe(I1)S', Fe(I)-S' and Fe(Il)-S°, the assignment and
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properties was compared to the theoretical calculations and experimental approach of the

studies of Yachandra et al.*°, Moulis et al. °, Han et al.'* **'and Staples et al.*",

The Ag Fe-Fe modes. Comparatively, the band corresponding to the Ag Fe-Fe
vibration (210-220 cm™) (Figure 4.3-27), in the spectrum of the reduced NuoEF-V136M
(Figure 4.3-27.B), goes to higher wavenumber. However, for NuoEF-V90P, in both
reduced samples, the band shifts towards lower frequencies, where the effect is more
pronounced in presence of NADH arising at 210 cm™ (Figure 4.3-27.C). For NuoEF-
VI0P/V136M, the spectrum in the reduced form with NADH, this band presents a slight
shift to lower frequency, from 216 cm™ to 212 cm™, whereas in presence of dithionite no

displacements are observed.

A

211

240 220 200 180
Raman shift f cm”

Figure 4.3-27. Comparison of band corresponding to the Ag Fe-Fe mode in the oxidized state (bold
line) and in the reduced state with NADH (solid line) and with dithionite (dotted line) of NuocEF-
WT(A), NuoEF-V136M(B), NuoEF-V90P(C) and NuoEF-V90P/VV136M (D).

In NUoEF-WT (see section 4.3.4.1), the reduction with NADH slightly affects the
frequency of the signal, going from 211 to 206 cm™ (Figure 4.3-27), but the shape of the
band changes and it loses intensity upon reduction and becomes broader. In comparison,
each one of the mutants presents a particular behavior. As explained above (section

4.3.4.1) a lower frequency of this vibrational mode implies less Fe-Fe interaction; implying
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lower energy of the vibration itself*2. This is the case of the NUoEF-V90P, whereas for the

NuoEF-V136M the opposite can be suggested.

With dithionite, a stronger reducing agent, a higher interaction between the Fe atoms
Is seen on the NuoEF-V136M mutation, this might indicate that in presence of NADH the
cluster it is partially reduced whereas with dithionite a complete reduction of the cluster is

achieved.

Additionally, what is intriguing is that in the case of the NuoEF-V90P/V136M in
presence of dithionite, Ag Fe-Fe the vibration does not present changes and for NuoEF-
V0P the displacement of the signal is smaller than in the reduced state with NADH. An
explanation might be that as in the oxidized state NuoEF-V90P/VV136M, the frequency and
shape of the signal suggested that the Fe orbitals are overlapped; in presence of a strong
reduced agent as dithionite no electron transfer is observed.

The v(Fe-S)® modes. For the bridging modes, a general shift to higher wavenumbers
is observed in all the samples. The B, mode (245-265 cm™) (see Figure 4.3-28) from ~243
cm™ in the oxidized state of NuoEF-V136M and NuoEF-V90P it arise at ~258 cm™ in all
the reduced samples. The increase in intensity and the shift of the band to higher frequency

indicate a major contribution of Fe(11)-S® modes.

It is important to remark that in NuoEF-V90P/VV136M this band is not observed, this
indicates that the double mutation changes the characteristics of the cluster, for instance the
symmetry of the cluster, where a C,, symmetry may no longer describe the properties of the
metal-ligand vibrations. As it was observed during the experiment, from the three samples,
this mutant was the most photosensitive, it might be that damage in the protein due to the

laser exposure affected the enhancement of the metal-ligand vibrations.

The A; mode, ~ 335 cm™, in the reduced state with NADH presents a slight shift to
higher wavenumbers, whereas in the reduced state with dithionite the signal presents a
decrease in the intensity. This mode does not present contribution from the Fe(l1)-S°, the
loss of the signal indicates a complete reduction of the cluster. This indicates that in

presence of NADH, only the protein in only partially reduced.

The By, modes of NUOEF-VV136M were similar to the NuoEF-WT in the oxidized

state, upon reduction the bands have a shift to higher wavenumbers, arising at 408 and 420
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cm™ for NUoEF-V136M spectra, a similar pattern is observed in the reduced spectra of
NuoEF-V90P. These vibrations arise from the motion of the S° atoms pointing to one
direction and the Fe atom toward the opposite direction, the splitting of the signal points out
that of each set of Fe-S has a different orientation upon reduction. While lower frequencies
are associated with Fe(I1)-S° and higher with Fe(I11)-S™2 3%,
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VO0P/NV136M —— VO0P

400 350 300 250 400 350 300 250
Raman shift / cm™ Raman shift / cm™

Figure 4.3-28. Contribution from the v(Fe-S)b and the v(Fe-S)' modes of NUoEF variants in their
reduced state with A. NADH and B. dithionite. The bolded lines in each spectrum correspond to the
oxidized state.

Figure 4.3-29. Eigenvector for the normal mode of B,, v(Fe-S)°. Adapted from Han et al*%.
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The v(Fe-S)' modes. The Bz, modes of in all the samples have their corresponding
symmetric component (~287 cm™). The first component has increased in the intensity upon
reduction, whereas the second has decreased (see Figure 4.3-28). An increase of intensity to
the symmetric component is associated with modes primarily involving v(Fe(I1)-S)" ?® this
indicates that at least one of the two Fe atoms in reduced. These changes are more visible in
the reduced NUuoEF-V136M spectrum than in the reduced NuoEF-V90P, whereas in the
reduced NuoEF-V90P/VV136M no changes are observed.

The Byg v(Fe(l11)-S)" mode, ~319 cm™, is a useful indicator of the conformation and
hydrogen bonding interaction of the cysteinyl residues ligating the localized valence of the
Fe(l1) site. Hydrogen bonding to a metal-coordinated S ligand usually results in a decrease
of intensity, as they reflect differences in the Fe-S'-C-C dihedral angles of the coordinated
cysteines. It is evident that in NuoEF-V136M and NuoEF-WT a decrease of the intensity is
observed, this effect if even more prominent in the second, indicating a stronger hydrogen
bonding upon reduction. Furthermore, for the reduced NuoEF-V90P, the shift to higher
frequency points toward an increase in the energy of the bond. This suggested that as
general rule that the Fe (111)-S bonds strength varies as a result of protein conformational

difference.

The bending motions. Above 420 cm™ change in the bending motions are
represented by three bands (Figure 4.3-30), whereas only one of them was observed in the
oxidized state (~485 cm™). This band corresponds to the coupled vibration of Fe-S-C + A;
overtone (Table 4.3-7). Upon reduction for NuoEF-V136M, this band presents a higher
enhancement and a slight shift to higher frequencies, indicating a wider dihedral angle®®.
Nevertheless, in the reduced NUuoEF-V90P spectra the opposite is observed, the band

decrease in intensity and no significant changes in the frequency are observed.

Furthermore, upon reduction two other bands appear or gain enhancement. The first,
arising at 467 cm™ and 472 cm™ in the reduced spectra of NUoEF-V136M corresponds to
the C,-Cp-N modes from the N3 cluster, as for NuoEF-V90P, a similar pattern is observed
of the for the reduce NuoEF-WT. The second band arises at 455 cm™ both reduced spectra
of NuoEF-V136M and NuoEF-V90P, where in the first the enhancement is higher. This
band can be assigned to the C,-Cg-N modes of Nla. The C,-Cg-N modes of [2Fe-2S] are
only enhanced when the Fe-S'-C-C dihedral angle is higher or equal to 190°, this can be

caused by changes in the force constant of the cysteinyl coordination. Typically, changes in
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the dihedral angles are the cause of the pattern observed in the displacement of the bridging

vibrational modes, as the ones observed before.
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Figure 4.3-30. v(C-S) stretching and bending motions of of NUoEF variants in their reduced state with A.
NADH and B. dithionite. The bolded lines in each spectrum correspond to the oxidized state.

It seems that the ability of the N1a cluster to be reduced has to do with the ability of
Cys to change coordination where the interaction between the cluster motif and the metal
center exerts a constant force making the dihedral angle higher than 180°. However it is
very unlikely that the four Fe-S-C-C dihedral angles change uniformly from one state to the
other, the VVO0P gives the idea which that the Cys residues which changes are Cys87 and
Cys91 (Figure 4.3-21) in Loop 1 (Figure 4.3-20).

The C-S stretching. Above 600 cm™ the two bands corresponding to the C-S
stretching modes present a higher enhancement in comparison to the bands observed in the
oxidized state, these bands are observed at ~622 and 640 cm™. This behavior is observed
for the reduced spectra of NuoEF-V136M and NuoEF-V90P, as well as it was for the
NUuoEF-WT. Nevertheless in the reduction with dithionite in both spectra a new signal is
observed ~667 cm™. This signal indicates that one of the Cys residues upon reduction
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presents a different coordination from the rest. This leads to deduce that the reduction with
dithionite has further effects on the coordination than what is observed with NADH. It is
important to recall that this vibrational modes are a combination of the [2Fe-2S] and [4Fe-

4S], so the contribution of N1a from N3 cannot be distinguished.

Amino acid side chains contribution. Following the observed pattern in the metal-
ligand vibrations the spectra of the reduced state of NuoEF-V90P/VV136M (Figure 4.3-31)

do not present any changes in comparison to the oxidized form.

A

“
. . pa o w . ]

o NoOoeF =] o oy, N o oo

= . 3 A -+ L SSEhgy.o

<

1800 1600 1400 1200 1000 1800 1600 1400 1200 1000

Raman shift/ cm’ Raman shift/ cm’
Figure 4.3-31. v(C-H) region of the resonance Raman spectra of the reduced NUoEF variants with A.
NADH and B. dithionite

Nevertheless, for the other two mutants, the d(ring) mode of Phe shows an important
perturbation upon reduction, in the case of reduced NuoEF-V136M with NADH no changes
are observed but in the reduced form with dithionite the signal gains intensity and arises at
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996 cm™. A similar behavior is observed in the spectra of both reduced NuoEF V90P for

the band corresponding to this vibrational mode.

The other signal corresponding to the 6(C-H) modes of Phe, seems perturbed only in
the reduced NuoEF-V90P, where it shows an upshift (from 1171 cm™ to 1178 cm™). This
indicates that in the NuoEF-V90P not only motions of the side chain are observed but also

changes in the dihedral angle.

The Thr contribution from the OH-def motions, does not present any changes in the
reduced NuoEF-V136M but in the reduced form with dithionite it appears at higher
frequencies arising at 1060 cm™ (oxidized: 1039 cm™), for NuoEF-V90P in both reduced

spectra the signal arises as well ~1060 cm™.

The Cys 6(Ca-H) modes also present a displacement. A similar pattern is seen for the
reduced NuoEF-V136M. With NADH no changes are observed but with dithionite the
signal arises at higher frequencies, appearing at 1424 cm™. For the reduced NuoEF-V90P
the changes display a different behavior, where in presence of NADH the signal is at 1412
cm™ whereas with dithionite it arises at 1424 cm™. This points towards a difference in the
dihedral angle upon reduction, where in the case of NADH the Cys residues have a

tendency to have wider angles with dithionite the dihedral angles, becomes narrower.

Amide vibrations. Changes in the a-helix component of Amide I11 are observed in all
the samples, this signal loses intensity whereas the B-strand component gains intensity in
comparison to the oxidized state. Amide Il also gains enhancement upon reduction, whereas
amide | loses intensity. Changes in the amide vibrations may be related to the
conformational changes around the clusters. In general, upon reduction the Fe-S clusters
have a tendency to have a more rigid structure. If this is case, changes in the symmetry and

furthermore in the polarizability are expected.

The v(C-H) modes. In the reduced state two vibrations are arising in comparison to
the spectra of the oxidized state. In the reduced spectra with NADH, the signals at 2736 cm’
1 and 2790 cm™ in NuoEF-V136M and NuoEF-V90P are observed, corresponding to
contribution of Met and His respectively; in the spectrum of NUuoEF-V90P/V136M, at 2767
cm™ and 2817 cm™, these signals correspond to the asymmetric stretching of His and Ile.
Their arising might be due to the motions in the structure upon reduction, in this way these
residues can be closer to the cluster and therefore their vibrational modes are enhanced.
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In the reduced state with NADH, the contribution from the Met and His is seen at
higher frequencies and with higher intensity for NuoEF-V136M and NuoEF-V90P, it
appears at 2744 cm™ for the first and at 2740 cm™ for the second, been less intense in the

latter one.

The signal at 2885 cm™ in the NuoEF-V136M spectrum in the dithionite-reduced
state corresponding to the His, Leu, lle contribution present a displacement of 8
wavenumbers in comparison to the oxidized state. For the rest of the mutations no changes

are seen in any of the reduced spectra.
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Figure 4.3-31. Contribution from the v(C-H) modes of the oxidized (solid line) and reduced with
NADH(grey line) and dithionite (dotted line) of NUOEF-WT(A), NuoEF-V136M (B), NuoEF-V90P(C) and
NUuoEF-V90P/V136M (D).

The band corresponding to the Cys, His and Ser symmetric stretching in the NuoEF-
V136M reduced spectra with NADH is observed at 2969 cm™ whereas in presence of
dithionite the band arises at 2966 cm™. It is important to note that this band presents a
negative displacement of around 6 to 9 wavenumbers, whereas in the oxidized state the
signal was observed for this mutant at 2973 cm™. For the reduced NuoEF-V90P the signals
are observed at 2970 cm™ in the presence of NADH and at 2960 cm™ with dithionite, while
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in the oxidized state the signal was at 2980 cm™. For NuoEF-V90P/V136M the signal in the
oxidized state was seen at 2973 cm™ and in both reduced spectra is arises around the same

frequency, at 2968 cm™.

A shoulder is evident in the reduced NuoEF-V136M and NuoEF-V90P that is not
observed in the reduced state of the NuoEF-V90P/VV136M nor in the oxidized state of any
of them. With NADH the band arises at 3005 and 2998 cm™ respectively and with
dithionite at 2995 and 2999 cm™, respectively. This band is a contribution from the

symmetric stretching of Thr and Pro residues.

In summary, it can be seen that in the case of NUOEF-V136 motions of the Ca-H
groups of the Met, lle, His, Cys, Ser, Thr and Pro are observed upon reduction, the effect is
more pronounced in presence of dithionite, comparing to the frequencies observed in the
oxidized state. A similar pattern is observed for NuoEF-V90P, whereas for the NuoEF-
V90P/V136M motions are only evident from Cys, His and Ser residues upon reduction, in
comparison, no difference in this perturbation is observed between the reduction with
NADH or dithionite.

4.35.2 Conclusion

Within all the spectral characteristics, it seems that the changes in the redox midpoint
potential are correlated to changes in the intramolecular hydrogen bonding network in the
protein. These changes exert an effect of the terminal modes of the cluster, as the bands
corresponding to the vibrations presented a displacement to higher frequency in NuoEF-V90P
and NuoEF-V90P/V136M. This indicates a decrease in the bond strengths between the Cys

residues and the metal center.

In the Fe-S cluster from the ferredoxin family, within the cluster motif there is usually
an amino acid that forms a hydrogen bond with one of the Fe atom, e.g. N1b, where a Ser
residue has a hydrogen bond with one of the Fe atoms (Figure 4.3-2.B). This allows the
cluster to keep their structure “unchanged” upon reduction, even though the conformational
changes happening in the close environment are considerable, the motions of the metal center
behaves as an entire module. But when these Fe-H bonds are not present, the cluster depends

on the hydrogen bonds formed by the side chains around the cluster within the structure, this
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prompted that upon reduction the conformational changes perturbed or can disrupt the

hydrogen bonds, having a new arrangement in each redox state.

Changes in residues in the Loop 1 and the CT-B region form a part of the extended
hydrogen bonding that maintain the stability N1a. As observed in RR results, changes in this
hydrogen bonding have as consequence an overlapping of the Fe orbitals and displacement of
the dihedral angles of the Cys residues coordinating the metal center. As can be seen in Figure
4.3-32) these differences in bond length and strength may be the cause why for example
neither in the NuoEFV90P/V136M the cluster cannot be reduced, nor in presence of NADH

or with dithionite.

Besides, it seems that the mutations also exert an effect on the Thr, Phe and Cys
residues upon reduction. Many of these residues form part of the second sphere of
coordination of the cluster; in the WT no motions are observed in these residues upon
reduction, indicating that these residues are a structural support for the proper electron

transfer.

In the case of N1a, it is possible to relate the pH-dependency of its midpoint potential

to changes in the hydrogen bonding, the lower the energy of the hydrogen bonding the more

= fFe

b Fei /N,

Figure 4.3-32. Schematic representation of the changes in bond strength and length due to the mutations
around the Nla cluster motif.

positive the potential.

It had been discussed in many studies that the Fe-S cluster Nla, is not directly
involved in the electron transfer to the quinone and acts as an antioxidant to prevent the
formation of ROS*’. According to the obtained results, it can be concluded that the Nla
cluster motif not only acts a regulator of the cluster but also exerts an influence in the

geometry of the cluster itself. By homology with the function of other thioredoxin-like
214



Results — NuoB variations

proteins®®

, it seems that the vicinity of the loops and the [2Fe-2S] clusters, together with the
demonstrated versatility of the polypeptide chain in that region® may then suggest the
possibility of a redox switch regulation*®**°. Further studies of the mutation at different pH
in their reduced and oxidized state are recommended as next steps, besides calculations of the
electron transfer rate are suggested to clarify how much these residues can regulate the

function of the cluster.
4.35.3 Studies on NuoB variations in E. coli

In the NuoB, the subunit that bears the N2 cluster, many residues are conserved among
several species, an example can be seen in the alignment of five different sequences shown in
Figure 4.3-33. According to what was proposed by Flemming et al' , if N2 participates in
proton pumping, its redox reaction probably is coupled to a protonation/deprotonation of the
cluster itself and/or of surrounding amino acids. There are six main residues that call the
attention according to what was reported in previous studies, Glu67, Asp77 Asp94, Tyrl14,
Tyrl139 and Tyr154.
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Figure 4.3-33. Alignment of the homologues of NuoB from different species *. The positions are numbered
according to the E. coli sequence. The conserved amino acid of interest are highlighted.

Figure 4.3-34 shows their position according to the structure from T. themophilus®,

the only one that it was not possible to locate is Glu67, due to the limitation in the resolution

of the available structure. In this study the aim was to compare the results obtained by EPR
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and FTIR in the MIR range to the metal ligand vibrations coming from the N2 cluster by RR
spectroscopy.

Figure 4.3-34. Schematic representation of Ngo4 (NuoB) subunit from T. thermophilus. N2 cluster is
represent in spheres (Fe: orange/S: yellow) and the key residues mutated are higlited in cyan (Tyr) and
green (Asp).

The spectra of the oxidized state of the mutant E67Q and E67D is presented in Figure
4.3-35, in Figure 4.3-36 the spectra of D77N and D94N mutations are shown and in Figure
4.3-37 are the spectra of the Tyr variations (Y139C, Y154H and Y114H/Y139C).

In the low frequency region, corresponding to the metal ligand vibrations is important
to remark that all of the mutations have an effect on the fundamental Fe-S stretching of the
Fe-S(Cys) vibrational modes of the N2 cluster previously assigned to the signal at 340 cm™

(see section 4.3.2), the only exception is the E67D variation.

It was described that this variation does not exert any effect on complex | activity,
unlike E67Q, D77N and D94N were the electron transfer activity was completely abolished®.
For the mutation of the Tyr residues, only with the double mutant, Y114H/Y139C the
enzymatic activity was reduced in 80% compare to the WT strain®®.

In the variants E67Q, D77N and D94N the signal showed a tendency to arise at higher
frequencies. The major displacements of this vibrational mode are seen in the D77N and

D94N mutations, where the signals arise at 352 and 356 cm™, respectively; furthermore the
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intensity of the signal had decreased compare to the wild type, indicating not only that the
mutation have a direct influence in bond length but also in the enhancement of the vibration.

This is surprising as these residues are the furthest from the cluster.
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Figure 4.3-35. RR spectra of complex | WT and complex I/ NuoB variations of the E67 residue into Asp
(E67D- grey line) and GIn (E67Q-blue line)

As can be seen in Figure 4.3-34, the distance between this residues and the N2 cluster
is more than 22 A. The closest Cys residue from the cluster motif is Cys 46 (~22.3 A).
Changes in the Cys modes could be correlated to motions of this specific residue, nevertheless

is not clear how from such a distance any influence might be exerted.

Abnormally high frequencies (above 336 cm™), as is case of N2, for this totally
symmetric terminal vibration had been described to be a characteristic of [4Fe-4S]*? clusters
that are site differentiated via their terminal ligation in only an specific Fe atom, this gives the
idea that the mutation have a direct effect in the dihedral angle of only one of the Cys residues

*1 This indicated that the different mutations are affecting a singular Cys residue and its

ligation.
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Additionally, as can be seen in Figure 4.3-36, changes in the Fe-S overtones related to
the Fe-S-Fe modes coupled to bridging vibrations are affected by the D77N and the D94N
mutation, for both proteins the signal arise at 580 cm™, instead of 568 cm™ as it was seen in
the wild type. The same signals are observed for the E67Q and E67D spectra, but in this case
the signals are at 581 cm™ and 601 cm™ respectively. It seems that the lower the frequency of

this mode more affected, is related to the stability of the protein.

Shifts in the v(C-S) more are also observed, a new signal appears at 670 cm™, for
D77N and D94N, at 689 cm™ for E67D and 692 cm™ for E67Q, indicating a new C-S

conformation between the clusters.

Besides this, the signal corresponding to the cysteinate group is also shift to lower
frequencies, appearing at 751 cm™, only in the case of the D77N and D94N mutations. This
vibrations was assigned before to the cysteinate group of the clusters present in the quinone
fragment (see section 4.3.2), N6a, N6b and N2. It is sure that it can only correspond to the N2

cluster. The displacement of the signal to a lower frequency indicates a rigid cluster ligation*?

By EPR, the spectral position and line with of the signals of the N2 cluster remained
unchanged in the D77N mutant, nevertheless their Fe-S vibrations showed that the cluster
motif is perturbed; this effect is even more pronounced in the D94N mutant. In previous
studies the D94N mutation, was not stable enough to perform EPR or difference FTIR
analyses; comparing D77N and D94N spectra is evident that the main difference between
them is the arrangement of the Fe-S(Cys) terminal modes of N2 are the same can be said for
E67Q.

By difference FTIR an effect in the Tyr residues around N2 was observed due the
D77N and E67Q mutations. Above 800 cm™, the Fermi doublet corresponding to the vig, and
v; modes from Tyr present some displacement. Specifically in the v; corresponding to the ring
bending mode. The signal arises at 855 cm™ for D77N, at 860 cm™ for D94N and E67Q. A
higher frequency of this mode is related to a weaker hydrogen bonding. Furthermore, the
intensity ratio between the two signals (Ivies/ly1) for D77N and E67Q is 0.2, as well as for
D94N 0.1, comparing to the WT (Ivie/1,1:0.3). It can be summarized that in the case of D94N
some of the “buried” tyrosines that were strongly hydrogen-bonded in the interior of the

protein are now exposed.
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Figure 4.3-36. RR spectra from NuoB variations of the Asp77 (D77N) and Asp94(D94N) residues
The v(C-H) (see Table 4.3-9) corresponding to the Tyr, Phe and Trp contribution also
present a shift, where in the WT the signal is at 3058 cm™, for D77N is at 3060 cm™ , at 3062
cm™ for E67Q and in the D94N spectrum is at 3064 cm™, corroborating that in the mutants the
position of these residues is perturbed. In this region, also the vibrational modes of Met are

affected for these three mutations.

In summary, a comparison of E67D and E67Q spectra (Figure 4.3-35) against the WT
spectrum of complex | (Figure 4.3-5.A), the mutation E67Q reveals several spectral

differences, while E67D spectrum is almost the same as the wild type.

For the E67D the only differences arose in the v(C-H) region above 2700 cm™ (see
Table 4.3-9), where the contribution from the Met, Trp and Tyr are perturbed. It was proposed
before that mutation of the Glu67 can change the pg, of the side chain. As the mutation E67D
conserves the characteristic of an acidic chain, the mutation does not exert major changes in
the complex | structure; nevertheless there is a change in the enhancement of certain metal
ligand vibrations. On the other hand, E67D, being charged amino acid, not only having an

effect of the cluster structure but also in the activity of the protein, it seems that changes in the
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hydrogen bonding next to the loops that the cluster motif shapes it can have a relevant

modification in their mid-point potential as it was proposed by Flemming et al’.

For the variants of the Tyr residues, as it was described before, changes in the Fe-S
terminal bridging modes are seen, in the single mutants the displacement of the signal is more
pronounced, arising at 349 cm™ for Y193C and Y154H and at 345 cm™ for Y114H/Y139C.

1 1 L I 1 i 1
1800 1600 1400 1200 1000 800 600 400 200
Raman shift / em” Raman shift / em”’

Figure 4.3-37. RR spectra of the NuoB variations of the Tyr139 (Y139C), Tyr154 (Y1524H) and the double
mutant Tyr114/Tyr139 (Y114H/Y139C).

Another overtone (T, Bridging + Fe-S-Fe) is also shifted, for Y154H and Y114H
/Y139C the signal arises at 581 cm™ and for Y154H at 587 cm™. In the mutations of the
Glu67, Asp77 and Asp94 a similar signal is observed, which was not present in complex | and
the QRF spectra; this means that the mutation gives rise to a different conformation of the N2
cluster.

The differences in the v(C-S) modes between the three mutations a better light on their
effect in the N2 cluster. In case of Y139C and Y154H the v(C-S) arises at 628 cm™ and 638
cm™, respectively, while no major change of this vibration is seen in the double mutant.

Instead, the cysteinate group vibration in the single mutant arises at 724 cm™ and for the
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double mutant it appears at 715 cm™, pointing that in the different mutations the effect in the
cluster motif is due the relation between the Fe atom an their Cys ligands and in the case of
the double mutant the main perturbation has to do with orientation of the Cys ligand respect to

the structure of the protein.

Table 4.3-9. v(C-H) region of the RR spectra of complex | and the mutations in the NuoB subunit.

Met 2838 2843 2825 - - 2841 - -
Gly, Asp, Glu | 2857 -- -- 2855 2860 -- --
His 2869 2871 2871 2868 2873 2868 2868 2876
Leu, Lys, lle, 2887 2881 2881 - -- 2880 2880 --
. Val
T
g Thr, Pro - 2922 2922 2925 2920 2924 2924 2921
° lle, Ser 2933 2934 2934 2937 2937 2934 2934 2939
Cys, His, Ser, | 2977 2965 2965 2964 2969 2971 2978 2974
Leu,Trp, Gly,
Lys 297 2978 2981
Tyr, Trp, Phe | 3062 3060 3060 3064 3060 3060 3060 3065

In the E67Q, D77N and D94N changes in the Fermi doublet from Tyr was observed. A
similar behavior is seen in the single mutations where the signal of the vl mode arises at 861
cm™, indicating a weaker hydrogen bonding of the Tyr residues that were buried in the wild
type. In the case of the double mutant no changes were observed. This gives the idea that the
residues that change the status from buried to exposed due to the mutation in the Glu67,

Asp77 and Asp94 might not as part of the NuoB subunit.

On the other hand, as it can be seen in Figure 4.3-34, where Tyr114 (in E. coli
position) correspond to Tyr121, Tyrl39 to Tyrl36 and Tyrl54 to Tyr149; Tyrll4 is always
close to the solvent, but Tyrl39 and Tyr154 are “cover” by the surrounding subunits. When
Tyr139 and Tyrl54 are mutated separately, the perturbation is observed, but when Tyr114 is
mutated the effect is no longer seen, adding that Tyr114 form a bridge between the Tyr
residues affected in other subunit and the Tyr residues in NuoB, this bridge is made by
Tyrl39 and Tyrl54, when one of them is no longer there the connection between the two

subunits (or more) is missing.
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This might be the reason why in previous studies of this mutation, NuoB of the E. coli
complex | induce a protonation/deprotonation of specific tyrosine side chains according to
Flemming et al?®®. It was shown that even though the single mutations did not alter the
electron transport activity of complex I, the EPR signal of cluster N2 was slightly shifted.
Nevertheless, FT-IR difference spectra of the double mutant revealed a complete loss the
modes characteristic for protonation reactions of tyrosines. It was proposed that Tyr114 and
Tyr139 in NuoB were protonated upon reduction of cluster N2 and were thus involved in the

proton-transfer reaction coupled with its redox reaction.

4.35.4 Conclusion

In summary, previous studies have shown that Glu67, Asp77and Asp94 are essential
for electron transfer. The role of Glu67 is most likely protonated by the oxidation of N2 and
might be involved in the proton translocation. The analysis of the RR spectra in their oxidized
state revealed that the mutations are able to affect the terminal v(Fe-S) modes, changes in
dihedral angle between the Fe-S-C on the Cys residues belonging to the cluster motif were
proven and furthermore, perturbation in the hydrogen bonding of several Tyr residues, which
one of them is Tyr154 and Tyr139.

222



Results — Quinones in Complex |

4.3.6 Study of quinones in Complex |

Two quinone radicals have been detected during the catalytic turnover of complex 1>
40, 41 These radicals seem to be essential for the enzyme’s mechanism; however, the
molecular identity of these radicals remained unclear. It is known that complex | bears one
binding site for a quinone located at the interface between the membrane and the soluble
domains of the enzyme ¥. The presence of an additional, quinoid-type cofactor probably
involved in quinone reduction, was previously suggested on the basis of UV/vis, EPR and FT-

IR experiments??® 2%,

In previous studies, preparations of the mitochondrial complex | from Neurospora
crassa and of the bacterial one from E. coli were spectroscopically analyzed under anaerobic
conditions in various redox states. From UV/vis redox difference spectra signals were
obtained that neither derived from the FMN nor from the EPR-detectable Fe/S clusters. The
midpoint potential of this group in the E. coli complex | was determined to be approximately -
150 mV at pH 6 and able to transfer two electrons (vs. SHE)?*®,

The mechanism of quinone reduction is not fully known, as explained before (Section
1.4.2). The Fe/S clusters acts as one-electron donors and the ubiquinone (UQ) is a two-
electron acceptor. A sequential reduction of the substrate by the most distal Fe/S cluster N2
would lead to the formation of a quinone radical. If not tightly bound by the protein, this

radical might escape the complex and contribute to the production of ROS.

Here, the fluorescence emission of the complex | from E. coli was investigated as a
function of oxidation-reduction state of the protein; the aim was to substantiate the presence
of quinoid cofactors in the membrane arm of complex I. The excitation wavelength (Aex) Was

295 nm (Trp contribution), 365 nm (FMN contribution) and 420 nm (other chromophores).

The spectra were recorded between potentials ranges, going from the fully oxidized
state to the fully reduced state of the sample. In the case of complex | and NDF samples, the
measurements were performed between 0 and -700mV (vs. Ag/AgCl), with steps of 20-30mV
at the time, with an equilibration time of 10-30 min. At each potential applied a spectrum was
taken with an integration time of 0.3s.
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Figure 4.3-38. . Electrochemically controlled fluorescence emission spectra of A. complex | and B. NDF for
the potential step from -450 to 200 mV (vs. SHE) A.,: 295 nm

The electrochemically controlled fluorescence emission spectra of complex | and of
the soluble fragment were obtained in the potential range from —450 mV to 200 mV (vs.
SHE), with a Aex: 295nm (Figure 4.3-38). The complex | spectra in the oxidized state (black
solid line Figure 4.3-38.A) showed two emission signal, one at 334 nm is characteristic of Trp
residues buried in an hydrophobic environment and the second at 359 nm corresponds to the
Trp residues exposed to the polar aqueous environment. The intensity and bandwidth of these
signals showed that in both proteins there is a similar ratio of buried and exposed Trp

residues. In the NDF spectra (Figure 4.3-38.B), these signals arose at 330 and 360 nm.

Upon reduction, in complex I, the spectra showed a decrease in fluorescence intensity
and a red shift of the emission of about 20 nm of both signals (gray line), as Trp fluorescence
is extremely sensitive to the environment, these changes indicate a further accessibility of the
buried Trp residues. The signal arising at 383 nm, points toward to an unfolding process,

where the exposed residues move to a more flexible structure.

In the case of NDF a similar red shift is seen in both signals, the difference is that upon
reduction two steps can be described, the first until -150 mV (vs. SHE) where the fluorescence
intensity decrease as in complex I, but no major shift in the frequency is detected; followed by
an increase of the wavelength where the signal at 330 shift to 347 nm, and from 360 nm to

380 nm. In the first step a quenching of the signal can be suggested and in the second step, it
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can be concluded that many of the buried Trp residues become exposed, and the protein

adopts a more flexible structure, as observed for complex I.

Using an excitation of 365 nm (Figure 4.3-39), the fluorescence emission band specific
for the flavin, can be seen in the signal at 442 nm and 532 nm for complex I and at 440 nm
and 539 nm for the fragment. These bands decrease upon reduction and a slight blue shift as
previously reported for other flavin carrier protein, which is associated with the bending
motions of the isoalloxazine ring*? >3, No major changes in the frequency indicate that even

in the reduced state the FMN remains in a stacked conformation®*.
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Figure 4.3-39. Electrochemically controlled fluorescence emission spectra of A. complex | and B. NDF for
the potential step from -450 to 200 mV (vs. SHE) A.,: 365 nm

In the spectrum of complex I, a signal at 467 nm, not seen in the fragment’s spectrum,
shows the opposite behavior, where the fluorescence intensity increases with reduction of the
enzyme. In a characterization study of Complex | from Rhodothermus marinus, an
unidentified chromophore was depicted to have the same behavior. In that case, the signal was

attributed to menaquinone. %

Furthermore, the spectra of complex I using an excitation of 420 nm are shown in
Figure 4.3-40.A. The emission of the chromophore in question is involved in the large
structure at 475 nm in the spectrum of complex I. The Nernst fit of the redox dependent
intensity changes lead to three redox transitions. The potential at -337 mV (vs. SHE)

corresponds to the midpoint potential of the FMN cofactor. This result is in line with previous
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reports and confirms the reliability of the approach*** **°. Two additional transitions are
observed at -37 and -235 mV (vs. SHE). In the fragment, this redox dependent change is not
detectable and only the change of intensity corroborating with the flavin signal can be
depicted. These redox transitions might indicate either the presence of two compounds with

similar spectral properties or two distinct transitions of the same compound.
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Figure 4.3-40. Electrochemically controlled fluorescence emission spectra of A. complex | and B. NDF for
the potential step from -450 to 200 mV (vs. SHE) with ; A., = 420 nm (C). Redox dependent changes
monitored in the intensity of complex | spectrum at 475 nm.

As previously reported®®, complex | contains a NADH-reducible redox group with a

midpoint potential above —100 mV (vs. SHE). Since the signals of the chromophores detected
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in this study show an absorbance in the same spectral range to what is expected for
quinones®® **® it can be proposed then that the redox transition previously reported is an
average of the transition of the two transitions depicted in this study. Similar results were

presented by the studies of Bauscher et al**’.

As model compound, UQ-10 was studied with the aim to confirm the attribution of the
signals observed in the complex | spectra. Monitoring the reduction of UQ-10 in an
environment with an aprotic solvent, CH3CN, two individual electron-transfer reactions can

be detected under these conditions, including the formation of the protonated radical*’.
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Figure 4.3-41. Electrochemically controlled fluorescence emission spectra of ubiquinone-10 in CH;CN for

the potential step from -450 to 200 mV (vs. SHE) The fluorescence emission obtained for A. Aex: 365 nm

at B. 456 nm and for C. Aex : 420 nm at D.476 nm
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In general, quinoid compound and their homologs had been widely studies by
fluorescence. The characterization of their redox function in many cellular processes as
electron shuttles and pigments had been described in many studies®®*®. The transitions
associated with fluorescence, they are characterized by an intense absorption at 250-300 nm
and an emission 400-500 nm. Their reduction is generally accompanied by an increase of
intensity that reflects the 7- z* transitions*®*
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The fluorescence emission obtained for Aey: 365 nm at 456 nm and for Ay : 420 nm at
476 nm (Figure 4.3-41.A-D) clearly correspond to the signals seen in complex I, and have the
same behavior upon reduction, the increased of the intensity may thus correspond to the 7z - 7*

transitions due to the reduction process *°,

4.3.6.1 Conclusion

In summary, it can be suggested that the signals seen in the fluorescence spectra of
complex I, arise from quinoid cofactors, typically the presence of this kind of cofactors
derives from post translational modifications of amino acids ***. However, mass spectrometric
analysis of bovine heart complex | subunits revealed no evidence for such post-translational
modifications “®*. Nevertheless, with the observation that ubiquinone in an aprotic solvent
shows comparable signals to the one detected in complex I, it can be conclude that the redox
transitions described here derive from intermediates of the electron transfer involving two

protonated ubiquinone radical species.

Ngo4: Nuol

Figure 4.3-42. Schematic representation of the quinone reductase fragment of Complex | of T. thermophilus.
(PDB:4HEA)

Based on structural data the presence of one ubiquinone binding-site was reported for
complex 1'®. On the other hand, two quinone radicals were described by EPR spectroscopy,

named as SQns and SQns, for faster and slower relaxing semiquinone (SQ) in the NADH-Q
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oxidoreductase segment of the respiratory chain, their main difference is their spin relaxation

properties that reflects their different strengths of spin coupling with the N2 cluster?®> 40 3%

> It can be suggested that the signals described in this work correspond to these
semiquinones; as the stability of SQyr strongly depends of the presence of a proton motive
force *'° which is not established in the current experimental parameters, it can be deduced

that the signals are coming from SQys that is insensitive to the proton motive force %'

The distance between these SQs and N2 is a key parameter in the electron transfer
process, the SQs should be located in within the electron tunneling distance from N2 cluster
(<15 A, edge-to-edge distance), providing in this way a reasonable electron transfer rate.

Without the semiquinone radicals, to ensure the electron transfer between N2 and the
UQ, the ring of the UQ should move out from the membrane domain at least 10 A, leaving
one of the isoprenoid tale segments exposed to the hydrophilic part of the protein, this
movement would present an energetic barrier. Many theories had exposed how the mechanism
can be energetically favorable®® #° 4 put even with the crystal structure the interaction

remains unclear.

In the studies of Ohnishi et al 1 it was described that the distance between N2 and the

45 this was

SQus is close to 12 A, placing the ubiquinone at 5 A within the lipid bilayer
confirmed by the recently published structure of the complex'®®; while the binding site for the
slower relaxing SQ, is estimated to be located further away, towards the cytosolic side of the
membrane. As can be seen in Figure 4.3-42, the most probable position for the SQs to be
located is in a cleft of the hydrophilic domain facing the membrane surface but with a certain

distance from it. According to Verkhovsky et al*® and Narayanan et al**®, one of them should
be tightly bound at the N2 proximal site and the other near the membrane quinone pool, close

enough to the tail of the exchangeable UQ, like this the UQ remains in the membrane part.

The redox potentials of the transitions observed are in line with the properties
presented in previous studies, implying an involvement of SQys in the electron transfer
reaction to the ubiquinone pool during the catalytic cycle 2?°. Taking this into account, it can
be suggested that SQns is sensitive to the presence of a membrane potential been the direct
electron acceptor from the cluster N2, while SQys being insensitive to the presence of a

membrane potential might work as a converter to transform two one electron transitions to
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one two electron transition, a similar mechanism was previously reported for the Qa/Qg

couple in photosystem 1 #6648,

As a final conclusion, fluorescence emission spectra obtained with a coupled
electrochemistry technique allowed to follow the redox titration of a possible quinone cofactor
of complex | that is not present in the fragment, additionally the mid-point potential was

determined and its properties described.
4.3.7 Conclusion

RR spectroscopy, in the low frequency region, allows describing the properties of all
the oxidized clusters of complex | through the analysis of the metal-ligand vibrations. The
differences between the NuoEF, NDF and the complex I give the facility in the attribution of
the vibrational modes corresponding to each cluster. It is important to comment, that this is

the first time that the RR spectra of a protein with so many Fe-S cluster have been recorded.

From the protein analysis in their oxidized state, the first characteristic that calls the
attention is that N1a and N1b does not have the same spectral properties, which is the
reflection of the difference of their cluster motif (See Figure 4.3-2). For the [4Fe-4S] it is clear
that the N2 and N5 clusters display several differences, where for the first, a particular
bridging and terminal mode was assigned, while for the second a peculiar Fe-S-C dihedral

angle can be assumed.

In the RR spectra, the contribution from the amino acid side chains showed that the
Tyr residues have a key role in the environment of the cluster, where in the case of N6a, N6b
and N2 the ratio between the “exposed” and “buried” residues is different from the other
subunits in the protein. Also, in the environment of this cluster strongly-hydrogen bonded Trp
residues have a significant role. Besides, in the E. coli proteins, Ala, Met, His and Lys
residues are characteristic of the clusters environment whereas in the subcomplex from A4.

aeolicus the characteristic residues are Ile, Leu, Iso, His and Phe.

From the spectroelectrochemistry, the oxidized and reduced differential spectra were
achieved for all the proteins, the subcomplex (NuoEF) and the fragment (NDF) facilitated the
attribution and the description of the Fe-S clusters properties. By RR spectroscopy more

information about the cofactor and its vicinity due to enhancement of the v(Fe-S)°, while FIR
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gave a more complete picture of what happens beyond the cluster motif, due to the resolution
of the v(Fe-S)" modes.

The reduced state of the cluster gives an idea of their differences and how this can be
important to the mechanism. The clusters, N1a, N5 and N2, expand more upon reduction,
according to the observed redox properties; they are clusters that need to stabilize a high-

energy electron and/or an electron that will not travel to the next electron acceptor very fast.

Thus these clusters play a crucial role in the timing of the electron flow and hence the
coupling of the electron and proton transfer reaction or be the rate-limiting step in the kinetics
of the electron transfer reactions. On the other hand, the cluster that does not need to expand
to stabilize an additional electron is a cluster that does not hold the electron for a long time.

Thus its role is only to deliver the electron at a fast rate.

From the substrate binding it is evident that the reduction with NADPH has a similar
effect on the Fe-S cluster as the ones described in the electrochemistry. However, N1a in the
A. aeolicus subcomplex is only partially reduced by NADH, whereas in the NDF and complex
I from E. coli is fully reduced, suggesting a different mechanism in both organisms.
According to the residues obtained around the cluster, the properties of this cluster are
directed correlated to the hydrogen bonding, where the amino acid of the loop 1 play a key
role in stabilizing the cluster and the amino acid in the CT-p loop can be described as a
support mechanism in the hydrogen bonding dynamics.

From the measurements, with NAD" and NADPH, the Fe-S-C dihedral angle and the
Fe-S' modes were perturbed in a different manner as it was observed for NADH, where
bending motions were accompanied by narrower Fe-S-C dihedral angles and shorter Fe-S'
bonds. In the case of the NAD" binding, the changes observed related to a different the
cysteinyl coordination, no bending motions are observed for the clusters in the NuoG, | and B
subunit, while for the cluster N1a in NuoE and N3 in NuoF it seems that the clusters are being
“decompress” in a more relaxed geometry, where the Fe-S' are longer and the Fe-S® shorter.
This shift in geometry can be linked to the re-oxidation mechanism of the clusters. This means
that while the NAD" is binding to the protein, certain conformational changes are triggered in

order to assure that the cluster comes back to its oxidized state.

Previous studies demonstrated that the bovine and P. denitrificans enzyme has a
higher affinity for NAD* than NADH*"* %", this suggested that redox-dependent changes in
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the nucleotide binding site of complex | might be related to the binding affinity, which was

also proposed by the inhibition studies with NADH-OH of Kotlyar et al.*”®

, raising the fact
that the difference observed in the cluster geometry might be a rate-limiting step for the
forward reaction, preventing in this way the fast formation of ROS. This hypothesis had been

| 474

proposed before by the studies in the mammalian enzyme by Grivennikova et al.”"" and more

recently by Verkhovskaya and Bloch'*.

With NADPH, almost all the clusters exhibit particular characteristics, than the Fe-S-C
dihedral angle get wider in relation to their symmetry in the oxidized state, while the internal
coordination of the cluster are the same as the one observed upon the binding of NADH. It
can be suggested, that the clusters are reduced but on a slower rate. A similar result had been
observed in studies with mammalian enzyme, where the oxidation of NADPH is also pH-

dependent*® 4",

The only clusters that do not show this particularity are N6a, N6b and N2, where N6a
and N6b are not perturbed at all, but N2 is still being reduced. Many had proposed that
NADPH may second binding site, our results suggest that the FMN is similar affected by the
binding Of NADH as for the binding of NADPH. Albracht*? disclosed that a second binding
site for the nucleotide is at the opposite end of the chain of redox groups near Q10, which is
proposed to react deep inside the hydrophilic domain. The reduction of N2, while N6a and
N6b seem to remain in oxidized state might support this idea. However if this is not the case a
new mechanism where the electron transfer from N5 jumps to N2 must be proposed.

From EPR the midpoint potential and many of the properties and the location of the
Fe-S clusters in complex | have been widely described. Nevertheless, this is the first time that
the molecular transition from the oxidized to the reduced state of these cofactors in the

complete complex | had been experimentally analyzed.
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5 CONCLUSION

In this thesis three main protein complexes had been studied. Each system showed
how protein activity can be regulated by different effectors through the differences in their
conformation. The first protein of interest was PDZ1 from MAGI-1, involved in cellular
signaling. This scaffold domain, known to interact with the E6 protein from HPV16, showed
that the different conformational states and their affinity with the C-terminus of the viral
protein is regulated by the dynamics of the hydrogen bonding network formed by the

connection of specific amino acids in three regions of the protein (see Figure 4.1-14).

The difference in the relative contribution of B-sheets and the B-turns elements in
presence of the 16E6 Lo/V peptide in comparison with the 16E6, suggested that a different
hydrogen bonding pattern is occurring in the binding process with the mutant, where as a
result the peptide have a more pleated structure’”3'". The higher the affinity, the more pleated
the structure of the peptides, as the hydrogen bonding network is stronger between the peptide
and the protein. These results suggest that the differences in the affinity is directly correlated
to the hydrogen bonding, indicating that the pathogenicity and prevalence of the HPV16 virus
is in its ability to have a strong hydrogen bonding network in comparison to the natural

binder.

From the study with the PDZ1 GGG (see Figure 4.1-14) mutant, it was demonstrated
that the C-terminal is crucial for the assembly of the hydrogen bonding network to stabilize
the binding. The same could be said for mutant of the Lys44 residue, where the mutation
K44/A (see Figure 4.1-23) inhibited the H-bond formation seen in the wild type, while in the
case of K44/E (see Figure 4.1-24/4.1-27), the mutation generates a new coordination of the H-
bonds network that it is completely different from the characteristics previously described in
PDZ1-HPV16 EG6 interactions.

The allosteric “shift population” model, correlates that, upon binding conformational
changes distal to binding carboxylate site might be the key to understanding the binding
dynamics between the PDZ domains and the viral proteins. Ligand-dependent dynamics of
this allosteric behavior and the inter-molecular signaling was show to be directly correlated to
the methyl side chains. The p-augmentation upon binding triggers the C-H groups of specific
amino acids make the hydrogen bond network stronger, as it was observed in our results from

the amino acids side chains perturbed and the mutations studied.
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From the study of this protein and its interaction with a viral peptide as ligand, it can
be said that the affinity depends more on the conformation of the tertiary structure than on
changes in the secondary structure. This suggests that the binding of the ligand has an effect
on the behavior of the protein where the signal triggered by changes in the binding pocket is
able to modify the protein function though the changes in the network of the hydrogen

bonding.

The second protein of interest was a model that constitutes a small scale prototype of
the conformational changes observed in more complex proteins;it is a short peptide in
presence of Copper (Cu) ions, the amyloid beta, which is a model peptide of the naturally
occurring amyloid beta 39-42, known to be involved in the Alzheimer’s disease. The
objective with this model was to describe the role of histidine ligands in the metal center and

how their changes can be translated in the mechanism of the protein.

For this, the difference FTIR spectra of two small peptides (DAHK and GHK)
recorded in presence of Cu, showed that the coordination of the metal ion is very similar,
represented of a mixture of both models (see Figure 4.2-4). In summary, the results showed a
difference sphere of coordination between the Cu(ll) and Cu(l), where the major changes in
the structure will be dominated by the contribution of the imidazole ring of the different His
highlighted residues (His6, His13 and Hisl14), Aspl and Tyrl0. Changes in coordination
geometry due to pH dependence of the aggregation observed in the presence of Cu(l) may be
the trigger to the formation of the aggregates that will lead to fibrils formation

It is believed that amyloid formation in AD and other amyloidogenic diseases such as
prion disease are the result of protein or peptide misfolding’® 3 The AP peptide has a
structural transition associated with amyloid formation, with conversion from random coil to

142

an extended B sheet-like conformation in aqueous medium="“. According to recent studies in

presence of Cu, both monomeric and dimeric species have been proposed®*°.

This indicates that the formation of the fibrils observed in AD patients is not only
trigger by the presence of Cu and its redox process. It can be proposed then the effect of metal

ions in AD pathology is a two steps process as it was described by Faller**

and by Hardy
and Selkoe **. First, the development of the fibrils is pH dependent and the contribution of
the protonation of other amino acids is suggested. The second step will be production of

reactive oxygen species (ROS) induced by AP.
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From the study of this metal-peptide complex it can be concluded the effect of metal
ions as ligands depend on the sphere of coordination. Changes in the geometry of the metal
coordination lead to disruption of cellular mechanism and the protein or peptide involved may

become an agent of disease.

The last system of interest in this thesis was a metalloprotein, the NADH: ubiquinone
oxidoreductase (complex 1), which plays a key role in the bioenergetics cell. This protein
bears several Fe-S clusters and one flavin and its activity is regulated by the energy produced

by a bound substrate and the electron transfer of its cofactors.

From the protein analysis in their oxidized state, the first characteristic that calls the
attention is that the [2Fe-2S] clusters, N1a and N1b, do not have the same spectral properties,
which is the reflection of the difference of their cluster motif (See Figure 4.3-2). For the [4Fe-
4S] it is evident that the N2 and N5 clusters display several differences, where for the first a
particular bridging and terminal mode was assigned, while the second a peculiar Fe-S-C

dihedral angle can be assumed.

The studies in the reduced state by substrate binding and electrochemistry allowed to
described in more detail the redox properties of the Fe-S clusters. From the
spectroelectrochemistry, the oxidized and reduced differential spectra were achieved for all
the proteins. The study of the subcomplex (NuoEF) and the fragment (NDF) facilitated the
attribution and the description of the Fe-S clusters properties. By RR spectroscopy more
information about the cofactor and its vicinity due to enhancement of the v(Fe-S), while FIR
gave more complete picture of what happens beyond the cluster motif, due to the resolution of
the v(Fe-S)" modes.

In general, according to the difference in the Fe-S' and Fe-S° bonds, the clusters N1a,
N5 and N2, showed an expansion of their geometry upon reduction. According to the redox

properties described for similar clusters®? 364 4

, these are metal centers where function is
related to the need to stabilize a high-energy electron and/or an electron that will not be
transferred to the next electron acceptor very fast. It is noted that these clusters play a crucial
role in the timing of the electron flow and hence the coupling of the electron and proton
transfer reaction as well as the rate-limiting step in the kinetics of the electron transfer

reactions.

235



Conclusions

From the RR results obtained in the reduced state with NADH and the effect of other
nucleotides, NAD" and NADPH, it can be suggested that the reduction of the [2Fe-2S]
clusters induce the distancing of the Fe orbitals, whereas in the presence of NAD™ changes in
the geometry of the cluster are more associated with narrower dihedral angles and with
NADPH, wider ones. As it was shown, N1a in the NuoEF subcomplex was partially reduced
or not reduced at all, suggesting that N1a in A. aeolicus and the N1a in E. coli do not have the

same reduction mechanism.

For the [4Fe-4S] clusters, N3, N4, N6a and N6b, in presence of all the nucleotides the
coordination of the Fe-S® was found to change to a more “relaxed” state, while N6a, N6b and
N2 are likely to have “rigid” Fe-S° bonds. The “relaxed” centers are likely have a faster
electron transfer than the “rigid” centers, where in the second the reversibility to a oxidized

state is slower due to the change in the energy of the Fe-S bridging bonds*®

In summary, the binding of NADH induces long range global conformational changes
that are possibly linked to the mechanism of the enzyme, implying that the addition of NADH
and NADPH to complex | has two different effects: first, it leads to local conformational
changes caused, by the reduction of the iron-sulfur clusters, and second, it leads to global
conformational changes possibly linked to quinone binding. Nevertheless, is important to
recall that the conformation changes seems to be the prime pivot to the function of the protein,

regulating the environment of the Fe-S cluster, and thus the redox properties.

In a further part of this study, mutations of specific amino acids around N1a and N2,
helped to analyze their special properties and crucial roles in complex I mechanism; and
furthermore to define which factors are important to define the redox properties of these
clusters. From the variations around N1a cluster (see Figure 4.3-21) was that changes in the
redox midpoint potential can be correlated to changes in the intramolecular hydrogen bonding
network in the protein (see Figure 4.3-24). These changes exert an effect on the terminal
modes of the cluster, as the band corresponding to the vibrations presented a displacement to
higher frequency in NuoEF-V90P and NuoEF-V90P/VV136M; this indicates a decrease in the
bond strength between the Cys residues and the metal center. In summary, changes in residues
in Loop 1 and the CT-p region form part the extended hydrogen bonding that maintain the
stability of Nla. As observed in RR results, changes in this hydrogen bonding have as a

consequence an overlapping of the Fe orbitals and displacement of the dihedral angles of the
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Conclusions

cysteines residues, coordinating the metal center. By homology with previous studies on other
thioredoxin like proteins®®, it seem that the vicinity of the loops and [2Fe-2S] clusters,
together with the demonstrated versatility of the polypeptide chain in that region® may suggest

the possibility of a redox switch regulation®®*%,

Mutations around the N2 cluster (see Figure 4.3-34), pointed to a role of Glu67 that is
most likely protonated by the oxidation of N2. It might be involved in the proton
translocation. The analysis of the RR spectra in their oxidized state revealed that the mutations
are able to affect the terminal v(Fe-S) modes. Changes in dihedral angle between the Fe-S-C
on the Cys residues belonging to the cluster motif were proven and, furthermore perturbation

in the hydrogen bonding of several Tyr residues, which is Tyr154 and Tyr139.

On other hand, the spectroelectrochemistry measurements perform by fluorescence
spectroscopy showed the redox titration of a possible quinone cofactor of complex I that is not
present in the fragment. Additionally the mid-point potential was determined and its
properties described. The values obtained represent two transitions of one cofactor, which in
comparison with previous results by EPR spectroscopy may correspond to a semiquinone,

named SQs, for its spin relaxation properties 2% 4%% 4% 465

As a general conclusion from the study of Complex I, it can be said that the properties
of its cofactors are dominated by the environment around them. Changes in the conformation
of the protein have a higher impact on their redox properties and thus on the proper function

of the protein.

In summary, FIR is shown to be an area of interest where the reflection of allosteric
and the effect of the cofactors in protein function can be monitored. From the three protein
complexes studied it was evident that each system is regulated by their own factors and where
the effector usually target specific amino acids that trigger a cascade reaction through other

regions or domains of the protein.
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7 APPENDIX

7.1 Materials and methods
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Figure 7.1-1. Elution profiles of the Fractogel EMD anion exchange (A), the Ni*? IDA affinity column (B)
and the SDS-PAGEof the purified nuoEF-y;-complex |
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Figure 7.1-2. Elution profiles of Fractogel EMD (A) and the chromatography of the StrepTactin-
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7.2 Results
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Table 7.2-1. Tentative assignments of vibrational modes of the oxidized and reduced state of CUGHK,
CuDAHK and CuAp16 at pH 6.8 and pH 8.9 (the positive signal are an indication of the oxidized state and
the negative the reduced)

pH 6.8 pH 8.9
Contribution Modes | CuDAHK | CuGHK | Ap16 | CuDAHK | CuGHK | AB16
Amide | v(C=0) -1688 -1691 | -1661 -1695 -1684 -1665
backbone -1680 -1684
His v(C4=Cs) +1626 | +1628 | +1620 +1624 +1620 | +1599
His v(C4=Cs) -1589 -1592 -- -1596
N"H
His v(C4=Cs) +1579 | +1579 +1574 +1574
NH
Amide 1 NH/CN -1556 -1559 | -1560 -1558 -1545 -1555
Asp v3(C00)* | +1527 +1537
-1522
Tyr v(CC) -1517 -1500
8(CH)
His v’ (N1-Cy) -1514 +1513 +1511 +1511
His v2(Co-N,) +1492
-1482 -1492 -1485 - 1489
Glu v(COO)® +1480 +1488
His v'(NT-Cy) +1462 +1466
-1464 -1472 -1460 -1473 -1478
His N” +1452 | +1448 | -1453 +1447 +1446 | +1456
Deprotonated | v(C=0) + +1439 -1439 | +1431 -1430 -1439 | +1434
amide group v(C-N")
His Def N'H +1416 +1414
His v(CN) -1400 -1400 | -1403 -1403 -1387 -1404
8(CH) -1388
Asp v(COO)’ -1360 +1359
His v(CN) +1338 | +1346 +1342 +1346
+1336 | +1334 | +1335 -1327 +1336 | +1335
Lys o(CH,) -1311 -1311 | -1316 +1311 +1311 | -1316
Tyr +1299 +1299
Lys T(CH,) +1284 -1282 -1287 -1294
His v(CN) -1273 +1276 | +1277 +1277 +1272 | +1277
Gly v(CH,) -1269 | -1265 -1263 -1265
Lys d(CH>) +1257 +1256 +1257 +1256
His v(CN) -1243 +1243 | -1250 +1238 +1243 | -1250
3(CH)
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7.2.3 Complex |
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Table 7.2-2. N1a and N3 metal ligand vibrations by RR spectroscopy of the NuoEF subcomplex WT and
its variants from A. aeolicus (laser: 514.5nm)

Modes Type of Cluster WT V136M VI0P VI0P/
cluster | contribution V136M
A, Fe-Fe 2Fe-2S Nla 211 212 222 216
Bridging 2Fe-2S Nla -- 243 245 --
(T,: B,/E) 4Fe-4S N3 261 259
Terminal(B;,) | 4Fe-4S N3 287 288 288 288
= Bridging 2Fe-2S Nla
% (T1A2/E)
o Bridging 2Fe-2S Nla 319 320 322 320
@ (B1g)
‘f-) Bridging 2Fe-2S Nla 335 334 334 338
w (Al breathinq) 4Fe-4S N3
Terminal 4Fe-4S N3 347 349 355 354
Fe-S (Cys)
Bridging(Ay) 2Fe-2S Nla 388 387 387 388
Bridging(B,,) 404 404 414 413
o 0 C,-Cs-N 4Fe-4S N3 466 465 466 463
S .8
g S Fe-S-C+A; | 2Fe-2S Nla 484 485 488 488
@ overtone 4Fe-4S N3
2x B, 2Fe-2S Nla 527 528 535 534
Fe-S 2X Bs, 4Fe-4S N3 551 551 551 551
Overtones Al X 4Fe-4S N3 591 592 592 591
v(Fe-S-Fe)
C-S 2Fe-2S Nla 621 622 629 611
Stretching 4Fe-4S N3 -- 642 641 641
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