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Resumen

Diseiio y Caracterizacion Estructural de Sistemas Minimizados para el Estudio de In-
teracciones Biomoleculares Mediante RMN

Los procesos moleculares que tienen lugar en los organismos vivos se regulan a través
de una enmarafiada red de grandes complejos bioldgicos que interaccionan entre si. En este
contexto, los mecanismos de reconocimiento biomolecular que se producen en cada uno
de ellos son esenciales para dar lugar al complejo activo y bioldgicamente funcional. Por
su importancia, uno de los retos actuales en Biologia es comprender a fondo los detalles
especificos que definen estos procesos. Por ejemplo, necesitamos conocer como y cudndo
ocurren, cudles son los factores esenciales en cada tipo de reconocimiento, qué fuerzas
estan en juego, como se equilibran y dirigen estos mecanismos, etc. Una de las estrategias
mads apropiadas para esclarecer estas incognitas es la caracterizacion de estos sistemas a
escala atémica. Sin embargo, el estudio de estas asociaciones biomoleculares que forman
grandes redes de interacciones, a este nivel de detalle, es extremadamente complicado. En
este escenario, una aproximacion realista para el estudio de un sistema biol6gico complejo
consiste en llevar a cabo la caracterizacion experimental de versiones simplificadas del mismo

en sistemas modelo.

Asi pues, el objetivo planteado en esta Tesis ha sido la descripcion de sistemas biol6gi-
cos completos a partir de la informacion estructural y funcional de modelos minimizados
disefiados al respecto. Para este fin se ha utilizado fundamentalmente la espectroscopia de
Resonancia Magnética Nuclear (RMN), asi como otras técnicas de caracterizacion biofisicas
y computacionales. Tal como describimos mds adelante, hemos aplicado este enfoque para
el estudio de cuatro sistemas concretos. En estos casos, las interacciones péptido-péptido y
péptido-micela de los modelos simplificados se han utilizado para describir los mecanismos
de reconocimiento de sus correspondientes sistemas proteina-proteina y proteina-membrana.
Nuestros resultados confirman que la espectroscopia de RMN es una herramienta excelente

para describir a escala atdmica las interacciones moleculares débiles y en ocasiones transito-



Resumen

rias que se dan en estos complejos, las cuales son fisioldgicamente las més relevantes para la

vida.

Debido a su intrinseco interés bioldgico, nos hemos centrado en la identificacion de las
bases estructurales de: 1) el reconocimiento de proteinas relacionadas con el ciclo celular, en
concreto, TACC3 y XMAP, ii) la glicoproteina gp41 presente en la envuelta del virus VIH, la
cual participa en los procesos iniciales de infeccion celular, iii) algunas variantes del péptido
antimicrobiano protegrina-1, y iv) la a-feromona del hongo patégeno Fusarium oxysporum,
que es un péptido corto implicado directamente en procesos de infeccion y propagacion.
En todos estos casos, y en base a los datos experimentales obtenidos en esta Tesis, hemos
propuesto los correspondientes modelos moleculares que dan cuenta de las interacciones
proteina-proteina o proteina-membrana objeto de estudio.

Con respecto al sistema TACC3 y XMAP, concluimos que para que la interaccion suceda,
las estructuras de los péptidos modelo de TACC3 y XMAP deben estar preformadas, y que la
interaccion ocurre sin necesidad de alcanzar la proporcién molecular de la forma nativa. Este
es un nuevo modelo de interaccidon que podria describir las etapas iniciales en los eventos de

reconocimiento que ocurren durante la formacién del complejo activo de TACC3-XMAP.

En cuanto a los péptidos derivados de la glicoproteina gp41, los resultados descritos en
esta Tesis ofrecen informacion estructural y dindmica concerniente a los mecanismos de
fusion entre las membranas del virus del VIH y la célula. La informacion recogida de este
andlisis puede resultar de interés para el disefio de nuevos péptidos inmunogénicos como

dianas en el desarrollo de vacunas.

En el caso de los modelos derivados del péptido antimicrobiano protegrina-1, los datos
estructurales brindan informacion sobre el mecanismo de interaccion de la protegrina-1 con
la membrana biol6gica. Este conocimiento puede ser relevante para el disefio racional de
nuevos farmacos que sean potencialmente capaces de solventar los problemas debidos a la

resistencia a antibidticos de determinados microrganismos.

Finalmente, los resultados descritos en esta Tesis sobre la «x-feromona del hongo patégeno
FE. oxysporum son los unicos ensayos experimentales realizados hasta la fecha sobre este
péptido. Los datos obtenidos han permitido elaborar un modelo de la posible interaccion entre
la a-feromona con la bicapa lipidica, y proponer ademas las distintas funciones biolégicas
de la molécula en su forma oxidada o reducida. Esta informacién puede ser de utilidad en
el futuro para el control de plagas y el tratamiento médico de infecciones en personas y

animales.









Abstract

Design and Structural Characterization of Minimized Systems to Study Biomolecular
Interactions Through NMR

The molecular processes that take place in living organisms are regulated by an intricate
network of large complexes interacting among them. In this context, the biomolecular
recognition processes involving each component are essential to produce the fully biologically
active complex. Understanding the fine details on how these processes occur, which are the
important players in each step of the recognition, which forces are involved, how they are
balanced and drive the process, etc., is the current challenge in Biology. One approximation
to solve these open questions is the characterization of these systems at atomic resolution.
However, the study of the native biomolecular associations in the form of multiple interacting
networks, at this resolution level, is extremely difficult. Given these premises, the best
approach is to perform an experimental analysis of the biological systems of interest by using

simplified versions with the help of model systems.

In this regard, this Thesis is focused on the applications of Nuclear Magnetic Resonance
(NMR) spectroscopy and other biophysical and computational methods to obtain structural
and functional information of designed models, as a first step towards the complete un-
derstanding of the full and active biological systems. Here, we illustrate this approach by
applying it to four particular systems of biological relevance (see below). Peptide-peptide
and peptide-micelle recognition are examined as simplified models of their corresponding
protein-protein and protein-membrane interactions. Our results corroborate that NMR spec-
troscopy is an excellent tool to describe, at atomic resolution, the weak, and sometimes

transient, molecular interactions, which are physiologically the most relevant in life.

For their intrinsic biological interest, we aim to get insights into the structural features
responsible for: 1) the recognition of proteins related with the cell cycle, in particular, TACC3
and XMAP, i1) the gp41 glycoprotein present in the envelope of HIV virus, which participates
in the initial events of cell infection, iii) some variants of the antimicrobial peptide protegrin-
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1, and 1v) the «-mating pheromone from the pathogenic fungus Fusarium oxysporum, which
is a short peptide directly implicated in infective and dissemination processes. In all cases,
molecular models of the protein-protein or protein-membrane interactions have been proposed
on the basis of the data obtained in this Thesis.

In the case of the TACC3 and XMAP system, we conclude that both preformed structures
of TACC3 and XMAP peptides should be present simultaneously to trigger the interaction, but
not necessarily in the native molecular ratio. This new model of interaction could describe the
initial steps of the recognition event in the formation of the fully active XTACC3-XMAP215

complex.

Concerning the peptides derived from the gp41 glycoprotein, the results described in
this Thesis bring structural and dynamic information about the mechanism of membrane
fusion between the HIV virus and the cell, which takes place at the first stages of the infective
process. Interestingly, the information gathered can be of interest towards the design of new

immunogenic peptides as targets for vaccine development.

Regarding the peptides derived from the antimicrobial protegrin-1, the obtained structural
data provide insights into the way of interaction of these antimicrobial peptides (protegrin-1)
with the cell membrane. This knowledge is of relevance towards a rational design of new

drugs able to overcome the current antibiotic resistance scenario.

Finally, the results described in this Thesis for the a-mating pheromone from the
pathogenic fungus F. oxysporum are the first and only existent structural experimental
data for this peptide. These data allow us to build a model of the possible interaction of the
«-pheromone with the lipid bilayer and propose different biological roles of the oxidized
and reduced forms of the molecule. We suggest that this knowledge can be applied in the

future in disease control and further medical treatments for infected humans and animals.
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Introduction

1.1 Background

The molecular biology of the cell is an intricate network in which different kinds of molecules
establish contacts that may vary from weak to strong; from transient, to permanent; from
close to long distance, and so on. In this context, the interactions that rule these contacts are
essential to maintain the biochemical pathways that regulate the organization of the cells,

tissues, organs, systems, and consequently, life itself.

In living organisms, the cellular membrane is mainly composed by a bilayer of phospho-
lipid molecules. This membrane acts as a compartment that allows the cell to dispose of
various environments and perform diverse biochemical processes. These individual cells can
be capable to connect or communicate with other cells employing different molecules. In this
way, large polymeric systems are usually found to act as scaffolds of tissues and cells, such
as cytoskeletal molecules (microfilaments, microtubules and intermediate filaments) or the
basal lamina. Between these polymeric systems, structural proteins are important elements
that can be associated with other molecules to achieve different degrees of organization,

flexibility and function.

In the cell, each cellular compartment contains a large variety of different molecules that
have to unambiguously recognize their partners in order to perform a specific biological
action. These molecular recognition processes consist of specific interactions between
the involved molecules and occur fundamentally throughout non-covalent forces. These
interactions have to be regulated, usually by other molecules, to ensure the correct cell
signaling, enzyme catalysis, ligand-receptor binding, regulation routes, cell transport, cell
cycle arrest, among others. When the homeostasis of the system in which these interactions

are taking place is deregulated, different health issues may appear.

1.2 Structural and functional insights in biomolecular recog-
nition

Structural studies of biomolecules offer information about the spatial location of each atom
or regions in the space and sometimes these data can be analyzed in a time dependent
matter to obtain additional information. Regarding polypeptides, there is an established
consensus that defines four main levels of protein organization: primary, secondary, tertiary
and quaternary structure. The primary structure refers strictly to the sequence of amino

acids in the polypeptide chain and contains all the information required for its unique three-
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dimensional final structure, while the secondary structure denotes to the 3D disposition of
local arrangements of a polypeptide chain such as an «-helix or a (3-strand. The tertiary
structure refers to the whole 3D structure of a single polypeptide chain and usually contains
several secondary structures. Finally, the quaternary structure regards to the organization of

multiple polypeptide chains composed by two or more monomers.

It has been widely proposed that polypeptides that have elements of secondary structure,
but do not have a globular 3D structure, such as keratins, are usually found as structural
proteins and act as scaffolds for the cells and organs. On the other way, proteins with
globular conformations are usually found to catalyze biochemical reactions. Concerning
these catalytic proteins or enzymes, the German chemist H. E. Fisher proposed in 1894 a
mechanistic model of molecular recognition known as the “lock and key model” and founded
a dogma based on the idea in which a substrate accommodates specifically into a determined
enzyme (like a key into its corresponding lock), and only one precise and rigid conformation
is able to fit into the enzyme’s active site to trigger the reaction [, However, five decades
later, Koshland suggested that the interaction between the ligand and the receptor induces
a conformational change in the enzyme, acting as an “induced fit”’; therefore, the binding
process is the motor that forces the changes observed in the complex 2. Though, both models
consider that proteins hold single and stable conformations under specific conditions. Later
on, as the dynamic and flexible nature of the complexes has gained importance, additional
models have been proposed. Currently, it is well known that proteins can adopt several
different conformations and besides its native state, proteins can be capable to exist in other

conformational states 3 4.

In this regard, the conformational selection model proposes that weakly populated states
are capable to recognize and bind different molecules. As suggested by the energy land-
scape theory of protein dynamics proposed in 1991 Bl proteins can assume several diverse
and nearly isoenergetic conformations (conformational sub-states), and the binding of a
certain partner changes the free energy landscape of the protein towards one of the possible

conformations.

For example, it has been found by nuclear magnetic resonance (NMR) that each ensemble
obtained from the ligand-free ubiquitin corresponds with a different bound conformation
(Figure 1.1). This means that in solution and in the absence of any of its possible ligands,
the protein adopts a variety of conformations, and when bound to a determined molecule,
one specific conformation is selected from the overall set of conformers present in the free

state [3- 61,
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Ubiquitin (Ub)

v l" ’ v |'v v 1'1 ' s l'v ’

Ub + ligand 1 Ub + ligand 2 Ub + ligand 3 Ub + ligand 4

Figure 1.1. Ubiquitin as an example of the conformational selection model. Within the protein
folding thermodynamic funnel, several conformations are possible for the free protein (in red). Once
the ligand (pink, yellow, green and blue) binds to one of the possible conformations over the overall
conformers within the thermodynamic funnel (green dots), no additional conformational possibilities
can be selected.

Following this line, intrinsically disordered proteins and regions (IDPs and IDRs, respec-
tively) are proteins or portions of a protein that lack a defined 3D structure. These proteins
are highly flexible and despite the absence of ordered structure, they are still functional and
can become structured upon specific interactions with other macromolecules. This challenges
the classical structure-function paradigm and makes their study interesting as they have
been found to be in a high proportion in superior organisms to function as signal pathways
regulators, to work as adaptors and to regulate post-translational modifications .
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1.2.1 Biological interactions and molecular recognition

As mentioned above, molecular recognitions are mainly due to weak non-covalent interac-
tions. These interactions are considered as “weak’ forces that determine the properties and
diverse functions of biomolecules. The energy required to break this kind of interactions
is lower than in covalent bonds (around 1 - 5 kcal/mol); therefore, they can be constantly
formed and broken at physiologic conditions.

The classification of non-covalent interactions can be diffuse and differs between authors,
however, in this Introduction chapter we are going to focus on the four main widely-accepted
types of non-covalent interactions: ionic bonds or interactions, hydrogen bonds, van der
Waals interactions and the hydrophobic effect.

1.2.1.1 Ionic interactions

In this type of interaction, a positively charged ion (cation) and a negatively charged one
(anion) are mutually attracted; as well, repulsive interactions can also take place between
ions with the same charge. The strength of this interaction is determined by the distance
between the charges and the concentration of other ions in solution. In consequence, an
increase in the salt concentration in a biological sample could weaken the ionic forces that

are maintaining the structural properties of the biomolecule.

In polypeptides, this kind of interactions can take place between a positively charged side
chain (Lys, His, Arg) and a negatively charged one (Asp, Glu, Tyr, Cys). Since these side
chains get protonated at certain pH values, these interactions are pH dependent. In the same
way, the C- (anionic) and N-terminus (cationic) ends of the polypeptide can participate in
ionic interactions depending on their charge.

1.2.1.2 Hydrogen bonds

Hydrogen bonds are formed when a partially positively charged hydrogen atom from a dipole
interacts with unpaired electrons of another atom. The hydrogen atom may acquire a partially
positive charge when attached to a highly electronegative atom. This kind of interaction does

not involve full charges and its strength is generally less than charge-charge interactions.

Hydrogen bonds determine the water solubility of the biological molecules in an aqueous
solution as it depends largely on their capabilities to interact with the dipoles of the water

molecules. In the same way, they can also be found stabilizing secondary structures in
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Figure 1.2. Secondary structure stabilization through hydrogen bonds. Hydrogen bonds (ma-
genta dashes) between the HN and the O atoms of the backbone stabilize the «-helix (A) and {3-sheet
(B) secondary structures.

polypeptide chains, such as «-helices and [3-sheets (Figure 1.2). Indeed, one of the char-
acteristics used to classify the type of secondary structure are the residues participating in
backbone hydrogen bonds. Also, a variety of chemical groups (amine, carboxyl, hydroxyl,
amide, guanidinium) from the backbone or the side chains can interact with other residues
through this type of chemical bond.

1.2.1.3 Van der Waals interactions

This is a weak attraction due to transitory dipoles in the electron clouds of nearby atoms (1
kcal/mol) and non-specific force created by the close approaching of permanent or transient
dipoles that can be attractive or repulsive. They are distance dependent and non-directional
forces that occur in all types of molecules, either polar or non-polar. Even if this is a short-
ranged interaction, when the atoms become too close, their negatively charged electrons
create a repulsive force between them and the balance created between the repulsive and the

attractive forces results in a van der Waals contact.

1.2.1.4 The hydrophobic effect

The hydrophobic effect is especially relevant in biomolecules, which acquire their native
structure within an aqueous physiological environment. During folding, the hydrophobic
regions of proteins are usually oriented to the protein core in order to avoid their non-
favorable contacts with the polar solvent. However, this is not always the case and sometimes,
large non-polar regions remain oriented towards the exterior. These hydrophobic patches
lack a dipole moment that is essential to interact with water molecules and therefore, be
solubilized. In these cases, the hydrophobic effect can promote recognition processes but

may spur harmful aggregation.
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In the case of biological membranes, the hydrophobic chains of the lipids associate
between them, while their polar heads are in contact with water molecules. Concerning
transmembrane proteins, the hydrophobic regions can be in contact with the non-polar chains
of the lipids that compose the bilayer and therefore, be integrated as transmembrane proteins.

1.3 The biological membrane

Biological membranes share the same general architecture across the different taxonomic
domains (Archaea, Bacteria and Eukarya), which consist of a phospholipid bilayer with
embedded proteins, sterols and carbohydrates. Biomembranes are flexible and thin surfaces
that create sealed and separated compartments, in which the flow of molecules and ions
between the inner and outer faces is controlled, including the water molecule transport. In
1972, Singer and Nicolson proposed a model for the structure of biomembranes known as the
fluid mosaic model (Figure 1.3), they defined the membrane as a two-dimensional fluid and
dynamic mosaic of proteins embedded within two layers of lipids [3]. Although this model
is still valid, a more complete characterization of the membrane properties emerging from
recent studies indicates the presence of defined domains known as lipid rafts, differences
in the lipid and protein mobility, and the presence of molecular associations and localized
functions therein [% 101,
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Figure 1.3. Fluid mosaic membrane model. The membrane consists of a lipid bilayer with embed-
ded additional constituents. The main components of the biological membrane are phospholipids,
glycolipids, sterols, transmembrane proteins, peripheral proteins and membrane associated proteins.
Depending on the face, the membrane contains different proportion of lipids, such as phosphatidyl-
choline (PC), phosphatidylserine (PS), phosphatidylethanolamine (PE) and phosphatidylinositol
(PD).
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1.3.1 Properties and composition of the biological membrane

Membrane composition varies in the type and relative abundance of its components. This
differentiated ratio contributes to the specialization of certain types of cells even within the

same organism.

1.3.1.1 Lipids

Lipids are the main component of the biological membrane; their non-polar nature provides
to the membrane its impermeable properties. Alongside their non-polar properties, they
can still be dissolved with organic solvents such as chloroform, benzene or acetone. Lipids
can be classified as well into three primary types: phospholipids, glycolipids and sterols
(Figure 1.4), being the phospholipids the most abundant ones.

Phospholipids Glycolipids Sterols
Phosphatidylcholine Ganglioside Cholesterol
SN+ . OH o)
Choline Yo OH OH
0‘\ | OH
IP\
0”0 Glycerol oy
o
Y Sugar
o
I
Hydrophobic tai Hydrophobic tail

Figure 1.4. Main classification of the lipid components in the membrane. Three primary types of
lipids can be classified as phospholipids, glycolipids and sterols, and are composed by a polar region
(yellow and pink) and a hydrophobic tail (green). Sterols are mainly fully hydrophobic and present a
hydroxyl group.
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Phospholipids. They consist of amphipathic molecules that can form bilayers sponta-
neously. Their amphipathic nature makes them the key components of the biological mem-
branes, and when isolated in an aqueous solution, they are capable of aggregating into three
primary different structures: micelles, liposomes and bilayers (Figure 1.4).

Phospholipids can also be subclassified as phosphoglycerides and sphingolipids (Figure 1.5).

Phosphoglycerides are the most abundant lipids found in membranes and are composed by
two long hydrophobic fatty acid tails (hydrophobic tail) esterified in the two hydroxyl groups
in glycerol phosphate, with this portion bound to a variable polar region (polar head). The
most abundant phosphoglycerides are phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylserine (PS) and phosphatidylinositol (PI).

Glycolipids. These are amphipathic molecules with attached sugar groups to the lipid

structure and constitute around 2 to 10 percent of the total content of the plasma membrane.

Sterols: cholesterol and analogs. This is the third most important class of membrane
lipids. Sterols are composed by a four-ring isoprenoid-based hydrocarbon (Figure 1.4).
Given their extremely hydrophobic nature, sterols are found intercalated between phos-
pholipid molecules and are not capable to form bilayers spontaneously. When they are
incorporated into the membranes, sterols offer structural support and provides a more gel-like

consistency to the bilayer.
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Figure 1.5. Most abundant phosphoglycerides. Phosphatidylcholine, phosphatidylethanolamine,
phosphatidylserine and phosphatidylinositol are composed by a variable polar head (pink), a glycerol
group (yellow) and a hydrophobic tail (green). The relative abundance of a defined lipid varies on the
species and the cell type.
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1.3.1.2 Membrane proteins

Proteins are the second major component of cell membranes and are the main generators
of biological reactions !, According to their degree of association within or around the
biological membrane, three classes can be defined: integral, lipid-anchored and peripheral
proteins (Figure 1.6).

Integral membrane proteins. Integral or transmembrane proteins span the phospholipid
bilayer and present three main domains: the region that faces to the cytoplasm, the transmem-

brane domain and the exoplasmic domain. (Figure 1.6 A).

Membrane-anchored proteins. These proteins are covalently bound to one or more lipids
inserted into the membrane. (Figure 1.6 B).

Peripheral membrane proteins. This kind of proteins usually perform enzymatic reac-

tions and their binding with the membrane is indirect. (Figure 1.6 C).
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Figure 1.6. Different types of membrane proteins. Transmembrane proteins (A) span the full
bilayer, while membrane-anchored proteins (B) are proteins with a lipid portion that face to one side
of the membrane. Peripheral proteins (C) adhere temporally to the membrane.

1.3.1.3 Carbohydrates

Finally, carbohydrates are part of the membrane and can be found associated in lipids
(glycolipids) or proteins (glycoproteins). Carbohydrates usually represent no more than the
10 % of the membrane total weight and are more usually found as glycoproteins rather than
as glycolipids. In the same way, there is an asymmetry regarding the location of the sugar

groups, being more abundant in the external portion of the plasma membrane and making
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them capable of interacting with components of the extracellular matrix, lectins, growth

factors and antibodies.

1.4 Protein-protein and protein-peptide interactions (PPIs)

Although most of the interactions in nature involve proteins, there are also short peptides
found in the cells that are prone to interact with other proteins and biological membranes
(see below) 1?1, also there is a growing recognition taht many peptides are expressed and
are putatively functional in cells. Thus, protein-protein or protein-peptide interactions are
key to understand the biological functions that occur in the organisms and regulate their vital
functions. As mentioned before, formation of protein complexes is ruled by non-covalent
and reversible contacts and the forces involved in recognition and association are of the same

nature that those responsible for stabilization of protein tertiary structure (6.

Protein complexes can composed by either identical (homo-oligomers) or different
(hetero-oligomers) polypeptide units. Among the association possibilities, the monomers can
be assembled through identical regions and create symmetrical motifs or be associated in a

non-symmetrical way (Figure 1.7) [13-13],

One interesting question is that the contacts established between different polypeptide
chains should be highly specific in order to trigger a determined biological function. In this
regard, there can be two types of protein-protein interactions: obligate and non-obligate

(Figure 1.8). An obligate interaction is one in which their individual constituents are unstable

Homodimer B/B Heterodimer a/
guanylate cyclase 1 guanylate cyclase 1

Figure 1.7. Protein-protein interactions between subunits. Dimeric interactions of the guanylate
cyclase 1 between identical subunits ([3, in light and dark blue; PDB code 2wz1) and association of
different subunits (x and 3, in magenta and light blue, respectively; PDB code 3uvj).
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Protein-protein interactions

/\

Obligate Non obligate

Human cathepsin D RhoA-RhoGAP
signaling complex

Figure 1.8. Obligate and non-obligate protein-protein interactions. In the obligate interaction of
the human cathepsin D (PDB code 11lyb) the simultaneous presence of the units is necessary towards
the stabilization of both constituents. In a non-obligate interaction (PDB code 5Sirc), both constituents
are stable independently.

while not bound and are forced to form a complex in order to gain stability, while in a non-

obligate association, the individual components are stable independently [14].

As mentioned before, biomolecular associations can also be described in a time-dependent
manner. In this way, when the PPIs are strong and irreversible, the association is very stable
and the complex is known as permanent. Transient complexes on the contrary, are reversible
and can be further classified as weak or strong. Weak transient interactions show a variety of
dynamic oligomeric states in vivo, while in strong transient complexes only another molecule

(e.g. a ligand) is needed to trigger the change of the quaternary state 14 161,

1.5 Protein and peptide interactions with membranes

Lipid-protein and lipid-peptide interactions are highly important during the regulation of
biological processes. Their relevance for the system arrangement is evident, since one
third of the genome of certain organisms, including humans and yeasts has been found to
code for membrane proteins (!> 7], Lipid-protein interactions are indispensable in some
cellular mechanisms such as cell signaling and transport of molecules and ions into the cell.
Concerning these tasks, it is known that several cytoplasmic and membrane proteins, as well
as lipids and sterols, can be enrolled into the cell membrane and arrange localized complexes

in form of lipid rafts [18],
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In order to experimentally study this relevant kind of interactions, there are several
concerns to take into account. i) The transmembrane regions of the proteins are rich in
hydrophobic amino acids, this makes them unstable when exposed to water and other polar
solvents and consequently, tend to aggregate. This give rises to difficulties during protein
expression and purification. ii) The majority of protein-lipid interactions are not highly
specific. iii) The highly dynamic nature of membranes contributes to practical limitations
towards to obtain a complete map of these interactions. iv) The mechanisms of lipid
recognition can involve multiple steps, such as membrane binding and insertion in which
proteins undergo conformational changes, therefore, the characterization of these interactions

requires very detailed structural and dynamic information.

Nowadays, there is still not a complete understanding about the structural nature of
the interactions between proteins and membranes. In order to get new insights of these
biomolecular interactions and to clarify the molecular bases that govern these processes,

several techniques can be applied for their characterization.

1.6 Experimental methods to study biomolecular interac-

tions

Currently, several methods can be applied to study these interactions (protein-protein and
protein-membrane), each of which has advantages and limitations, especially in terms of
the sensitivity and specificity. These procedures can be divided into two major groups:
biochemical and biophysical techniques, and theoretical methods.

At the same time, intermolecular interactions of biomolecules can be described with
two levels of resolution: atomically or globally. Likewise, they can be studied from a
kinetic point of view through reaction rates, chemical equilibrium or by thermodynamic
analysis. Thermodynamic analysis can be done by isothermal titration calorimetry (ITC) and
differential scanning calorimetry (DSC), as well as for spectroscopic techniques, such as
circular dichroism (CD) spectroscopy and fluorescence. These last two techniques, as well as
IR and Raman spectroscopy, mass spectrometry and atomic force microscopy, can allow us
to get structural information on protein interactions. But, undoubtedly, the techniques that
provide the most information for the study and structural analysis of complexes with atomic
resolution are electron microscopy (EM), X-ray crystallography and Nuclear Magnetic
Resonance (NMR).
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The intricacy of the study of complete systems is a barrier to overcome and sometimes
it may be necessary to apply a reductionist approach. This means that occasionally, the
complex needs to be simplified and its components have to be studied separately. At the same
time, different methods should be used simultaneously in order to obtain complementary

information.

In the following paragraphs the biochemical and biophysical techniques most widely
used for the study of interactions and structural properties of biomolecules are described.

The main techniques employed during this Thesis are among them.

1.6.1 Mass spectrometry (MS)

MS is an analytical and destructive spectroscopic technique that ionizes chemical species and
ranks them based on their mass/charge (M/Z) ratio. The ions within the sample are separated
depending on their charge and size and once detected, a plot is generated in which different
isotopic forms can be visualized. MS is usually employed at the final stages of protein and
peptide purification to determine the purity of the sample. In our studies, MS has also been
used to determine the presence of reduced or oxidized states of Cys residues based on the
proton contents ' (Figure 1.9). Given that the main components are separated, it can also
be used to determine the presence of other components and, therefore, the presence of protein

interactions [20- 211,

1.6.2 Dynamic Light Scattering (DLS)

DLS is a non-destructive spectroscopic technique employed to determine the distribution
and diffusion behavior of suspended macromolecules based on their size. DLS measures
the Brownian motion of macromolecules, relates it with the size and shape of the particles
and their radii can be inferred and plotted as a histogram. The sample is subjected to a
monochromatic beam of light; this disperses or scatters the light in different directions
depending on the size and shape of the particles, as well as, on the temperature and solvent

viscosity. [221,

During DLS analysis, different kind of results can be obtained. A monomodal scattering
represents that the sample contains molecules with one size distribution. A multimodal
size distribution indicates the presence of various groups of particles or aggregates with

differentiated sizes. Also, the polydispersity index can be obtained (Figure 1.9).
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DLS can also be employed towards the identification of protein-protein interactions. By
means of the ionic strength and the concentration dependence of the diffusion coefficients,

different interaction parameters can be measured 23241,

1.6.3 Circular Dichroism (CD)

CD is another non-destructive spectroscopic technique that employs circularly polarized light.
UV-CD is a commonly used technique to obtain information about the secondary structure
of proteins, peptides and DNA. It is also widely used to characterize folding processes and

monitor conformational changes and the presence or not of interactions between molecules.

Far-UV CD spectra can reveal secondary structure properties as it is widely used to
estimate the fraction of «-helix, [3-sheet and random coil conformations present in proteins
and peptides in solution (Figure 1.9). Usually, mathematical deconvolution algorithms are
used to quantify the CD data and derive the percentage of the secondary structure of these
macromolecules. In this regard, the comparison of the CD data before and after the complex
formation can reveal the establishment of macromolecular interactions, as well as the change
of the secondary structure induced during the process 231,
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Figure 1.9. Biophysical techniques in biomolecular characterization. In mass spectrometry (MS),
the protein can be identified in the basis of its mass; the spectrum plot generated shows the different
isotopic forms. In dynamic light scattering (DLS), the presence of single particles or aggregates can
be determined by means of the profile generated. A multimodal size distribution might indicate the
presence of aggregates, while a monomodal bar is related with particles with one size distribution. By
circular dichroism (CD), the secondary structure and folding properties of a protein can be analyzed
depending on the range of the wavelength measured. Far-UV spectra can show the contribution of
a-helix, 3-strand and random coil conformations of the sample.
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1.6.4 Isothermal Titration Calorimetry (ITC)

This technique allows to determine the binding affinity and the enthalpic and entropic
components of biomolecular interactions quantitatively. These thermodynamic parameters
are related with the association constant and these data are obtained through titration assays

at varying temperatures (26271,

1.6.5 Fluorescence assays

In this technique, a fluorophore-labeled or Trp-containing protein or peptide is excited with
a polarized light and the produced fluorescence signal is recorded, both in the free state
and in the complex. The signal intensity changes due to the different correlation time
shown by the protein and the complex, allowing the characterization of the corresponding

interaction [28-291,

1.6.6 Small-angle X-ray scattering (SAXS)

This is a powerful tool to analyze weak interactions. It gives information about the stoichiom-
etry of binding, interaction potentials, the equilibrium states, and association and dissociation
processes. It also give low-resolution assemblies that can be later used in combination with
other high-resolution techniques (NMR and X-ray crystallography) to obtain a more complete
model of the complex [30],

1.6.7 X-ray crystallography

X-ray is a high-resolution technique that offers spatial information at atomic level and it is
widely used in biomolecular studies. It can be used to determine the structure of a single
protein or nucleic acid, or an interacting complex. Despite in most cases being the technique
of choice due to its multiple advantages, it is not always possible to crystalize complexes due

to the presence of highly dynamic domains or protein instability (31,
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1.6.8 NMR spectroscopy

1.6.8.1 NMR as a tool to study protein interactions

NMR is one of the best tools to obtain highly detailed information concerning biomolecular
interactions, including weak (K4 > 100 uM) and highly weak interactions. One advantage
of NMR is that it can be used under a variety of biologically relevant conditions. However,
solution NMR struggles with poorly soluble molecules or with large and complex systems
like biomembranes. In these cases, the application of solid-state NMR spectroscopy can be

an alternative.

The traditional approaches towards the characterization of biomolecular interactions is
through the nuclear Overhauser effect (NOE), the analysis of the chemical shift perturbations
(CSP) and the scalar and residual dipolar couplings (RDCs) [321,

Nuclear Overhauser Effect (NOE) The Nuclear Overhauser Effect (NOE) is the most
important NMR parameter from a structural point of view. During the NOE effect, the
magnetization is transferred between protons that are close in space and therefore, the
intensity of the NOE signals depends on the distance between these nuclei in an approximate

relation of 1/r% or up to 5-6 A.

NOE:s are also useful towards the determination of protein interactions. Given that this
parameter gives information regarding the spatially closed atoms, the interacting elements of
two or more molecules can be inferred. This approximation is more effective in high-affinity
complexes (K4 < 100 nM). In low-affinity interactions, the concentration of the bound state
in the equilibrium should be sufficiently high to be detected by NMR and this might be an
issue if the predominant species in solution are on their free states. In the case of intermediate
affinity complexes, their kinetic nature results in a significant signal broadening that can

impede to observe the NOEs between nuclei at the interface 321,

Chemical Shift Perturbations (CSP) The chemical shift (0) is a parameter that relates the
resonance frequency of a nucleus with respect to a standard, and depends on its chemical envi-
ronment. The different factors determining the chemical shifts are: local diamagnetism, local
paramagnetism, neighbor anisotropy, ring-currents, the electric field, solvent contribution
and the presence of paramagnetic species.

CSP is the most widely used parameter in NMR for the study of interacting molecules. In
this application, fingerprint regions of NMR spectra obtained for a molecule on its free and
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bound state are compared. It is known that the addition of an interacting molecule causes a
change in the electronic environment of the biomolecule and therefore, the chemical shifts
within the interface region vary. On the basis of these changes, the interacting region can
be defined and mapped on the molecular surfaces. However, not all interfacial residues
present significant chemical shift changes and as well, some proteins can undergo into greater
structural rearrangements and give large CSP values not related with the interface region 21,

Due to these factors, a careful analysis should be addressed depending on each case.

Scalar (J) and Residual Dipolar Couplings (RDCs) Scalar coupling constants, also
known as J couplings, are a measure of the interaction between two nuclear spins, where the
interaction is mediated by the electrons participating in the bond(s) connecting these nuclei.
The values of the scalar couplings, measured in Hz, depend on the molecular geometry and
particularly, on the angles defining the molecular conformation. When an interaction between
molecules occurs, structural changes can take place and modifications in the values of the
scalar couplings are measured. This is how this parameter can be used to determine the

presence of interactions.

On the other side, in anisotropic conditions, dipolar interaction between nuclei established
through bonds, are not averaged and a new parameter can be measured and analyzed. In
these conditions, molecules in solution align weakly relatively to the field, resulting in the
appearance of residual dipolar couplings (RDC). These interactions are measured also in Hz
and their absolute value depends on the degree of molecule alignment, the distance and the
relative orientation of the pair of involved nuclei. The difference between the signals splitting
within an anisotropic media (which is the sum of J and RDC), versus the isotropic one, gives
the RDC values. In this regard, the measurement of the difference obtained between the
free and the complex states provides information on the relative orientation between the

molecules present in the interacting state (33321,

1.6.8.2 Advantages and limitations of NMR

As mentioned before, NMR spectroscopy is a non-destructive technique that offers large
advantages compared with other biophysical techniques. This property makes it possible to
study the same process or molecule at different conditions such as pH variations, temperature,
cosolvents, in the presence of diverse ligands and repeat these experiments several times.
Additionally, NMR spectroscopy can be used in solution, solid and gaseous phases, being

the solution phase the most widely used in biomolecular NMR. NMR makes it possible to



1.7. Theoretical methods to study biomolecular interactions

27

analyze the molecule or complex under the most biologically relevant state. Also, molecules

which can not be crystalized, can be subjected to study using this technique.

If the sample concentration is high, small polypeptides can be studied using not only 'H,
which is the most naturally abundant and sensitive NMR-active nuclei, but also 13C, and PN
heteronuclei at their natural abundance. This enlarges the amount of obtainable information
and yields a more complete structural characterization. In the case of polypeptides greater
than 15 kDa, the isotopic labeling and multidimensional NMR spectra recording is mandatory

since the natural abundance of 13C and N is low.

Beside these advantages, the main limitation of NMR spectroscopy lie on its low sensitiv-
ity. As well, proteins are large molecules and this leads to a high number of resonance signals
that might overlap and make spectral assignment difficult. Concerning the overlapping
signals, 13C and 1PN isotopic labeling might be a solution, but yet expensive. Regarding the
low sensitivity of the technique, to overcome this issue, high concentrations of the sample are
needed; this increases the cost and might lead to its precipitation, while its soluble proportion
falls. Also, the implementation of a cryoprobe and a low salt media improve the quality of
the spectra.

For large biomolecules, the correlation time increases as the molecule size does. This
means that these molecules experiment slow tumbling, which results in NMR signal broaden-
ing. In these cases, the conventional experiments are not appropriate and more sophisticated
approaches are needed [+ 331,

1.7 Theoretical methods to study biomolecular interactions

Theoretical methods to study biomolecular interactions are fundamentally focused to predict
or infer structural domains, dynamical properties and possible interactions between molecules.
They are usually computer-based algorithms that can collect big datasets that might derive
from experimental outputs. One of the main theoretical approaches regarding this subject is
molecular docking.

1.7.1 Molecular Docking

This method can employ experimental data as input to predict the preferred conformation

adopted by a molecule when bound to another one in order to form a stable complex.
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Docking algorithms are data driven approaches that integrate information from other
biophysical methods such as NMR spectroscopy, X-ray crystallography, X-ray scattering and
cryo-electron microscopy. Depending on the complexity of the program and the interface, the
user can define sets of active and passive residues that were previously identified as relevant
for the interaction. The program tests different docking combinations by exploring the space
of all possible orientations of the molecules, this gives an output that is evaluated in the
basis of favorable interactions. Finally, the best scoring structures calculated are selected and
analyzed by the researcher 36381,

1.8 The use of minimized systems to surpass NMR limita-

tions

As already mentioned, larger entities (including large proteins, big protein-protein complexes
or membranes) are not as feasible to be fully and successfully characterized through standard
solution NMR. Apart from the specific experiments mentioned before, which have limited
applications, other experimental approaches like the use of minimized systems might be the

best choice to address the study of certain systems [*°1.

1.8.1 Model peptides as protein mimics

One of the minimalist approaches is the design and characterization of model peptides that
mimic the secondary structure believed to be adopted by a portion of the whole protein. The
use of synthetic peptides offers a great advantage as they can be exact copies of protein
regions and amino acids can also be easily replaced. This minimalistic tactic towards the
study of the structure and function of bigger polypeptides and proteins usually starts with
the formulation of a hypothesis that proposes which regions are potentially essential for a
determined interaction. Then these portions can be analyzed under diverse experimental
conditions. However, it has to be taken into account that regions not included in the designed
peptides, even if they are sequentially far, might still exert weak interactions that would
contribute to the behavior of the full system. Thus, unfortunately the effects of this type of

interactions can not be examined by this approach 491,

It is important to remember that small peptides are more likely to be highly mobile in
solution and, in the case of having a preferred conformation, it is usually in fast exchange

with the random coil distribution in the angular space. In this regard, in order to establish a
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well-founded conclusion, it is necessary to evaluate together as many information as possible

and analyze additional data derived from other biophysical approaches 41421,

Considering these premises, the design of the correct peptides that mimic the portion
of interest cannot always be straightforward; and three main different approaches can be
considered depending on the information available concerning to the system of study. As
well, more than one approach can be used based on: i) the polypeptide sequence, ii) the
protein structure and iii) the protein function [0,

1.8.1.1 Sequence-based peptide design

This peptide scanning strategy is based on the synthesis of short overlapping peptides
carefully selected that belong to an entire or a large section of a protein (Figure 1.10). Each
individual peptide is studied on its free state and in the presence of the partner targeted by
the full protein. In this way, it is possible to identify which peptides are affected by the
presence of the protein partner, and so the regions involved in the interaction are mapped 491,
However, and as mentioned before, this approach should take into account that some protein
binding sites might be formed by regions far apart in the sequence, and so they can not be
mimicked by overlapping peptides. Consequently, it can be relevant to make use of more
than one strategy depending on the system [40].

Sequence-based
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Figure 1.10. Design of peptide models as protein mimics. In the sequence-based (upper panel)
peptide design, short overlapping peptides are selected to be studied mainly separately. In the structure-
based peptide design, discontinuous segments believed to be involved in interactions are selected and
studied principally together, a scaffold approaching the segments might also be necessary.
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1.8.1.2 Structure-based peptide design

The design of peptides based on the protein structure consists of the selection and identi-
fication of the regions involved in the interactions within the full protein and synthesize a
mimetic version of this binding site (Figure 1.10). These regions may be far apart from a
sequential point of view and as the mimetic should comprise all the sequences involved, a
molecular scaffold might be needed to function as a linker between the different peptide
regions [401 431,

1.8.1.3 Protein function-based peptide design

Finally, this kind of design is based on the known protein function. This is fundamentally a
randomized computer-based strategy in which combinational peptide libraries are employed
to perform a screening procedure that explores the possible binders for a determined protein.
The possible peptides combinations obtained from the screening might result in inhibitors
or sequences that activates the protein [#%-44 431 and depending on the objectives of each

project, different peptide combinations can be studied.

1.8.2 Micelles as membrane mimetics

As biomembranes are complex and large systems, they constitute a challenge for their study
by NMR. For years, a simplified approach based on the use of different surfactants or
detergents has been widely adopted. However, in order to choose the correct mimetic and
keep the conditions closest to the native environment, the variety of the lipids that constitute
the biological membranes, their composition and properties has to be taken into account.

However, this is not always feasible due to the membrane complexity.

One traditional approach is to study the membrane protein in the presence of organic
solvents of different polarity. The employment of non-polar cosolvens (Figure 1.11) such
as trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP) is very popular in the study of
peptides by NMR as they mimic non-polar environments and promote the stabilization of the

secondary structure in a similar way as they might adopt in the biological membrane [46],

Another widely adopted simplified membrane model system in NMR consists of the use
of surfactants or detergents that spontaneously form micelles (Figure 1.11) and due to their
amphiphilic nature, micelles are better membrane mimetics than TFE or HFIP. The selection

of the surfactant should be based on the shape, curvature, thickness, lateral pressure, dielectric
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Figure 1.11. Organic solvents and surfactants used as membrane mimetics in NMR. Fluorinated
alcohols such as trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP) are used as cosolvents
to maintain the biologically relevant structure of a membrane protein. Surfactants such as sodium
dodecyl sulfate (SDS), dodecylphosphocholine (DPC) and Gemini associate and form micelles and
embed membrane proteins. Due to their size, micelles are the most widely used membrane models in
solution NMR.
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constant, hydration and charge of the native membrane #7! and taking into account these
properties, a variety of detergents have been characterized and selected to be the preferred for
NMR analysis, such as sodium dodecyl sulfate (SDS) and dodecylphosphocholine (DPC).

Membrane proteins can keep their structure and native states in the presence of membrane
mimetics, and can be solubilized in the presence of surfactants or detergents. If the detergent
used is at a concentration higher than its critical micelle concentration (CMC), the detergent
can solubilize both membrane lipids and integral proteins, keeping the protein within a
micelle composed by a mixture of detergent and the native membrane lipids. On the contrary,
if the concentration employed is below its CMC, the protein gets dissolved and separated
from the membrane without forming micelles as surfactant molecules coat the hydrophobic
regions of the protein (Figure 1.12).

Detergents that are often used to solubilize proteins can be ionic, non-ionic and zwitte-

rionic [*®). Tonic detergents such as SDS are composed by a hydrophobic tail and a polar
head with either a positive or negative charge. Ionic detergents are widely used for NMR
spectroscopy, as they afford good quality NMR spectra, but they have to be used with caution

as they might also denature proteins 48],

On the contrary, non-ionic detergents such as Triton X-100® or Tween®

are composed
with a hydrophobic region and a non-charged polar head. However, due to their monodisperse
nature, they do not tend to form stabilized micelles at the concentrations needed for NMR

experiments and can bring bad quality spectra [43],

N

+ micelles

Above CMC Below CMC

Figure 1.12. Solubilization of integral membrane proteins. The addition of micelles at a concen-
tration higher than the critic micelle concentration (CMC) creates a micelle with an embedded protein
that can be studied as a mimic of its native membrane environment, while at a lower CMC values, the
protein gets dissolved and might be denatured.
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Zwitterionic detergents such as DPC, have a net neutral charged polar head and a hy-
drophobic portion. Similar to ionic detergents, they can solubilize proteins, but their aggres-

siveness is lower, thus maintaining the native state and charge of the embedded proteins (48],

A final consideration towards the use of detergents as membrane mimetics is their critical
micelle concentration (CMC). Above this concentration, surfactants tend to form micelles.
Common surfactants used in NMR have high CMC values, thus, they have to be employed in
their deuterated forms. Signal broadening is also a problem aroused from micelle formation
and the use of combined experiments in the presence of non-polar environments (TFE, HFIP)

might help to complement the spectra analysis [4%-30],

Regarding the high CMC values of popular detergents for NMR, the use of the not so
common Gemini surfactants can be also interesting. Their low CMC, slow millisecond
monomer to micelle kinetics and smaller micelle sizes make them suitable as membrane
mimetics for NMR study. Hence, their low CMC value allows using them at a low concentra-
tion without being deuterated and the interactions found are due to the polypeptide being

associated with the micelle and not with the monomeric form of the surfactant [*°!,

Additionally, there are other membrane mimetics that can be employed for solution
NMR studies, such as bicelles, liposomes or nanodiscs. Bicelles are planar surfaces usually
composed by a mixture of lipids and detergents that mimic the lipid bilayer; however, they
are less stable than micelles and their use is not very widespread in solution NMR. Similarly,
liposomes are also less stable, and their larger sizes contribute to the signal broadening a
fact that deteriorates the quality of the NMR spectra. Finally, nanodiscs are composed by
a phospholipid bilayer stabilized by helical proteins that act as scaffolds, and given their
stability and bilayer nature, they are considered better membrane models than micelles and

liposomes and are gaining popularity in solution NMR spectroscopy [°1-321,
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1.9 Global aims and structure of this Thesis

Throughout this Introduction chapter, it has been highlighted the importance of the biomolec-
ular interactions, particularly those involving protein-protein and protein-membrane, and
the fundamental role played by NMR in their characterization. In this context, this The-
sis presents the design of experimental approaches intended to analyze and characterize
profoundly the molecular basis of these kinds of interactions that are essential in the estab-
lishment and regulation of certain biological processes. This has been done for proteins and

complexes found in diverse processes, which are implicated in a wide variety of organisms.

In order to obtain deep information of these complex processes, solution NMR results
have been analyzed in combination with those obtained with other biophysical and theoretical
methodologies. In this regard, the proper use and selection of the experimental conditions
and the different methodologies can make this analysis biologically relevant and shed light
on the comprehension of the complex biological processes in which the selected proteins are

involved.

The general objectives of this Thesis are:

 To perform a structural analysis of the centrosomal TACC3-XMAP protein-protein in-

teraction through the minimization of the complex employing peptides and cosolvents.

* To characterize the glycoprotein gp41 and its interactions through the structural study

of a simplified version of peptides and membrane mimetics.

 To determine and characterize the interactions of the peptides derived from the antimi-

crobial peptide protegrin-1 in the presence and absence of membrane mimetics.

¢ To obtain the structure and characterize the molecular interactions with membranes
of the fungal sex a-pheromone of Fusarium oxysporum in the presence of membrane

mimetics.

On the basis of these general objectives, the organization of the present Thesis is explained

in the following section.
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1.9.1 Organization of this Thesis

This work has been structured in six chapters, four chapters based on the original results of
this work, and another two separated chapters dedicated to the general introduction and the
overall conclusions. Chapter 1 is an introduction in which the relevance of the biomolecular
complexes and the methodology used towards their characterization is described. The last
chapter, chapter 6, includes a summary of all the results obtained and the general conclusions
of this Thesis.

The original sections comprise four experimental chapters (chapters 2 to 5) composed
by the same structure and contain a specific introduction of the system studied, detailed

objectives, experimental section, discussion of the results, and their specific conclusions.

Chapter 2 is focused on the study of the XTACC3-XMAP215 protein-protein interaction.

This interaction has been found to be relevant in cell division and cancer-related processes
and its study might help to understand the specific molecular recognition and biological
function of these proteins. In this part, a structure-based peptide approach was chosen to
design the peptide models for this kind of interaction; as well, NMR, circular dichroism and
computational simulation methods were employed to characterize these peptides.

Chapter 3 contains the study of a biologically relevant protein-membrane interaction
comprising different regions of the glycoprotein gp41 of HIV-1. Simplified versions of the
interaction were characterized employing peptide models derived from a sequence-based
approach in the presence of membrane mimetics. The pursued goal is to understand how the
virus can be neutralized prior to its binding with the host cell, thus, it might yield relevant

information towards the design of new anti HIV drugs.

In chapter 4, an exhaustive characterization of the peptide-peptide and peptide-membrane
interaction of three variants of the antimicrobial peptide protegrin-1 has been performed
through NMR, circular dichroism and computational docking simulations. We aimed to have
new insights about the structure and function relationships of this member of the protegrin
family that has been proposed as a good candidate for the design of novel antimicrobial

agents.

Chapter 5 is dedicated to the structural and functional description through NMR and
other experimental techniques of a peptide pheromone implicated on the reproductive cycle
of the highly destructive fungus Fusarium oxysporum. The main objectives consist of the
determination of the 3D structure and the delineation of the peptide regions that are crucial
for specific functions such as its chemoattractant and growth inhibitory activities.
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Finally, at the end of this Thesis, the Bibliography and the Appendices containing

additional quantitative data used along all chapters can be found.
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2.1 Introduction and objectives

The cell cycle is a vital process in life, it comprises several biochemical routes along two
main states: interphase and mitosis. The interphase is comprised by four different phases:
G1, G (a quiescent state), S (synthesis) and G; (Figure 2.1). During these stages, different
metabolic pathways take place, such as cell growth at G|, DNA replication at the S phase,
and the preparation for cell division at G,. During the M phase (mitosis), the cell division
occurs and two daughter cells are created. Therefore, all along this process it is crucial to
distribute the genetic material properly into the new daughter cells. Defects on this process
may result in important consequences like chromosomal instability, aneuploidy, apoptotic
cell death, premature senescence and cancer [53-55],

One fundamental player in this process of cell division found in metazoans is the centro-

some. The centrosome is an organelle that acts as the main microtubule-organizing center,

Bipolar spindle
assembly

V=
Growth and \\M—_—%/

Growth and
preparation for normal
division Mitosis metabolic roles

DNA
Loss of centrosome replication Procentriole initiation
cohesion

Procentriole elongation

Figure 2.1. Schematic representation of the cell and centrosome cycles. At phase Gi, the cell
performs its usual metabolic roles. At synthesis phase (S), the DNA replicates and the procentrioles
start to elongate. At G, phase, the centrosomes breaks their cohesion and at mitosis (M) phase, the
centrosomes locate in the opposite sides of the cell in order to arrange the genetic material prior to
division.
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and it is responsible for the distribution of the genetic material to the daughter cells. To do this
essential job, centrosomes experience a division and maturation process during the so-called
centrosome cycle (Figure 2.1) [°6-8] The structure and composition of the centrosomes
is complex, transient and diverse. During the mitotic phase, they consist of one pair of
centrioles surrounded by the pericentriolar matrix; as well, several proteins participate on
their assembly and organization through different interactions and signaling routes P°-61.571,

see Figure 2.2.

During cell division, the nuclear membrane gets disassembled, an association of tubulin
af3-heterodimers occurs, in which randomized phases of polymerization and dissociation
take place at the microtubules (MT) limits; and finally, the important spindle fibers are
created (921, The mitotic spindles are complex structures formed by MTs arranged as strong
fibers that are part of the cell skeleton. They exert the forces required to align and segregate
the genetic material precisely by controlling the motor and non-motor microtubule-associated
proteins (MAPs), which define and organize the dynamic properties of MTs (93], Therefore,
MAPs are critical in this process in which self-correction mechanisms should occur to avoid
errors during the chromosomal distribution that can contribute to tumor development and

diverse cellular failures (03!,

DT———0C
Centrsome + @ \W/ \\

ap-tubulin
dimers

Microtubule ')
Centriole

Figure 2.2. Bipolar spindle assembly diagram. During cell division, the centrioles replicate and
migrate to an opposite side of the cell. Throughout the formation of the spindle poles, maturation of
the centrosomes takes place, the pericentriolar material (orange) reorganizes and the microtubules get
assembled. TACC3 binds to chTOG and promotes microtubule growth by the addition of o[3-tubulin
heterodimers.
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2.1.1 The TACC3-XMAP interaction promotes microtubule growth

Considering the above scenario towards the understanding on how these MAPs work and
interact, and to achieve a description of the corresponding structure-function relationships, it
is mandatory to obtain information at atomic level. In this context, we focus on an interaction
that promotes MT growth: the interaction between one of these MAPs (XMAP215) and the
centrosomal adaptor protein TACC3.

The colonic hepatic Tumor Over-expressed Gene (chTOG) (first reported in colonic and
hepatic tumors (%41 is the human homolog of the Xenopus laevis microtubule-associated pro-
tein (XMAP215) (631, XMAP215 is a potent polymerase, a promoter of plus end microtubule
assembly through the addition of «-tubulin heterodimers 6% 71 chTOG/XMAP215 is a
highly conserved protein family that shares a common C-terminus coiled-coil domain and a
variable number of TOG (from two to five) domains within its N-terminus region. Each TOG

domain is capable on binding tubulin dimers at the microtubule end (63 91,

TACC (transforming acidic coiled-coil) proteins are centrosomal adaptors that play an im-
portant role during the mitotic spindle assembly 7721, TACC proteins, specifically TACC3,
were first found in a search for genomic regions amplified in breast cancer [7%!. It is known
that TACC3 interacts with chTOG/XMAP215 and regulates MT assembly [73 74 711 A reduc-
tion of the protein levels of TACC3 disrupts the proper localization of the chTOG/XMAP215
association at the mitotic centrosome 7 761 while increased levels of TACC3 enhance the
recruitment of the complex at the spindle poles [7% 731,

2.1.2 TACC3-XMAP interaction model

Quite recently, the interaction between TACC3 and XMAP was described based on biochemi-
cal and biological data by Mortuza and coworkers 7”1, They defined a minimal active binding
domain (TD4, 26 kDa) for the protein XTACC3 (the Xenopus homolog of the human TACC3,
with a 79 % of sequence identity) and also for XMAP215 (C-t, 7 kDa) "71. It is well known
that human centrosomal proteins show a significant tendency to adopt both unstructured and
coiled-coil conformations 78!, This complicates the determination of their 3D structure at
atomic resolution. In this regard, the high flexibility and oligomerization propensity of TD4
thwarts the resolution of its 3D structure by either NMR or X-ray crystallography. For this

reason, an experimental structural model of this complex is still lacking.

Despite these limitations, a medium resolution 3D model of TD4 is available based

on small-angle X-ray scattering (SAXS) data. This model consists of an elongated helical
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Figure 2.3. Cartoon representation of the XTACC3-XMAP interaction through the XMAP C-
terminus domain (adapted from [771). XTACC3 aspartic residues that are important for the activity
(Asp921 and Asp922) are shown in red, XMAP-pCt two helices are superimposed. The N- and
C-termini are also indicated.

structure, in which the biologically relevant helix 2 (TACC-«2) and the C-terminus of the
helix o4 (Ct- TACC-4) face each other in an antiparallel orientation.

On the other hand, the C-terminus binding region of XMAP is also predicted to be a
coiled-coil. When isolated, XMAP tends to populate helical structures and the short peptide
XMAP-pCt (Table 2.1) has been described to have similar structural propensities. It has also
been shown that the pCt peptide has a good affinity with TD4. Therefore, it is an appropriate

model to mimic the intermolecular interactions of the full-length protein [77].

Likewise, a structural model for the XTACC3/XMAP215 (1:2 ratio) complex has been
previously proposed 771, In this model (Figure 2.3), the helical structure of XMAP-pCt
lies in the grooves between the helix «2 and the C-terminus region of the helix a4 of TD4.
It was also shown that TD4’s helices 2 and a4 contain several key residues for binding.
Interestingly, two single point mutations in the C-terminus of the helix &4 (D921A and

Table 2.1. Sequences of the peptides studied, aspartic residues of Ct-TACC-o4 wt are shown in red,
mutated residues in Ct-TACC-o4 mut are underlined. The sequence number of these residues in the
full length protein are also indicated.

Peptide (protein sequence #) Sequence Theoretical pI
TACC-«x2 (823-856) VEMGKITIAEFEGTITQILEDSQRQKETAKLELNK 4.82
Ct-TACC-o04 wt (897-930) MKIQSLERSLEQKSKENDELTKISDDLILKMEKI 5.18
Ct-TACC-o4 mut (897-930) MKIQSLERSLEQKSKENDELTKISAALTILKMEKI 8.1

XMAP-pCt (2047-2066) STNIDDKLKKRLERIKSSRK 10.55
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D922A) are sufficient to impair the molecular interaction and protein function 771, Although
the proposed SAXS model could explain some biological observations regarding these
proteins’ association and microtubule elongation, many important questions and the atomic

structural details are still lacking.

2.1.3 The advantages of the use of simplified systems

The best way to extract accurate and biologically relevant information regarding the structure
and function relationships is to study the biological system with the conditions that better
reproduce its native environment in the cell. However, this is not usually experimentally
easy. In our case, we are interested on obtaining information at atomic level of a large
complex of centrosomal proteins, which have a tendency to aggregate and interact in the
pericentriolar media. Both system and media are in this case hard to reproduce and study
employing biophysical methods. Consequently, no models of atomic structures under these
conditions have been reported so far. To overcome these problems, some simplifications
were proposed in different examples [0 7%- 801 A strategy widely validated in recent decades
is the use of linear peptides as simple models to reproduce the globular structures of proteins,
and among these studies there are important contributions of our group [81-831, Peptides are
also used routinely for the characterization of protein-protein interactions, whose study is
simplified by using protein-peptide complexes, in which the peptide contains the recognition

[84.85] ~ As well, peptide-peptide interactions have been recently used to

site for binding
reproduce protein-protein interactions [3¢). This approximation is valid given that the peptides
are generally capable to reproduce the conformational tendencies and the behavior of the

selected sequences in the full proteins 401,

Linear peptides show many benefits in structural studies. They are easy to obtain in large
amounts by standard peptide synthesis; in the case of problems, the addition of different
N- or C-tags can increase the solubility; they are easily studied by homonuclear NMR if
they are not too large; and a variety of different NMR parameters can bring us information
about their structure and interactions. The most powerful ones are chemical shifts, coupling
constants and intermolecular NOEs. All of them vary depending on structural modifications
and intermolecular associations. As a main drawback of this approximation, we can mention
the peptide conformational average in solution. In consequence, the discussion of some
results is not always an easy task, but conclusions about the most populated conformers can
be generally extracted [#!). Finally, all these details have been discussed in the introductory
chapter of this Thesis.
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On the other side, physiological conditions can be mimicked by varying the pH, ion
concentration, or by adding cosolvents or crowding agents. In this study, TFE and DPC
micelles were selected as cosolvents since they mimic low dielectric environments, such as
those found within high concentrations of macromolecules and other entities encountered in
cells 187]. These cosolvents promote intramolecular hydrogen bonds in peptides and proteins

and are known to stabilize pre-existing secondary structures in short linear peptides [88- 891,

In summary, by using mimic systems, we can study some relevant complexes that would

be unattainable by other methods.
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2.1.4 Objectives

The main objective of this study is to obtain new insights concerning the interaction between
XTACC3 and XMAP215; and consequently, to fully understand the functional implications
of this complex and the regulation of the microtubule dynamics during mitosis. Given
the current limitations on gaining structural data at atomic scale for this large system, in
this study we make use of a simplified version, which consists of: i) peptides derived
from XTACC3 and XMAP215 and ii) the addition of cosolvents. Four different peptides
corresponding to TACC-«2 and Ct-TACC-o4 domains, and pCt from XMAP215 (Table 2.1)
were designed and characterized by circular dichroism (CD) and nuclear magnetic resonance
(NMR) spectroscopies in water, TFE mixtures and DPC micelles. TACC3 and XMAP215

peptides were analyzed both alone and as part of all possible interacting mixtures.

The specific objectives proposed are:

* To define the regions and residues that can be crucial for the interaction between TACC3
and XMAP215 by means of a careful analysis of the interaction model proposed with
SAXS data.

* To design peptides able to mimic the conformation of those sequences in the native

full length proteins.

* To fully characterize these designed peptides in different media by CD and NMR, and
examine whether their structures in the free state and within the available SAXS model

are the same.

* To determine the structural consequences of key aspartic mutations. Particularly, the
two aspartic acids located at the C-terminus of the helix a4 of TACC3; based on
biological assays, were found to be important for the interaction and function and for
which no information has been reported regarding to possible structural changes given

by these mutations.

* To characterize at atomic level how the selected peptides interact and how these

interactions are compatible with the SAXS model.

* To provide a structural model based on the experimental atomic data derived from the

study of the designed linear peptides.

* To derive the structure-function relationships related with the TACC3-XMAP215

complex.
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2.2 Materials and methods

2.2.1 Chemicals

The deuterated compounds [D3g] DPC (dodecylphosphocholine) (98 %), [D3] TFE (2,2,2-
trifluoroethanol) (99 %) and D>O (99.9 %) were obtained from Cambridge Isotope Laborato-
ries (USA). The percentages of deuteration are indicated in parentheses.

2.2.2 Peptide synthesis

TACC-«2, Ct-TACC-a4 wt, Ct-TACC-o4 mut and XMAP-pCt peptides were synthesized by
Caslo Aps (Lyngbym, Denmark), peptide sequences are listed in (Table 2.1). Fmoc-solid
phase synthesis protocols were followed and purification was performed by reverse-phase
HPLC using a C18 column until reaching 95 % or more purity. The identity of the peptides
was confirmed by MALDI-TOF MS. To better mimic the behavior of the peptides in the

protein, peptides were acetylated and amidated at their N- and C-termini, respectively.

TACC-a2: RP-HPLC: tR = 12.13 min, purity 98.58 % (buffer A: 0.05 % TFA in H,O/CH3;CN
98:2 (v/v); buffer B: 0.05 % TFA in H,O/CH3CN 1:9; linear 40-60 % B buffer gradient in
20 min). HRMS: Theoretical molecular mass: 3932.54 (m/z); [M+H]* found: 3932.73.

Ct-TACC-a4 wt: RP-HPLC: tR = 9.89 min, purity 95.38 % (buffer A: 0.05 % TFA in
H,O/CH;3;CN 98:2 (v/v); buffer B: 0.05 % TFA in HyO/CH3CN 1:9; linear 40-60 % B buffer
gradient in 20 min). HRMS: Theoretical molecular mass: 4075.79 (m/z); [M+H]* found:
4076.97.

Ct-TACC-a4 mut: RP-HPLC: tR = 10.60 min, purity 98.86 % (buffer A: 0.05 % TFA
in HyO/CH3;CN 98:2 (v/v); buffer B: 0.05 % TFA in HyO/CH3;CN 1:9; linear 32-47 % B
buffer gradient in 15 min). HRMS: Theoretical molecular mass: 3987.77 (m/z); [M+H]*
found: 3989.48.

XMAP-pCt: RP-HPLC: tR = 11.15 min, purity 97.15 % (buffer A: 0.05 % TFA in
H,O/CH3CN 98:2 (v/v); buffer B: 0.05 % TFA in HyO/CH3CN 1:9; linear 15-33 % B
buffer gradient in 18 min). HRMS: Theoretical molecular mass: 2456.90 (m/z); [M+H]*
found: 2457.52.
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2.2.3 CD spectroscopy

CD spectra were recorded with a Jasco J-815 spectropolarimeter (Tokyo, Japan) equipped
with a Peltier PTC-423S system. Stocks of known peptide concentration (about 1 mM)
were prepared by weighing the lyophilized material. Aliquots of these stock solutions were
taken and diluted into the appropriate volume of buffer to yield the peptide samples at the
concentration required for each spectroscopic characterization. Samples were centrifuged

5 min, 13000 rpm prior to CD measurement.

All measurements were carried out by triplicate at 5 °C, the cuvette path lengths were
0.1 cm in the far-UV region (250-195 nm). Individual peptide samples were prepared at a
concentration of 30 uM and characterized under three different solvent conditions: i) 20 mM
sodium phosphate, 150 mM NaCl, pH 5.5; i1) 30 % TFE, 20 mM sodium phosphate, 150 mM
NaCl, pH 5.5; and iii) 20 mM DPC micelles, pH 3.0, 5.5 and 10.0. To test aggregation
tendencies, spectra at 30 uM, 45 uM and 60 pM peptide concentrations were also recorded
in H,O. For the mixtures, samples containing 30 uM of each peptide in 1:1, 1:1:1 or 1:1:2

ratios were used.

Isothermal spectra for these samples were acquired at a scan speed of 50 nm-min"! with a
response time of 4 s and averaged over four scans for each sample. The same parameters
were used to record the reference spectra with their respective buffer/cosolvent solutions.
After subtracting the appropriate reference spectra from the sample spectra, CD data were
processed with the adaptive smoothing method of the Jasco Spectra Analysis software. CD
data are given in molar ellipticity units ([0], deg-cm?-dmol !, Equation 2.1) for the isolated
peptides and ellipticity units (6, mdeg) for the mixtures. The helical population of the
different peptides was determined by: i) the method described by Rohl & Baldwin [*°! (which
considers peptide length and temperature corrections) on the basis of the mean-residue
ellipticity experimentally observed at 222 nm; and ii) the on-line analysis for protein circular

dichroism spectra (Dichroweb) server using the K2D Analysis programme 1.

100- (CD)
C-n-l
In which CD is the signal in mdeg, C is the sample concentration in mM, n is the number of

0(deg-cm®-dmol ™) = (Equation 2.1)

amino acids and 1 is the path length in cm.
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2.2.4 NMR sample preparation

NMR samples were prepared by dissolving the lyophilized peptide (1-2 mg) in 0.5 mL
of solvent; i.e., HyO/D,0 (9:1 v/v), pure DO, 20 mM [D3g] DPC in H,O/D,0 (9:1 v/v),
20 mM [Dsg] DPC in D,0, 30 % [D3] TFE in HO/D,0 (9:1 v/v), and 30 % [D3] TFE in
D,0. The peptide concentrations were about 1.0 mM. The pH was adjusted to 5.5 by adding
minimal amounts of NaOD or DCI, measured with a Hamilton glass micro-electrode. For the
trio mixture, the sample was prepared with 0.5 mM of each peptide with a 1:1:1 peptide ratio.
All samples were placed in 5 mm NMR tubes, and contained DSS as the internal reference
for 'H chemical shifts.

2.2.5 NMR spectra acquisition

NMR spectra were recorded with Bruker Avance spectrometers, operating at 600 and
800 MHz ('H), both equipped with triple resonance, z-field gradient cryoprobes. Phase-
sensitive two-dimensional correlated spectroscopy (COSY), total correlated spectroscopy
(TOCSY) and nuclear Overhauser enhancement spectroscopy (NOESY) spectra were recorded
with standard techniques. Water signal was suppressed by either presaturation or by using a

Watergate pulse sequence (921,

TOCSY spectra were obtained by using 20 ms and 60 ms mixing times. The NOESY
mixing time was 150 ms. 'H-'3C heteronuclear single quantum coherence (HSQC) spectra
were recorded at 13C natural abundance. 13C §-values were indirectly referenced by using
the TUPAC-TUB recommended 'H/'3C chemical shift ratio (0.25144953) 3. Depending on
peptide solubility, different temperatures were tested (5, 25 and 40 °C). Data were processed
with the standard TOPSPIN program (version 2.1) (Bruker Biospin, Karlsruhe, Germany).

NMR and sample conditions are summarized in Table 2.2.

2.2.6 NMR spectra assignment

The NMR spectral assignment of each peptide in the different conditions was performed
by following the well-established sequential-specific methodology based on homonuclear
spectra (%41 with the help of the SPARKY software [°°1. The '3C resonances were identified
on the basis of the correlations between the hydrogen and the bound carbon atom present in
the "H-13C-HSQC spectra. All assigned chemical shifts are listed in Appendix A.
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Table 2.2. NMR spectra conditions of the peptides studied.

Peptide Solvent pH Temperature (°C)
TACC-x2 H,0 5.5 5
D,0 5.5 5
30 % TFE/H,0 5.5 25
30 % TFE/D,,0 5.5 25
20 mM DPC/H,O 5.5 25
20 mM DPC/D,0O 5.5 25
Ct-TACC-a4 wt H,0 5.5 5
D,0 5.5 5
30 % TFE/H,0 5.5 25
30 % TFE/D,0 5.5 25
20 mM DPC/H,O 5.5 25
20 mM DPC/D,0 5.5 25
Ct-TACC-a4 mut H,0 5.5 5
D,0 5.5 5
30 % TFE/H,0 5.5 25
30 % TFE/D,0O 5.5 25
20 mM DPC/H,O 5.5 40
20 mM DPC/D,0 5.5 40
XMAP-pCt H,0 5.5 5
D,0 5.5 5
30 % TFE/H,0 55 5,25
30 % TFE/D,0O 5.5 5,25
20 mM DPC/H,O 5.5 25
20 mM DPC/D,0 5.5 25
TACC-a2 + a4 wt + XMAP-pCt H,0 5.5 5
30 % TFE/H,0 5.5 5,25

2.2.7 Structure calculation

Structure calculation of the peptides was done with the program CYANA 2.1 %61, Small
peptides do not adopt a unique, highly stable structure; instead, they adopt an ensemble
of preferred, similar and modestly stable conformers, which are in equilibrium with low-
populated conformers. To characterize the preferred conformers, medium and long range
NOEs were selected. Intraresidue and sequential NOEs (except for HN-HN, which are
characteristics of helices) were excluded given that their intensities are the most affected by
the conformational averaging, as random coil conformations contribute to their intensities !,
It is important to bear in mind that the presence of the helical conformers and their high
populations are established independently on the basis of CD spectroscopy, as well as

conformational chemical shifts. The selected NOE cross-peaks were integrated and translated
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into distance restraints, and the ® and WV dihedral angle restraints were obtained using the
TALOS-N webserver [°71. 100 structures were computed, from which 20 structures with
the lowest target functions were minimized following the CYANA protocol. The structural
statistics of the calculations are summarized in Table 2.4 (see Results Section 2.3.3). These
minimized structures were analyzed and examined with MOLMOL 81 and PyMOL [*°1,

2.2.8 NMR estimation of helix populations and interaction mapping

Helix populations were quantified from the '3Co or 'Ha secondary chemical shift values

taken from the 2D-NMR spectra and applying the formula for either the carbon or proton [8%);

OJAHa = 6Ha0bserved - 5Harand0m coil
(Equation 2.2)
OACa = 5C(Xobserved - 5C(and0m coil

Ad Hx and Ad Cx values were averaged for all residues, and the resulting mean divided
by the Ad Ho or Ad Cax value corresponding with the 100 % helix formation (-0.39 ppm
for Hx and 2.6 for Cx) (191 and multiplied by 100. Random coil values were taken from
Wishart et al. 1911, Errors are estimated to be about 3 % when populations are obtained from
the 'H chemical shifts, and about 7 % if obtained from the 3C« data 192,

To evaluate the interaction between peptide pairs and trios, a weighting factor Ad w
(which accounts for Hx and HN variations) was calculated from the chemical shifts of

assigned resonances of the peptides when alone (free) and in pairs or trios (mixture):

Adw = \/(A5 I_IOCinteraction)2 + (A8 [_INinteraction)2 (Equation 2.3)

in which:

AS H Ointeraction = AS Hafree —AS H Qnixture
(Equation 2.4)
AS HNinteraction = AS HNfree —AS HNpixture

2.2.9 Computational modeling and NMR-driven docking

* Molecular modeling was performed by Dr. Miguel Mompedan, from the Faculty of Sciences
and Technology, IRICA University of Castilla-La Mancha, Ciudad Real, Spain, employing
the experimental data obtained in this PhD Thesis.
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To detect possible helix-helix interactions, a set of simulated annealing calculations in the
torsion angle space were performed using CYANA with default parameters [°®). Hexa- and
dodeca-Gly linkers were used to favor spatial proximity between TACC-x2 and Ct-TACC-x4.
The salt bridge between Asp921 (TACC-a4) and Lys827 (TACC-«2) previously inferred
from SAXS data 771 was detected in some of the runs, and subsequently used as a restraint
for docking studies. The docking of TACC-«2 and Ct-TACC-a4 included the XMAP-pCt
peptide to match our experimental conditions, and was performed using the HADDOCK
program 13¢!, Residues whose resonances show changes in the trio mixture were chosen
as active in the docking interface. Following a rigid body-energy minimization procedure,
the 200 structures with the lowest intermolecular energy values were selected for further
semi-flexible docking and explicit water solvation. The structures with the best Haddock

docking scores were selected as representative conformers.
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2.3 Results

2.3.1 Peptide design

The peptides studied here were designed on the basis of the proposed model for the TACC
and XMAP interaction 7”1, As described in the study, the model indicates that the helix
of XMAP-pCt rests near the groove between the helix «2 and the C-terminus of helix o4
of TACC3 (Figure 2.3). For this reason, the peptide sequences were designed to span the
possible interacting regions; specifically, helix «2 and the C-terminus of helix a4 of TACC3,
and the previously described C-terminus peptide from XMAP. The peptides should be long
enough to be relevant in this analysis, but sufficiently short to allow a full and unambiguous
'"H NMR assignment and obtain adequate information in order to generate a 3D structure.

The peptide sequences listed in (Table 2.1) correspond with the residues Val823-Lys857
(TACC-x2), Met897-11e930 (Ct-TACC-o4) and Ser2047-Lys2066 (XMAP-pCt) in the full-
length protein or domain, respectively. The wild-type sequence of Ct-TACC-a4 (Ct-TACC-
o4 wt) was studied together and compared with a mutant (Ct-TACC-a4 mut), in which two
residues important for function and binding (Asp922 and Asp923) were replaced by alanines.
An analysis of the sequences shows that all x-helical structures have certain amphipathic
character in all peptides, as shown in Figure 2.4. Thus, hydrophobic residues are clustered in
specific helix faces, suggesting the role of these surfaces in intramolecular oligomerization or
coiled-coil interactions. Also, as mentioned before, the analysis of these sequences showed

that all peptides are prone to form coiled-coils [78.

KE <A Tacc-a2 |

"IN

Figure 2.4. Helical wheel representations for the structures formed by the peptides derived
from TACC and XMAP, showing their amphiphilic character in certain regions. Hydrophobic
residues are marked in green.
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2.3.2 Circular dichroism of isolated peptides

The structural behavior for each peptide was characterized by CD and varying different con-
ditions, such as solvents, pH, and concentration (see Figure 2.5, Figure 2.6 and Figure 2.7),
so every possible combination can be analyzed. As mentioned before, TFE and DPC were

selected as cosolvents to mimic cellular conditions.

As shown in Table 2.3 (see Section 2.3.3), the CD spectra indicated that all peptides
adopt mainly random conformations in H>O; nevertheless, in the presence of TFE and DPC
micelles they strongly tend to form helices (indicated by the characteristic minima at 208
and 222 nm; Figure 2.5). However, as the ratios of the signals found at 222 nm versus
208 nm were below 1.1 191 no tendencies for coiled-coil motifs in the isolated peptides
could be observed. Two different methods were used to evaluate the helix population from
the CD data (see Method’s Section 2.2.3). Upon comparison, the results obtained by the
deconvolution analysis generally yield higher helical populations than the Rohl & Baldwin
approach in the presence of cosolvents. In contrast, the Rohl & Baldwin method gives higher
helical populations in aqueous solutions. In TFE and DPC at pH 5.5, the helical populations
are high for TACC-«2, Ct-TACC-a4 wt and Ct-TACC-x4 mut (60-70 %), and moderate for
XMAP-pCt (25 %). Since the charged state of the titratable side-chains, which can affect their
contribution to the stability of the peptide structure, depends on the pH value, we decided to

examine the influence of pH variation. Hence, taking into account the peptide’s isoelectric

30 pM peptide, pH 5.5

40 TACC-a2 B ctracc-aswt € crtacc-aamut P xmaPpct 4

g 204 -20
A x
5 \ 3
e :
g o ‘ 0§
U % N\
= Y
D
= -20 etre [ g_:
@ DPC
® H,0

-40

200 210 220 230 240 200 210 220 230 240 200 210 220 230 240 200 210 220 230 240
A (nm) A (nm) A (nm) A (nm)
Figure 2.5. Far UV-CD spectra of individual peptides in different solvents. 30 uM TACC-«2

(A), Ct-TACC-a4 wt (B), Ct-TACC-04 mut (C) and XMAP-pCt (D), pH 5.5. Solvents: 30 % TFE
(red), 20 mM DPC (blue), H,O (green).
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point, we recorded CD spectra of the peptides in the presence of micelles at pH 3.0 and 10.0
(Figure 2.6).

At pH 10.0, the helix conformation seems to be destabilized in TACC-«2, Ct-TACC-
o4 wt and Ct-TACC-a4 mut peptides. However, XMAP-pCt did not show important differ-
ences over all the pH range studied, which could be attributed to a compensation between
the loss of favorable electrostatic interactions at pH 3.0, where Asp and Glu side chains are
predominantly neutral, and a reduced unfavorable electrostatic interactions among Lys and
Arg side chains at pH 10.0 (where a fraction of Lys side chains will be neutral). Interestingly,
under all the conditions studied here, Ct-TACC-a4 mut populates more helical conformations
than the wild type sequence despite the loss of favorable salt bridge interactions due to the
substitution of the aspartics by alanines. This can be explained by the positive contribution
of the alanine residues to helix formation [ and the elimination of the charge-charge

repulsion between two consecutive aspartic acids in the sequence 103,

30 uM peptide in 20 mM DPC

02 TACCa2 B ct1accaawt & ct1acCaamut P xmappct o
5 10- - 10
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< *
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[} Q.
g g
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- 3
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5 £}
®pH30 5
@®pH55
201 ®pH 100 2

200 210 220 230 240 200 210 220 230 240 200 210 220 230 240 200 210 220 230 240
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Figure 2.6. Far UV-CD spectra of individual peptides in different pH conditions. 30 uM TACC-

a2 (A), Ct-TACC-o4 wt (B), Ct-TACC-a4 mut (C) and XMAP-pCt (D) in 20 mM DPC micelles.
Conditions: pH 3.0 (red), pH 5.5 (blue) and pH 10.0 (green).

It was shown previously that peptides from many centrosomal proteins tend to aggre-
gate [78 1061 According to the CD experiments; in which the averaged structural behavior
of the peptides is observed, the analysis of individual peptides over the concentration range
from 30 to 60 uM at pH 5.5 in H,O revealed that all peptides adopt mainly random coil
conformations and no cases of concentration dependent self-associative processes were

observed (Figure 2.7), at least under the experimental conditions of this study.
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H,0, pH 5.5
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Figure 2.7. Far UV-CD spectra of individual peptides in different concentrations. TACC-x2
(A), Ct-TACC-o4 wt (B), Ct-TACC-a4 mut (C) and XMAP-pCt (D) in H,O, pH 5.5. Peptide
concentrations: 30 pM (red), 45 uM (blue) and 60 uM (green).

One explanation for the absence of noticeable coiled-coil structures might be that they
are already present, but at a low population and in equilibrium with monomeric helices. This
prevents their identification by CD. Likewise, it might be plausible that longer sequences are
needed in order to form the coiled-coil structure and the peptides did not span a wide enough
sequence. Finally, the presence of intermolecular interactions might be necessary to promote

a structural change to drive coiled-coil formation.

2.3.3 NMR characterization of isolated peptides

In order to get more detailed structural information, TACC-«2, Ct-TACC-x4 wt, Ct-TACC-
a4 mut and XMAP-pCt peptides were characterized by NMR in H,O, 30 % TFE and DPC
micelles. The NMR spectra in water were recorded at 5 °C given that the population of
structured conformers decreases at higher temperatures. However, because of the excessive
broadness of the NMR lines at low temperatures in the presence of TFE and DPC cosolvents,
the NMR spectra in these cosolvents were acquired at 25 °C or 40 °C (Table 2.2). Ct-TACC-
o4 mut was poorly soluble in H>O. For this reason, its NMR spectra were very poor and only
the 'H assignments were achieved. The NMR spectra for this peptide in the presence of TFE
and micelles, and for the other three peptides within all solvent conditions were completely
assigned, and the chemical shifts are reported in Appendix A. Negative Ad Hx and positive
Ab Cu values (Figure 2.8) were observed in almost all residues, indicating the formation of

helical structures in agreement with the CD data. The helix populations calculated from the
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'H and 3C chemical shifts (Table 2.3) are congruent and similar to those derived from the
CD data, and particularly to those obtained with Rohl & Baldwin’s method °°1. However,
the helix percentage obtained by NMR for the peptide XMAP-pCt is lower than the one

previously reported 771, The distinct peptide design (different N- and C-terminus groups),

buffer and pH conditions may account for this difference.

Table 2.3. Percentages of global helical populations for TACC-«2, Ct-TACC-a4 wt, Ct-TACC-
o4 mut, and XMAP-pCt peptides from CD (5 °C) and NMR (5 °C in H,0O, and 25 °C in TFE and

DPC), data under different conditions.

Helix population (%)
NMR
Peptide Solvent pH Cbh? CDb AdS Hx AS Cx
TACC-x2 H,0O 55 8 12 23 20
TFE 5.5 64 51 57 64
DPC 55 61 48 52 67
DPC 3 63 49 n.d. n.d.
DPC 10 38 37 n.d. n.d.
Ct-TACC-o4 wt HyO 5.5 8 17 12 20
TFE 55 59 44 33 49
DPC 5.5 57 42 46 51
DPC 3 67 59 n.d. n.d.
DPC 10 11 20 n.d. n.d.
Ct-TACC- 4 mut H,0 55 13 20 23 --¢
TFE 5.5 94 69 38 62
DPC 55 69 51 37d 31d
DPC 3 73 52 n.d. n.d.
DPC 10 28 33 n.d. n.d.
XMAP-pCt H,0 55 8 21 23 21
TFE 5.5 24 32 40 24
DPC 5.5 30 35 40 63
DPC 3 30 35 n.d. n.d.
DPC 10 24 31 n.d. n.d.

2 Data obtained by the Dichroweb server, using the K2D Analysis programme 1.

b Data from Rohl & Baldwin’s method 9!,

¢ Due to its low solubility, 13C§ data could not be obtained.
d Temperature was increased to 40 °C due to the broad NMR signals at lower temperatures.

n.d., not determined.
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Figure 2.8. Hx and C« secondary chemical shifts observed for the peptides, pH 5.5. Ad Hx
Values were multiplied by 10 (for clarity). TACC-a2 (A), Ct-TACC-a4 wt (B), Ct-TACC-a4 mut (C),
and XMAP-pCt (D) peptides in H,O (left), TFE (center) and DPC (right). Non assigned resonances
are indicated with *. The low solubility of Ct-TACC-a4 wt in H»O, precluded the measurement of
the '>*C NMR data at natural abundance (C, left panel).
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Once analyzed the secondary structure through the chemical shift deviations, the cal-
culation of the preferred conformations based on NOE signals of the peptides in TFE and
DPC was performed, matching with the conditions where the helix populations are higher
(Table 2.3). In the presence of TFE and DPC micelles, many NOEs typical of helical
structures were observed (sequential HN;-HN; ;. {, and non-sequential Ho;-HN; , 3 and Hoy-
Hpi +3), as shown in Figure 2.9.

The calculated structures can be seen in Figure 2.10 and Figure 2.11. In TFE, the four
peptides form well-defined helices, with low backbone RMSD values (mean value of 1.4, 1.1,
1.0 and 1.1 A for TACC-«2, Ct-TACC-a4 wt, Ct-TACC-a4 mut and XMAP-pCt, respectively.
See Table 2.4). The helices of the long TACC peptides show a certain degree of freedom
at the N- and C-termini. Interestingly, the structural comparison of these isolated helices in
TFE with previously reported theoretical models of the full domain /7], reveals that they
are similar, with backbone RMSD values of 2.4 and 1.3 A for TACC-«2 and Ct-TACC-04,
respectively. In the case of Ct-TACC-a4 mut, the Asp mutations did not severely affect
the conformation, as the RMSD value between the Ct-TACC-a4 mut and Ct-TACC-o4 wt
structure is 1.6 A. Whereas these structures represent the preferred conformers in these
conditions, their total population is less than 100 %, as indicated by the CD spectra and NMR
conformational chemical shifts. Therefore, it is important to stress that other conformers,

which are conformationally diverse, are also present.

In DPC, and due to the broadening of the NMR lines, only the structures of TACC-«x?2
and XMAP-pCt could be calculated. In these cases, the preferred structures are also well
defined with low backbone RMSD values (mean value of 1.4 and 0.2 A for TACC-a2 and
XMAP-pCt, respectively) (See Table 2.4). In these last two peptides, it was possible to
compare the structures determined in TFE and DPC. Small backbone RMSDs (excluding
the N- and C-termini residues) are observed: 1.8 and 1.5 A for TACC-a2 (in TFE vs. DPC)
and XMAP-pCt (in TFE vs. DPC), respectively. These low RMSD values indicate that the

backbone conformations are similar in the two solvent systems.

In TFE and DPC cosolvents, the preformed helical conformations get stabilized, as
demonstrated by CD and NMR. These structural observations are in accordance with the
SAXS model previously described for the whole protein [77!, Therefore, we can conclude
that the designed peptides are good models to mimic the entire protein system and are well

adapted in order to define experimentally the geometry of the TACC protein’s binding site.
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Table 2.4. Main structural statistical parameters for the ensemble of the 20 lowest target function conformers calculated for TACC-«2, Ct-TACC-
a4 wt, Ct TACC-a4 mut and XMAP-pCt in 30 % TFE and 20 mM DPC

30 % TFE 20 mM DPC
TACC-a2 Ct-TACC-a4 wt Ct-TACC-a4 mut XMAP-pCt TACC-a2 XMAP-pCt

SINsAY €7

Upper Limit distance restraints (from

NOEs)
Total 154 161 89 128 158 63
Short-range li-jl <1 30 109 26 43 43 39
Medium-range 1 < li-jl <5 124 52 63 85 115 14
Long-range li-jl > 5 0 0 0 0 0 0
o/ .Dlhed.ral angle constraints (from 64 64 64 35 60 35
chemical shifts)
Average CYANA target function value 0.05+0.1 0.34%0.1 0.03+0.1 0.36 £0.1 0.58+0.1 0.06+0.1
Averaged maximum violation per
structure
Distance (A) 0.01+£0.1 0.30+£0.1 0.01 £0.1 0.03+£0.1 0.03+0.1 0.010.1
Dihedral angle (°) 040+£0.1 050+£0.1 0.30+£0.1 1.40+£04 200+£0.1 0.50+0.1
Pairwise RMSD (A)
Backbone atoms 24+13 1.5+0.8 4+0.7 09+£04 07 05%02
All heavy atoms 32+£13 2307 2.1+£0.6 1.9+£04 2.1+£0.6 1.6 £0.2
Ramachandran plot (%)
Favorable 95.8 98.9 99.7 88.1 96.9 99.7
Allowed 3.3 1.1 0.3 5.8 3.1 0.3
Outlier 0.9 0 0 6.1 0 0

19
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Figure 2.10. Ensemble of the 20 structures with the lowest target function values of TACC-
a2, Ct-TACC-04 wt, Ct-TACC-a4 mut and XMAP-pCt in 30 % TFE, 25 °C, pH 5.5. The
superposition of the backbone of the 20 lowest target function structures in each family is represented
as ribbon. Side chains of the lowest target function structure in solution are depicted in different
colors depending on the type of amino acid.

Anionic: red, cationic: blue, uncharged polar: violet, aromatic: magenta, aliphatic: green, with sulfide
groups: yellow and hydroxyl groups: orange.
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Figure 2.11. Ensemble of the 20 structures with the lowest target function values of TACC-x2
and XMAP-pCtin 20 mM DPC, 25 °C, pH 5.5. The superposition of the backbone of the 20 lowest
target function structures in each family is represented as ribbon. Side chains of the lowest target
function structure in solution are depicted in different colors depending on the type of amino acid.
Anionic: red, cationic: blue, uncharged polar: violet, aromatic: magenta, aliphatic: green, with sulfide
groups: yellow and hydroxyl groups: orange.

2.3.4 CD and NMR characterization of peptide mixtures

Following the previous methodology and to find out if certain regions of the TACC centro-
somal protein are prone to interact, CD spectra for all possible combinations, particularly
five pairs and two trios, were recorded in the same conditions as the isolated peptides. The
interaction was tested comparing the experimental and theoretical (sum of individual con-
tributions) CD data of the different mixtures. No significant differences were found for the
peptide pairs (TACC-x2 + Ct-TACC-a4 wt; Ct-TACC-«2 + TACC-04 mut; TACC-x2 +
XMAP-pCt, Ct-TACC-a4 wt + XMAP-pCt and Ct-TACC-a4 mut + XMAP-pCt) in H>O,
TFE or DPC (Figure 2.12 and Figure 2.13, see further pages). This indicates that the
interactions, if present, are not detectable by CD. Only in the trio mixtures at 1:1:1 ratio
(TACC-0a2 + Ct-TACC-a4 wt + XMAP-pCt and TACC-a2 + Ct-TACC-a4 mut + XMAP-

pCt), the experimental CD spectra showed differences with respect to the theoretical sum
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of the isolated peptides, except in pure water solutions (Figure 2.14 A, see further pages).
Although the observed differences are small, they are solid indications of interaction among
the components. In both trios in TFE, and in the one containing Ct-TACC-a4 mut in DPC at
pH 10.0, the experimental CD spectra revealed an increased o-helix population in the mixture
when compared with the free components; while in the trio TACC-&2 + Ct-TACC-04 wt +
XMAP-pCtin DPC, pH 3.0 and 5.5, the experimental CD spectra show a diminished o-helix
population in DPC.

Finally, the trio containing the Ct-TACC-o4 mut presents a different response with pH,
and no variations were observed at acidic pH. This is interesting as it shows a different
behavior depending on the presence of the Asp residues at positions 921 and 922, at the
reported physiological pH of the centrosome 1071,

As mentioned above, the SAXS model of XTACC3-XMAP215 is a 1:2 complex. For
this reason, we tested by CD the trio samples at 1:1:2 instead of 1:1:1 peptide ratio. At pH
5.5 in H,O, the CD data in the 1:1:2 samples did not show changes (Figure 2.15, see further
pages) indicating, like in the 1:1:1 preparations, that no interaction is present. In TFE, the
difference between the experimental measurements and the theoretical sum of the individual
peptide signals has the opposite tendency than that observed in the 1:1:1 ratio. This indicates
that the interaction is not favored in these conditions, in which one peptide (XMAP-pCt)
is in molecular excess. Finally, as commented before, the selected sequences have shown
low solubility and other peptide ratios in the mixture different to 1:1:1 tend to precipitate
with time. For all these reasons, with the concentration requirements for NMR experiments,
forced us to use only competent 1:1:1 mixtures for the NMR study. Finally, as commented
before, the selected sequences have shown low solubility and other peptide ratios in the
mixture different to 1:1:1 tend to precipitate with time. These liminations together with the
concentration requirements for NMR experiments, forced us to use only 1:1:1 mixtures for
the NMR study.

Thus, to strengthen the conclusions from CD results, NMR experiments were performed
for the soluble trio TACC-x2 + Ct-TACC-o04 wt + XMAP-pCt at a 1:1:1 molar ratio in two
different solvents: in H,O at 5 °C and 30 % TFE at 25 °C (Figure 2.16, see further pages).
The other trio was not soluble at the NMR concentrations in both H>O and TFE; while in

DPC, the lines were excessively broad and therefore not possible to assign the spectrum.
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Figure 2.12. Far UV-CD (0, mdeg) data of pair peptide mixtures in H,O and 30 % TFE, 5 °C,
pH 5.5. TACC-a2 + Ct-TACC-04 wt (A), TACC-2 + Ct-TACC-04 mut (B), Ct-TACC-o4 wt
+ XMAP-pCt (C), Ct-TACC-04 mut + XMAP-pCt (D), TACC-a2 + XMAP-pCt (E). CD data of
individual and isolated peptides are represented as: TACC-a2 (cyan), Ct-TACC-a4 wt (dark blue),
Ct-TACC-o4 mut (magenta) and XMAP-pCt (orange). Theoretical calculated CD values (as the sum
of the individual contributions) of the different mixtures are represented in green and the experimental

CD values of the pair mixtures in red.
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Figure 2.13. Far UV-CD (0, mdeg) data of pair peptide mixtures in 20 mM DPC, 5 °C, pH 5.5,
3.0 and 10.0. TACC-x2 + Ct-TACC-a4 wt (A), TACC-x2 + Ct-TACC-o4 mut (B), Ct-TACC-x4 wt
+ XMAP-pCt (C), Ct-TACC-04 mut + XMAP-pCt (D), TACC-&2 + XMAP-pCt (E). CD data of
individual and isolated peptides are represented as: TACC-«2 (cyan), Ct-TACC-o4 wt (dark blue),
Ct-TACC-o04 mut (magenta) and XMAP-pCt (orange). Theoretical calculated CD values (as the sum
of the individual contributions) of the different mixtures are represented in green and the experimental

CD values of the pair mixtures in red.
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Figure 2.14. Far UV-CD of trio peptide mixtures in different conditions. H,O, 5 °C, pH 5.5 (A),
TFE, 25 °C, pH 5.5 (B), DPC, 25 °C, pH 3.0 (C), DPC, 25 °C, pH 5.5 (D), DPC, 25 °C, pH 10.0 (E).
Left panels correspond to TACC-a2 + Ct-TACC-o4 wt + XMAP-pCt and right panels to TACC-2 +
Ct-TACC-o4 mut + XMAP-pCt mixtures. CD data of individual and isolated peptides are represented
as: TACC-«2 (cyan), Ct-TACC-a4 wt (dark blue), Ct-TACC-x4 mut (magenta) and XMAP-pCt
(orange). Theoretical calculated CD values (as the sum of the individual contributions) of the different
mixtures are represented in green and the experimental CD values of the trio mixtures in red.
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Figure 2.15. Far UV-CD of trio peptide mixtures in different conditions and 1:1:2 ratio. H;O,
5°C and TFE, 25 °C; pH 5.5. Left panels correspond to TACC-2 + Ct-TACC-a4 wt + XMAP-pCt
and right panels to TACC-x2 + Ct-TACC-a4 mut + XMAP-pCt mixtures all in ratio 1:1:2 (TACC-a2:
TACC-o4 (wt or mut): XMAP-pCt). Theoretical calculated CD values (as the sum of the individual
contributions) of the different mixtures are represented in green and the experimental CD values of
the trio mixtures in red.

In agreement with the CD data, the spectra obtained for the mixture in H,O did not show
significant differences compared with the sum of the three NMR spectra of the individual
peptides (Figure 2.16). In fact, all Hx differences are very small, less than 0.01 ppm. These
measured differences (maximum difference of 0.009 ppm for Hx of Asn855 in TACC-«2)
are in the range of the estimated experimental error (about + 0.01 ppm) and are randomly
distributed throughout the peptide sequence. However, the situation was different in TFE.
All backbone signals could be assigned unequivocally in the mixture (Table A.13), and
meaningful differences that are not uniformly distributed spanning the peptide sequences
were found. This can be seen in Figure 2.17, which shows the weighted NMR chemical shift
differences for the three peptides. For TACC-«2 and Ct-TACC-a4 wt, differences larger than
the mean values are found in specific locations. In TACC-«2 most of them are concentrated
at the N-terminus, Gly826 and 11e829-Thr835. On the contrary, in Ct-TACC-a4 wt, the
largest changes are seen for Leu906 and Glu907 and at the C-terminus (Glu915-Met927).
For XMAP-pCt, only the N-terminus (Ser2047-Asn2049) region was significantly affected.
This is compatible with an antiparallel arrangement of TACC-«2 and Ct-TACC-o4 wt, and
the antiparallel position of XMAP-pCt with respect to TACC-x4. The changes observed in
the NMR spectra of the trios in comparison with the fingerprint of the individual peptides
allows to identify exactly which residues are displaced and consequently, determine the ones
highly and slightly involved in the interaction. Also, from the experimental point of view, it
is important to highlight that NMR spectroscopy is capable and suitable for detecting very
weak interactions in short peptides with atomic resolution.
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Figure 2.16. Superposition of the finger print region of the TOCSY NMR spectra of the indi-
vidual peptides and in mixture in 30 % TFE and H,O. (TACC-«2: dark yellow; Ct-TACC-x4 wt:
orange; XMAP-pCt: green; trio mixture: purple). Some shifted signals (HN-Hex) are labeled with the
corresponding residue number and one letter code.
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Figure 2.17. Weighted NMR chemical shift differences probe the interaction in the mixture,
TACC-a2 (A), Ct-TACC-a4 wt (B), XMAP-pCt (C). Weighted values (Ad w) are calculated as
shown in (Equation 2.3), where ASH &interaction and AOHNineraction are the chemical shift differences

of the corresponding peptide protons alone and in the mixture conditions in 30 % TFE solution, 25 °C.

Mean values are represented by the dashed line. The regions of each peptide most affected by the
interaction are depicted in red.
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2.3.5 Molecular modeling of the TACC-x2 + Ct-TACC-a4 + XMAP-
pCt assembly

In order to get a model of the interactions between TACC-x?2 and Ct-TACC-«a4, based on
the experimental data, a computationally study was performed in collaboration with Dr. M.
Mompeédn (IRICA, University of Castilla-La Mancha). As it is explained in the experimental

section, simulated annealing calculations in the torsion angle space were performed.

Either a hexa-Gly or a dodeca-Gly linker was used to join both TACC helices, thus
mimicking the full-length context while increasing the local concentration to afford sampling
of the helix-helix packing. Although molecular dynamics in the Cartesian space is usually
the method of choice for this type of studies, its application was not suitable in the present
system, as no experimental interactions were detected between TACC-«2 and Ct-TACC-a4 in
binary mixtures. In this case, an exhaustive computational study of the two helix interactions
would require them to be initially placed far away from each other in a non-interacting
configuration, and long computationally demanding time-scales may be needed to capture

the folding events.

Enhanced sampling methods are, on the other hand, a good approach to accelerate
conformational changes 193], However, the reliable application of this method would require
the atomic resolution structure of the TACC coiled-coil folded state. Therefore, the simulated
annealing in torsion angle space was chosen as a tool to speed up the calculations and explore
the energy landscape of the TACC-a2-(Gly),-Ct-TACC-a4 (n = 6, 12) system at a reasonable
computational cost. Many of the numerous different conformations generated following
this approach presented the electrostatic interaction between Asp921 (Ct-TACC-a4) and
Lys827 (TACC-«2) deduced from the SAXS model. Using this intermolecular contact as
an unambiguous restraint, the most conservative NMR-driven protein-protein molecular
docking was implemented, which included the third component XMAP-pCt. We calculated
the complex with the 1.1.1 stoichiometry as the NMR chemical shift perturbation data used
as input to drive the docking correspond to that specific situation. It was observed that in the
absence of the Asp921-Lys827 contact, the docking solutions did not converge towards a
defined ensemble that fulfills the experimental chemical shift perturbation data. Nevertheless,
when the Asp921-Lys827 salt bridge is included in the calculations, the docking solutions
can accommodate both the reported and the currently obtained experimental observations.

Similar docking solutions obtained for both TACC-x2-(Gly)e-Ct-TACC- x4 + XMAP-pCt
and TACC-ux2-(Gly)-1,-Ct-TACC-a4 + XMAP-pCt suggest that the length of the (Gly),
linker does not affect the overall fold (Figure 2.18) when the above mentioned salt bridge
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Figure 2.18. Structural 3D computed model of TACC-x2, Ct-TACC-x4 wt and XMAP-pCt,
showing residues affected by the interaction. Residues strongly affected are in yellow and other
residues with above average weighted values are displayed in green (A). Electrostatic (B) and
hydrophobic (C) interactions between helices are represented and labeled. Arg and Lys side chains are
in blue, Asp and Glu in red, and Leu, Ile and Ala in orange. Asp and Lys salt bridges are highlighted
with yellow circles.

* Model generated by Dr. M. Mompeén.

is present. These results are in accordance with the NMR data, and unveil a number of
interesting structural features that are in agreement with the resulting three-helix bundle.
Therefore, TACC-x2 and Ct-TACC-a4 might pack with the fold reported from SAXS
data through Asp921-Lys827 (Ct-TACC-x4-TACC-«2) interaction, in addition to a second
favorable electrostatic interaction between Glu907 (Ct-TACC-x4) and Lys848 (TACC-x2),
both of which are compatible with the hydrophobic packing of 11e924 (Ct-TACC-x4) and
Ala830 (TACC-«x2). As for the XMAP-pCt helix, the present results show that it likely
establishes two sets of non-polar and ionic interactions with TACC-x4. In addition, key
residues, namely Glu915-Leu916, Asp922-Leu923 (Ct-TACC-a4) and Lys2053-Leu2054,
Arg2060-11e2061 (XMAP-pCt) are oriented so that hydrophobic interactions between Leu916-
I1e2061 and Leu923-Leu2054 may occur concomitantly with the formation of the two salt
bridges between Glu915-Arg2060 and Asp922-Lys2053.



72

Structural study of the centrosomal TACC3-XMAP protein-protein interaction

2.4 Discussion

The objective of this study is to describe the inherent structural properties of two regions of
TACC (TACC-o2 and Ct-TACC-04) and to highlight the interacting regions with XMAP
with atomic information. Moreover, we would like to understand if the mutations Asp921
and Asp922 to A921 and A922 in TACC-u4 have any influence on the protein’s structure.
As well, it would be interesting to understand why these Asp residues are key for molecular
recognition and test the proposed mechanism for the binding of the C-terminus domain of
XMAP with the coiled-coil domain of TACC.

2.4.1 Short linear peptides are good models to mimic native protein

structure

Here, our NMR and CD results show that the isolated peptides TACC-x2 and Ct-TACC-a4
tend to adopt helical conformations and their helical population is affected by the hydropho-
bicity and the pH of the media. In TFE and DPC cosolvents, they adopt preferred helical
structures which points to the stabilization of the same preformed conformation in conditions
that are analogous to the intracellular or membrane-like environments. This tendency is com-
patible with the secondary structure adopted by these sequences in the whole protein. In fact,
the structural similarity of the model (Figure 2.18) with the conformations of the isolated
helices (Figure 2.10 and Figure 2.11) determined experimentally in this study reveals that
the peptides are good models for the geometry of the TACC binding site. For the peptide
with the Asp mutations at positions 921-922 (which are crucial residues for the interaction of
the full protein with XMAP), [77! the structure was not affected and its helical tendency was
even higher than the observed by the native sequence in most of the tested conditions. This
is interesting, as it suggests that the lack of interaction of TACC carrying these mutations
with XMAP is not related with the loss of the secondary structure, but with the specific
interactions in which those Asp’s side chains participate in the quaternary structure.

It is also well known that the centrosome as an organelle, carries a net negative charge
with an isoelectric point around 3.1 197! In this regard, our CD data show that all peptides
become more structured at lower pH values (at least in the presence of DPC micelles that
mimics the hydrophobic and crowded cellular location), being these results compatible
with the biological conditions. In the same way, similar results were described for other

centrosomal proteins [78- 1061,



2.4. Discussion

73

2.4.2 Short linear peptides are good models to study protein interac-

tions

Once the structure of the peptide components was known, our interest was focused on the
pairwise molecular interactions. As commonly done [#%-82] here we have interpreted the
changes in the population of the secondary structures as indicative of an interaction between
the different peptides. Neither the CD nor NMR data could detect interactions between
peptide pairs. These results suggest that either the expected interactions are transient and
too weak to be seen in our conditions, or the interactions occur without changes in the
secondary structure population of the peptides or, more likely, no interaction is present under
our experimental conditions. In this last case, it is possible that the interaction requires the
three components (TACC-«2, Ct-TACC-a4 and XMAP-pCt) simultaneously, or involves
other regions of the full-length proteins not included in these peptides.

In the case of the peptide trios, we found three different situations employing CD data.
First, for the trios in water (Figure 2.14) no differences between the sum of the individual
spectra and the spectrum of the corresponding trio are observed. Following the interpretation
of the pair-wise mixtures, this can be attributed to weak or flickering interactions that do
not affect the secondary structure, or that no interaction is present. The second pattern we
observed is the gain of «-helix structure as a consequence of the molecular interaction, as
seen in both TFE samples (Figure 2.14 B) and in DPC at pH 10 for the Ct-TACC-x4 mut trio
(Figure 2.14 E). This points to a reinforcement of the preformed structure as a consequence
of new stabilizing interactions between partners or with the solvent during an induced fit
recognition mechanism. Finally, we also observed a slight loss of structure due to interaction
in DPC media at acidic pH for the Ct-TACC-x4 wt trio (Figure 2.14 C and D).

On the bases of our data, it seems that the simultaneous presence of the three preformed
helices is a prerequisite for the interaction, since in the cases where one or more peptides
has low helical content no interaction is detected. This has been observed for all the trios
in aqueous solution (Figure 2.14 A) and in DPC at pH 10 for the Ct-TACC-a4 wt trio
(Figure 2.14 E).

The data corresponding with the acidic media in DPC deserves further attention for two
reasons: 1) the importance of the Asp residues 921 and 922 for binding, whose side chains
will be neutral at low pH, and ii) the fact that the interaction happens in the centrosome,
whose reported physiological pH is also acidic [1%71. A priori, we expected an increment of
the structure under these conditions, but none of our results support this proposal; in the case
of the Ct-TACC-o4 wt trio, there is a decrease in structure and in the Ct-TACC-x4 mut trio,
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the helicity was only slightly modified. One possible explanation is that the formation of the
native TACC-XMAP complex requires a structural rearrangement, which results in a loss of
the global helical content at acidic pHs. This hypothesis does not rule out the role of the Asp
residues as being essential for the function and the interaction. In the case of the TFE media,
there is an increment of the helical content due to the interaction, even in the presence of the
two Asp residues. This can be attributed to the stabilizing effect of the TFE being able to
counterbalance the effect of the Asp residues mentioned above.

The NMR experiments allowed the analysis and quantification of the interaction of the
most relevant mixture TACC-a2 + Ct-TACC-a4 wt + XMAP-pCt. In general, affected
regions in TACC-«2 and Ct-TACC-a4 are in agreement with the mutagenesis and functional
studies 77!, and corroborate the contribution of both charged and hydrophobic side chains
towards the formation of the complex. Surprisingly, these effects are not seen when we
studied the TACC-a2 and TACC-x4 pair, suggesting that in the full-length protein, other
stabilizing interactions contribute to maintain these two helices together. In this regard,
XMAP-pCt seems to favor a close interaction between TACC-«2 and Ct-TACC-a4 to make
the binding possible.

In the simplified model presented here, the simultaneous presence of the preformed
helices of all components (TACC-x2, Ct-TACC-x4 wt, and XMAP-pCt) is a prerequisite to
enable the observation of the interaction. As we have shown, in the absence of intracellular-
like cosolvents, the peptides have low helical content and then no interaction is detected. We
think that the data presented here improve the current understanding of the specific molecular
recognition and biological function of these proteins.

Finally, we should mention that all our data correspond to the 1:1:1 complex and not
with, in principle, the biological 1:1:2 complex. In spite of this, we think that the results
obtained with this simple model are illustrative, allow to detect interactions that are structural
and environmentally dependent, and can describe the initial steps of the recognition event
and not necessarily the last step of the interaction. This approach can probably be useful for

other systems in which no other information can be available by traditional methods.

2.4.3 Structure-function relationships

It should be mentioned that the initial objective of the present study was to see if we could
detect any sign of a possible biological 1:1:2 complex as, for instance, the identification of
two binding faces for XMAP. However, our computational results did not reveal a preference
for XMAP binding on the other side of the antiparallel arrangement of the XTACC helices
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under the experimental conditions used in this study. This is understandable, since these
models were generated by an NMR-driven approach, and they are able to explain the pattern
of NMR chemical shift perturbations of the 1:1:1 complex. However, we cannot exclude
other binding modes for XMAP.

The resulting assembly consists of the antiparallel packing of TACC-«?2 and Ct-TACC-«4,
and the antiparallel interaction of the latter with XMAP-pCt. It is remarkable that the NMR
chemical shift pattern illustrated in Figure 2.17 exhibits a high degree of correspondence
with the calculated atomistic model. For instance, the antiparallel arrangement of XMAP-pCt
and Ct-TACC-a4 is consistent with the chemical shift variations in the N-terminus residues of
XMAP-pCt, as well as changes around the Lys2053-Leu2054 and Arg2060-11e2061 regions.
Similarly, spectral changes in the complementary region spanning residues Glu915-Leu923
of Ct-TACC-u4 are explained within the context of this interaction, as well as in residues
[1924-Met927 that are contacting the segment 11e829-Thr835 in TACC-«2 (Figure 2.18).

Furthermore, an explanation for the lack of TACC-XMAP-pCt interaction when both
Asp 921 and 922 are mutated to Ala residues can be proposed on the basis of our model. As
can be seen in Figure 2.18, mutations at those positions result in a crucial breakage of the
salt bridges established by Ct-TACC-a4 with both TACC-a2 (through Asp921) and XMAP
(via Asp922).

Interestingly, these results could be extended to the homologous human domains. The
sequence alignment of XTACC3 and XMAP215 with the corresponding proteins of different
species including TACC human isoforms (Figure 2.19), indicates a high degree of conserva-

Peptide Species Sequence alignment Results
2030 2040 2050 2060
Xenopus XMAP215  FQHVELDSNQTYPSTTTSSSASSTNIDDKLKKRLER KSSRK 88% Positives
XMAP-pCt Human homologue ~ HQHSDLDSNQTHSSGTVTSSSSTANIDD LKKRLER IKSSRK 79% Identity
.QH..LD.NQT..S.T..SS.S..NIDD.LKKRLERIKSSRK
82(? 83Q 84[? 85(?
TACC-02 Xenopus XTACC3 EKLCYLEYVEMGKT | AEFEGT I TQI LEDSQROKETAKLELNK 56% Positives
Human homologue EELHGKNLELGKIMDRFEEVVYQAMEEVQKQKELSKAE | QK 42%|denﬁy
E.L..... E.GKI...FE....Q..E..Q.QKE..K.E..K
890 900 910 920 930
CLTACC-q4  Xenopus XTACC3 ALQATLRKEQMKIQSLERSLEQKSKENDELTK/I SDDL I LKMEK | 94% Positives
Human homologue ~ LALQASLRKEQMR IQSLEKTVEQKTKENEELTRIICDDL | SKMEK | 74% ldentity

.ALQA.LRKEQM.IQSLE...EQK.KEN.ELT.|.DD. | .KMEKI

Figure 2.19. Alignment of sequences of the Xenopus laevis XMAP215 and XTACC3 with their
human homologs. The positives percentage indicates the number and fraction of residues for which
the alignment scores have positive values (yellow), indicating similar residues, the identity reflects
the percentage of residues that are identical (green). Identical residues are listed on the bottom rows.
Analysis generated with ESPrint [10%],
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tion, specially in those regions corresponding to Ct-TACC-a4 and XMAP-pCt. This suggests
that the herein described molecular basis of the interaction is conserved. Bearing in mind
that the role of the human homologs in tumorigenic processes has been reported 1191 it
is tempting to propose that new beneficial processes against cancer can be envisaged by
focusing on the residues shown to be important for the interaction in this study.
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2.5 Conclusions

According to the proposed objectives and the results described and discussed above, the main

conclusions of this chapter are:

1. It has been proven how complex systems can be simplified to successfully surpass the
current technological limitations. In this case, the XTACC3-XMAP215 interaction has
been described by CD and NMR based on isolated and mixed peptides, and with the

use of cosolvents.

2. All single peptides have helical tendencies in intracellular-like surroundings that match
with the secondary structure adopted by those sequences in the full-length proteins.
The population of these structures depends on the media and pH. However, they are
not forming the predicted coiled-coil arrangements. One plausible reason explaining
the absence of noticeable coiled-coil structures might be that longer sequences are
needed in order to form the coiled-coil. Likewise, it is possible that other weak or
transitory interactions in the biological conditions might take part in the stabilization

of the coiled-coil.

3. For the XTACC3 peptide with the Asp mutations at positions 921 and 922, which are
crucial residues for the interaction with XMAP, the preferred structure was not affected
and the helical tendency was even higher than that observed for the native sequence in
most of the tested conditions. This finding suggests that the lack of interaction of TACC
carrying these mutations with XMAP is not related to the loss of the 3D structure, but

with the specific interactions in which the Asp residues side chains participate.

4. We have probed by CD (changes in band intensities) and NMR (changes in chemical
shifts) that the designed peptides interact in solution at a 1:1:1 ratio in the presence
of intracellular-like cosolvens that stabilize the helical structures, which do not occur
in pure water. This evinces that the simultaneous presence of all preformed helices
should be a prerequisite for binding.

5. NMR data of the peptide mixtures afford the identification of the specific residues that
are affected by the interaction as follows: 1) in TACC-«2 most of them are concentrated
at the N-terminus, Gly826 and I1e829-Thr835; i1) in Ct-TACC-«x4, the largest changes
are seen for Leu906 and Glu907 and at the C-terminus, Glu915-Met927; iii) for XMAP-
pCt, only the N-terminus (Ser2047-Asn2049) region was significantly affected. This is
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compatible with an antiparallel arrangement of TACC-«2 and Ct-TACC-x4, and the
antiparallel position of XMAP-pCt with respect to TACC-x4.

. The information obtained by NMR spectroscopy was used to drive a simple computer-

based structure of the current interaction. In this model, TACC-«2 and Ct-TACC-x4
might pack with the fold reported from SAXS data through the Asp921-Lys827 (Ct-
TACC-04-TACC-x2) interaction. In addition, a second favorable electrostatic inter-
action between Glu907 (Ct-TACC-ax4) and Lys848 (TACC-«2), and the hydrophobic
packing of 11924 (Ct-TACC-u4) with Ala830 (TACC-«2) were found to stabilize
the helix bundle. In the ternary complex, XMAP-pCt helix likely establishes two
sets of non-polar and ionic contributions with TACC-o4 as follows: Leu916-11e2061,
Leu923-Leu2054; and Glu915-Arg2060, Asp922-Lys2053, respectively.

. The fact that we have probed the interaction at the 1:1:1 molar ratio can be relevant, as

the model can describe the initial steps of the recognition event and not necessarily the
last step of the full interaction represented by the functional XTACC3/XMAP215 1:2

complex.

. Finally, as the sequences studied here are highly conserved throughout evolution and

given that the human homologs are involved in carcinogenic processes, the present
findings on the specific residues related with the direct interaction might be used in the
future as targets to design new therapeutics.
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3.1 Introduction and objectives

The human immunodeficiency virus (HIV) is a retrovirus classified into the Genus Lentivirus,
within the subfamily Orthoretrovirinae [!'!1. After being identified as the cause of the

acquired immunodeficiency syndrome (AIDS) in 1983 U121 it has been considered a global

d [112-1141 " There are two types of HIV

health problem with 36.7 million people infecte
viruses (1 and 2) that present the same basic genetic arrangement, intracellular replication
pathways and clinical symptoms, but the transmission and progression to AIDS due to HIV-2

is much slower than in HIV-1 [115]

. HIV-1 is probably the most important type from the
sanitary point of view, as it is the cause of the global pandemia, whereas HIV-2 is located
almost exclusively in Western Africa.

The symptoms of the HIV infection in form of AIDS are caused by the system’s inability
to offer an immune response against infections through the production of T-cells 112 1161,
Once the infection is established, it triggers a persistent and progressive process that finally
leads to the complete destruction of the CD4+ subset of T-cells [!17- 1161 Jeaving the infected

body totally defenseless.

3.1.1 Main structural components of the HIV viral particle

HIV is characterized for its high genetic variability and mutation rates, and also for its fast
replication cycle that makes it difficult to investigate towards drug design H'13-1201 A5 seen in
Figure 3.1, the virus is spherical with a diameter of approximately 120 nm of diameter [121,
The outer membrane of the viral envelope is composed by the lipid bilayer derived from the
membrane of a previously infected cell. It contains some of the original proteins from the

infected host cell and other viral proteins known as envelope proteins (Env).

Between the viral capsid and the lipid bilayer, a matrix composed by the viral protein p17
guarantees the integrity of the virion particle Figure 3.1. p17 is a structural protein that par-
ticipates in the early stages of the virus replication and acts as a viral cytokine 1%2!. Recently,
its misfolding has been related with the formation of toxic amyloidogenic assemblies that
induce neurocognitive disorders (123, The conical capsid is composed by roughly 2000 units
of associated viral p24 proteins ['?* and surrounds the nucleocapsid, which is composed by
p6 and p7 proteins [12>- 1261 The RNA is bound to the nucleocapsid proteins and consists
of two (+) RNA genomes; once the virus binds to the cell, the enzymes essential for the

virion formation such as the reverse transcriptase, proteases, ribonucleases and integrases
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Figure 3.1. Schematic image of the viral structure of HIV. The overall structure comprises around
120 nm of diameter and is spherical. A lipid bilayer and several different proteins constitute the outer
membrane; the Env-glycoprotein complex is composed by the gp120 and gp40 glycoproteins, which
are responsible for the host cell recognition and binding. The matrix surrounds the capsid and is
assembled by the association of p17 proteins. The capsid wraps the essential virion contents: RNA,
the reverse transcriptase, proteases and integrases.

are released and the reverse transcriptase transcribes the RNA into DNA inside the infected
cell [127, 126].

3.1.2 The Env complex is essential for T-cell recognition and infection

HIV is an enveloped virus that introduces into the macrophages and CD4+ T-cells. The
envelope protein complex (Env) is initially produced as the precursor gp160, and is essential
for the viral entry as it allows the virus to recognize and bind into the host cells, to adhere
and fuse with the cellular targets and initiate the infectious cycle [128-1311, The Env complex
is composed by two glycoproteins after the maturation of the gp160 precursor: gp120 and
gp41 (Figure 3.1). Three gp120 glycoproteins are associated as a cap, and three gp41 units

act as a stem that anchors the cap into the membrane [128 1321,

The entry into the host cell is mediated through the interaction of the viral trimeric gp120
with the CD4 (cluster of differentiation) binding domains, which is a glycoprotein found
in the cell surface (Figure 3.2 B). This elicits a conformational change of the Env complex
and exposes the chemokine receptor binding domains of gp120 that allows it to bind to the
CCRS (C-C chemokine receptor type 5) receptor in the cell [12% 126, 311 (Figure 3.2 C); the
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Figure 3.2. Schematic representation of the cell recognition and fusion during infection. A: In
a free virion state, gp41 proteins are embedded into the Env-complex. B: The T-cell CD4 protein
recognizes and binds to gp120, C: gp120 binds to the T-cell co-receptor CCRS and the FP domain
of gp41 anchors to the membrane of the T-cell. Several conformational changes take place, D: the
filamentous structure of gp41 collapses and folds, a six helical bundle (6-HB) is formed and the energy
liberated during the process brings the membranes together and fusion occurs.

N-terminus fusion peptide (FP) of gp41 penetrates into the host cell membrane, while the
transmembrane domain (TMD) portion of gp41 is still anchored into the viral membrane, and
subsequently, the pre-hairpin gets formed. This filamentous structure collapses and forms
a six-helix bundle (6-HB) or hairpin trimer of the CHR (C-terminus helix region) regions.
Then, the NHR (N-terminus helix region) and CHR regions interact and the two membranes

merge (Figure 3.2 D).

Each stage in the complex process of the HIV entry can be a suitable target for the
development of new antiviral molecules [133 128: 1291 One of the most promising strategies is
to target the gp41 regions of the Env complex, given that the antibody binding to gp41 would

block the membrane fusion step 133 1311,

3.1.3 Structural basis of the gp41 glycoprotein

The fact that the sequence of gp41, unlike gp120, is highly conserved makes it an appropriate
target for antibody recognition. Gp41 is composed by 345 amino acids and has a molecular
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Figure 3.3. Domains and sequence of gp41. Glycoprotein gp160 is the precursor of the glycosylated
proteins gp120 and gp41. The envelope protein gp41 is made by 345 amino acids in which three
different domains are distinguished: the ectodomain with 172 residues, the transmembrane domain
(TMD) with 21 and the cytoplasmic tail (CT) with 152 amino acids. Different constituents compose
the ectodomain: the fusion peptide (FP), the polar region (PR), the amino- and carboxy-terminus
heptad-repeat regions (HR1 and HR2, respectively), the immunodominant region (ID) and the
membrane-proximal external region (MPER). The MPER region has two identified helical segments:
HI1 and H2.

mass of 41 kDa. It contains three main defined domains (Figure 3.3) denoted as the
ectodomain or extracellular region (with 172 residues), the transmembrane domain (TMD,

22 residues) and the cytoplasmic tail (CT, 151 residues) [134,130]

The ectodomain is also subdivided into various regions (Figure 3.3). The fusion peptide
(FP) is the region closest to the N-terminus and is followed in sequence by the polar region
(PR) U331; afterwards, two hydrophobic regions referred to the heptad-repeat regions HR 1
and HR2 (also known as N-helix NHR and C-helix CHR) form «-helical coiled-coil struc-
tures [128. 136,137,130, 138] 'The immunodominant region (ID) lies between the HR1 and HR2
regions, and finally, the membrane-proximal external region (MPER) is a Trp-rich zone close

to the transmembrane domain, which is followed by the cytoplasmic tail domain [135 1301,

The fusion peptide (FP) is a hydrophobic region composed primarily by Gly, Leu and
Phe amino acids, and the order of the residues belonging to its conserved hydrophobic
center is essential for its function, as their randomization, which keeps its net hydrophobicity,
alters its function 301, Tt is also the region closest to the N-terminus and, therefore, might
be embedded into the gp120-gp41 complex. The binding of gp120 with CD4 leads to a
conformational change, which exposes the FP region and lets it to penetrate into the target
cell, causing the cell membrane destabilization and, therefore, leading to a pore formation

that allows the virus to internalize into the cell [13% 1351,
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The heptad-repeat regions HR1 and HR2 are linked through a disulfide bond, where the
immunodominant region acts as a hydrophilic loop between them 13>, The HR motifs form a
stable six-helix bundle (6-HB) that draws the viral and cell membranes close together through
the formation of a bundle of three HR1 helices (Figure 3.2 D) that folds over a hydrophobic
groove antiparallel with respect to the other three HR2 regions 1?3 1381 These heptad regions
have been proposed previously as a target towards drug design. Indeed, there are currently
various clinically approved peptides (enfuvirtide, T-20, fuzeon) derived from HR1 and HR2
that can block the formation of the bundle and control the HIV infection [140-144],

The membrane-proximal external region (MPER) comprises the last 24 residues of the
ectodomain and it is well known that it is essential for the fusogenic process. As well, its
highly conserved sequence is recognized by several neutralizing antibodies 14> 1461,

The transmembrane domain (TMD) anchors the Env complex to the lipid bilayer (Figure 3.2)
and is almost entirely composed by hydrophobic residues that ensure its docking into the
lipids. It is also a highly conserved region, and mutational studies suggest that it exerts
important roles during the membrane fusion stage !47-14°1. However, its transmembrane
nature makes it difficult to express and purify, and two different proposals based on its
predicted structure have been considered: one suggests that it is an x-helix that crosses the
membrane once and maintains the cytoplasmic tail inside the virus particle [150 1511 while

the other one proposes that the TMD crosses the membrane three times [132 1531,

Finally, the cytoplasmic tail (CT) has been found to be essential for the spreading of the
infection. Its truncation leads to a defect of the Env complex incorporation into the virions

and therefore, the CT region might also be a suitable target in HIV treatments [133],

3.1.4 Broadly neutralizing antibodies against MPER of gp41 as thera-

peutic molecules

Some individuals develop broadly neutralizing monoclonal antibodies upon the infection
of HIV against the Env complex and consequently, there is an increased interest on their
clinical use 15, Within the Env complex, the MPER region is well known as being targeted
by several antibodies such as 2F5, 4E10, Z13 and 10E8 [133. 145, 155, 156, 132, 146] (Fjgyre 3.4).

The exceptionally high degree of conservation of the MPER region makes it a great
choice for use in immunotherapy. However, there is a lack of information on how these
antibodies act [133 84! and different approaches employing peptide epitopes belonging to their

targets have been used [133- 1301,
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Figure 3.4. Comparison of the structural elements of the peptides studied previously (in italics)
and in this study (MPERb and MPER-H2). The peptides span a region previously identified to be
involved in the anchoring and fusion of the membranes. A: Regions corresponding with the three
distinct segments H1, H2 and TMD are shown in red, blue and green, respectively. Theoretical models
predict that the H2 segment spans until Lys683, while experimental results include it until Gly690.
Regions corresponding to the epitopes of the 2F5, 4E10, Z13 and 10E8 antibodies are underlined. B:
Superposition of the previously obtained structures in ribbon representation: CpreTM (cyan), TMDp
(green) and MPERp (magenta).

In this regard, the team led by Dr. M. A Jiménez at the IQFR in collaboration with Dr. J.
L. Nieva at the Biophysics Unit of the University of the Basque Country (UPV) is pioneer
in studying the structure of immunogenic gp41-derived peptides in membrane-like media,
as well as their binding with HIV antibodies. Thus, their results on peptides encompassing
different MPER segments are the foundation of the current study.
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3.1.5 Simplification of the Env complex system

Since our group has special interest in understanding a particular complex macromolecular
association consisting on the protein-membrane recognition of the Env complex at atomic
resolution, there are several biophysical techniques that are complementary in the study of the
structure of complex systems, of which the most widely used are NMR spectroscopy, X-ray
crystallography and cryo-electron microscopy. Solution NMR is a unique technique to obtain
structural information regarding these dynamic complexes in different environments, but its
inherently low sensitivity and the dependence on dynamic time scales sometimes limits its
applicability. Thus, the correct design of reduced and simplified molecular constructions
is needed to obtain structural information for these specific cases, among them, the system

examined in this study.

As mentioned above, our group together with Nieva’s laboratory aim to gather knowledge
about the Env complex through the characterization of peptides derived from the gp41 MPER
region, which contain the epitopes of monoclonal antibodies. Prior to this study, three
peptides containing the 2F5 and 4E10 epitopes (Figure 3.4) were characterized: MPERp
(Asn656-Lys683), CpreTM (Asn671-Val693) and TMDp (Phe685-T1e704) [133. 132, 1301 Ag
explained below and as a general hallmark, these peptides are helical and exhibit kinks at

determined positions.

Prior to the experimental studies on MPER peptides on the basis of molecular dynamics
simulations, the region between residues Lys681 to Arg707 the structure was predicted to
be in an «-helix conformation and with kinks around the residues Lys683 and Arg696 1371,
However, NMR studies performed in our group employing the peptides MPERp, CpreTM
and TMDp, which have overlapping sequences covering the region between Asn656 and
I1e704, revealed that all of them adopt helical conformations with kinks at positions that
depend on the media 133/, Thus, MPERp in HFIP shows a kink at positions Lys665-
Trp666, while in DPC micelles, the kink is located between the residues Phe673 and 11e675.
Concerning CpreTM and TMDp in HFIP media, they consist of a continuous helix spanning
the sequence Asn671-11e704, which breaks at Gly690, where a kink is found (Figure 3.4
B). The structure of CpreTM in DPC micelles shows two kinks: one between residues
Asn671 and Phe673 and the other at Gly690. Nevertheless, the low solubility of the peptide
TMDp impeded measurements within DPC micelles. It is interesting to note that the NMR
results concerning the peptide CpreTM (Asn671-Val693) reveal that the kink predicted by the
computer models located at Lys683 is not present and indicate the existence of a continuous
«-helix, including the C-terminus segment of the MPER domain and the N-terminus of the

TMD domain 1331321 This result highlights the importance of acquiring experimental data,
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since predictions are sometimes wrong. Based on these results, a model for the insertion of

the TMD region into the membranes has been proposed 1331,

Taking into account these previous results, we propose to study peptides whose sequences
contain the continuous helix found in CpreTM, and TMDp, denoted as H2, and to obtain
insights into the mechanism in which the HIV-1 MPER epitope is recognized by the broadly
neutralizing antibody 10E8, which remains unclear.
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3.1.6 Objectives

Previous studies suggest that HIV infections can be successfully neutralized during their
first stages. In this context, we aim to obtain new information about the initial steps of the
proposed broad neutralization mechanism. As mentioned before, gp41 glycoprotein is a
highly conserved sequence in the virus, and for this reason it is more suitable as a target
than other more variable entities, like the gp120 glycoprotein. In addition, the fact that the
epitopes recognized by the neutralizing monoclonal antibodies are linear in the case of gp41
and discontinuous in gp120, facilitates all types of structural studies and interpretation of the
results in the former. Considering the good results obtained with the studies of the MPER
and TMD peptides containing the 2F5 and 4E10 epitopes 133 841 in this study, we focus on
peptides that include the key residues of the 10E8 epitope, which involves part of the HI and
H2 helices. These peptides encompass the full continuous helix H2, as experimentally found
in the peptide CpreTM U331, Our goal is to understand the role of this MPER-TMD region
of gp41 in the membrane hairpin formation during the first stages of the infection and its
neutralization by the 10E8 antibody.

To do this, two overlapping peptides were designed and characterized: 1) one spanning the
terminus part of the H1 and the complete H2 helices (Asp664-Gly690) of the MPER-TMD
regions, which contains the full 10E8 epitope, named MPERD; and ii) a shorter version
named MPER-H2, covering only the H2 helix region (Asn671-Gly690) of MPER-TMD.
In this regard, it has been demonstrated that the helical scaffold comprising the MPERb
sequence within gp41 is biologically relevant towards the production of new neutralizing
antibodies.

The natural environment of the sequences studied here is the membrane proximal external
region of the cell. This fact together with the highly hydrophobic nature of the peptides,
determines the use of solvents of low polarity to mimic the natural media in the proposed
structural studies. Also, given that the main components of the cell membrane are phos-
phatidylcholine lipids, we also employ DPC (dodecylphosphocholine) micelles to mimic the
lipid bilayer and to evaluate the possible interactions between the peptides and the membrane
lipids.

Therefore, the specific objectives proposed are:
* To design new overlapping peptides spanning the sequences corresponding to the

epitope of the 10E8 broadly neutralizing antibody comprising part of the MPER and
TMD regions.



3.1. Introduction and objectives

91

To fully characterize at atomic resolution the structures of these peptides in different
cosolvents in order to obtain biologically relevant structural information to determine

the implication of these regions during the infective process.

To compare the obtained results with previous models 1331, in which the existence
of a kink at the MPER region that might help on its insertion into the membrane is
hypothesized.

To determine more specifically the zones that might be crucial during the membrane
fusion process and propose a new model on how this process occurs using membrane-

like cosolvents.

To clarify the mechanism by which the epitope is recognized by the 10E8 antibody
based on the structure and binding properties of the new designed peptides derived
from our NMR data and additional data obtained by our collaborators at the Biophysics
Unit of the University of the Basque Country.
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3.2 Materials and methods

3.2.1 Chemicals

The deuterated compounds [D3g] DPC (dodecylphosphocholine) (98 %) and D,0 (99.9 %)
were obtained from Cambridge Isotope Laboratories (USA); [D,] HFIP (1,1,1,3,3,3-hexafluoro-
2-propanol) (99 %) was obtained from Eurisotop (France). The percentages of deuteration
are indicated in parenthesis. Non-deuterated DPC was purchased from Avanti Polar Lipids
(USA).

3.2.2 Peptide synthesis

MPERD and MPER-H?2 peptides were made by Fmoc-solid phase synthesis and provided by
the group of Dr. José L. Nieva (Biophysics Unit, Department of Biochemistry and Molecular
Biology, University of the Basque Country). Peptide sequences are listed in Table 3.1; the
numbering of the peptide residues matches with the one in the wt sequence of gp41 prior to

maturation and post-translational modifications.

Table 3.1. Sequences of the peptides studied. Residues belonging to helix H1 and H2 are in red and
green, respectively and those of the solubility tags are in italics.

Peptide (protein sequence #) Sequence Theoretical pI
MPERD (664-690) KKKKDKWASLWNWEDITNWLWYIKLFIMIVGKKKKK 10.30
MPER-H2 (671-690) NWEDITNWLWYIKLFIMIVGKKKKK 10.13

3.2.3 NMR sample preparation

NMR samples were prepared by dissolving the lyophilized peptide (1-2 mg) in 0.5 mL of
2 mM HEPES buffer, pH 7.0 with either 20 mM [D3g] DPC in H,O/D,0 (9:1 v/v), 20 mM
[D3g] DPC in D,0O, 20 mM [D3g] DPC/non-deuterated DPC (1:1 v/v) in HyO/D,0 (9:1 v/v),
[D3g] DPC/non-deuterated DPC (1:1 v/v) in D;0, [D3g], 25 % [D,] HFIP in H,O/D,0 (9:1
v/v) and 25 % [D,] HFIP in D,0O. Peptide concentrations were between 0.9 and 1.8 mM.
The pH was adjusted to 7.0 when necessary by adding minimal amounts of NaOD or DCl,

measured with a Hamilton glass micro-electrode.

All samples were placed in 5 mm NMR tubes, and contained DSS as the internal reference
for 'H chemical shifts.
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3.2.4 NMR spectra acquisition, assignment and structure calculation

NMR spectra were recorded at 25 and 35 °C with a Bruker Avance spectrometer, operating at
600 MHz ('H), equipped with a z-field gradient cryoprobe.

Phase-sensitive two-dimensional total correlated spectroscopy TOCSY spectra were
obtained by using 20 and 60 ms mixing times. The nuclear Overhauser enhancement
spectroscopy NOESY mixing time was 150 ms. 'H-!3C heteronuclear single quantum
coherence (HSQC) spectra were recorded at 13C natural abundance. '3C §-values were
indirectly referenced by using the [UPAC-IUB recommended 'H/'3C chemical shift ratio
(0.25144953) 11011 Water signal was suppressed by either presaturation or by using a 3-9-19
pulse sequence. The 2D data matrices were multiplied by a square-sine-bell window function
with the corresponding shift optimized for every spectrum and zero-filled prior to Fourier
transformation. Baseline correction was applied in both dimensions. Data were processed
with the standard TOPSPIN program (Bruker Biospin, Karlsruhe, Germany). NMR and

sample conditions are summarized in Table 3.2.

Table 3.2. NMR spectra conditions of the peptides studied.

Peptide Solvent pH Temperature (°C)

MPERD 25 9% HFIP/H,0 7.0 25,35
25 % HFIP/D,0 7.0 25, 35
20 mM DPC/H,0O 7.0 25, 35
20 mM DPC/D,0O 7.0 25,35
20 mM 50 % deuterated DPC/H,O 7.0 35

MPER-H2 25 % HFIP/H,O 7.0 25,35
25 % HFIP/D,0 7.0 25,35
20 mM DPC/H,O 7.0 25,35
20 mM DPC/D,0O 7.0 25, 35
20 mM 50 % deuterated DPC/H,O 7.0 35

3.2.5 NMR spectra assignment and interaction mapping

The NMR spectral assignment of each peptide in the different conditions was performed
by following the well-established sequential-specific methodology based on homonuclear
spectra 4 with the help of the SPARKY software °>. The 13C resonances were identified
on the basis of the correlations between the hydrogen and the bound carbon atom present in
the 'H -1>C-HSQC spectra. All assigned chemical shifts are listed in Appendix B.
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The NMR spectral assignment of the DPC resonances in the partially deuterated DPC
mixtures was based on its previously reported chemical shifts >8], Micelle-peptide inter-
actions were identified based on the 'H assignment of both components. Intermolecular
interactions were evaluated from the intermolecular NOEs found in the partially deuterated
micelle media, and comparing the new signals appeared with the NOEs not found with the

fully deuterated micelles.

3.2.6 NMR estimation of helix populations

Helix populations were quantified from the 'Ha or '3 Ca secondary chemical shift values,

applying the formula for either the carbon or proton as described previously in Equation 2.2.

3.2.7 Structure calculation

Structure calculations were done with the program CYANA 2.1 by using distance and dihedral
angle constraints derived from NMR parameters and using the standard iterative procedure
for automatic NOE assignment of the program [°®!, Distance constraints were obtained from
the cross-peaks present in 2D ['H-'H]-NOESY spectra (150 ms mixing time), which were
integrated using the standard SPARKY integration sub-routine [°>1. Dihedral angle restraints,
for @ and V¥ angles, were derived from 'Hx, BCx and 1C[S chemical shifts using the TALOS-
N webserver P71, The 20 lowest target function structures in the final cycle of the CYANA
protocol were selected as the final structure ensembles. The quality of these structures was
assessed using PROCHECK/NMR [15%1 a5 implemented at the Protein Structure Validation
Suite server (PSVS: http://psvs-1_4-dev.nesg.org). The structural ensembles calculated for
MPERD have been deposited at the PDB data bank with accession codes 2NCT (in HFIP) and
2NCS (in DPC). The structural statistics data for these structures are provided in Table 3.4.
The structures for MPER-H2 have not been deposited because, excluding the Lys-tag, it
has less than 24 residues, which is the minimal length allowed by the PDB databank. The
structural ensembles were visualized and examined using MOLMOL [?81 and PyMOL (%],


http://psvs-1_4-dev.nesg.org

3.3. Results

95

3.3 Results

3.3.1 Design of optimized peptide epitopes for 10E8

As mentioned in the introduction section, 10E8 is a potent neutralizing antibody that interacts
with the gp41 ectodomain. Although some data concerning this interaction is already known,
the exact structural details of the MPER portion able to interact with 10E8 remains unclear.
Following other studies performed in our group 133 1321301 'two peptides (Table 3.1 and
Figure 3.4), named MPERDb and MPER-H2, were designed to be characterized by solution
NMR within non-polar (HFIP) and membrane-like environments (DPC micelles). These
media have been established as good mimetics of the conditions found before the fusion of
MPER with the membrane [133- 160 132, 1301 ‘NPERb covers the C-terminus part of helix H1
plus the entire length of H2 (Figure 3.4). This construction spans all the residues (664-690)
reported to establish contacts with the 10E8 antibody ['>>]. MPER-H2 spans exclusively the
residues of helix H2 (671-690) and was designed to understand the structural influence, if
any, of H1 on H2 or vice versa.

An analysis of the sequences (residues 664 to 670 and 671 to 690) based on previous
theoretical and experimental studies 33! indicates that they might have a high propensity to
fold as «-helical structures and to present a homogeneous distribution of aliphatic residues,
rather than a specific location on one of the faces of the helix (Figure 3.5). From the
experimental point of view, this high hydrophobicity is an important problem, as it is likely
to promote oligomerization and result in low water-soluble samples. To overcome these
problems and achieve the sample concentrations required for NMR studies, a Lys tag was
added in both ends of the MPERD peptide and at the C-terminus of MPER-H2. This strategy

L <A/ T
FwM K
K

Figure 3.5. «-helical wheel representations for the structures formed by the peptides MPERbD
(left) and MPER-H2 (right). The homogeneous distribution of the hydrophobic residues (in green)
can be appreciated.
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has been applied in many cases and has been reported to not affect the interpretation of the

results in relation with the biological processes [133- 161, 1621,

3.3.2 Secondary structure of the MPERb and MPER-H2 peptides

The good quality of the NMR spectra in 25 % HFIP allowed a full assignment of the signals
corresponding to the MPER peptides. In DPC micelles, the quality of the spectra was not so
good because of the signal broadening that made the assignment task more complex. This
effect was more accentuated in the MPER-H2 peptide than in MPERD. Despite of this, the
assignment was finally completed in DPC for both peptides. The only incompletely assigned

residues were the Lys tags as a consequence of signal overlapping.
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Figure 3.6. Hax (black) and Cx (blue) secondary chemical shifts observed for the peptides
MPERD and MPER-H2, pH 7.0. Negative A Hx values of large magnitude (> 0.05 ppm) and large
positive Ad Cx values (> 0.5 ppm) are indicative of helical conformations. Dashed lines indicate the
random coil (RC) ranges.

* Unassigned nuclei.



3.3. Results

97

After assignment, a qualitative analysis of the NMR parameters was carried out. First,
the Hx and Cx chemical shifts of both peptides show large differences with respect to the
random coil values (IAdl > 0.05 ppm for the Hx and > 0.5 ppm for the C«, see Figure 3.6).
The large magnitude of Ad values and the observed signs (negative for the Ho and positive
for the Cx) indicate that the MPERb and MPER-H?2 peptides adopt helical structures in
both HFIP and DPC micelle media. As seen in Figure 3.6, the magnitudes of the chemical
shifts deviations at the Lys tags (N- and C-terminus residues in MPERb and C-terminus in
MPER-H2; labeled as n - i or n + i) are quite small. This indicates that they might adopt
random conformations. It is also noticeable the presence of certain regions (Thr676, Asn677)
with lower Ad Ho values than the mean. This might be explained by the chemical shift
anisotropy effects produced by aromatic residues located nearby or ati + 3 or i + 4 positions
(Phe673, Trp678, Trp680, Tyr681).

Given that only pairs of spatially closed protons produce NOE signals (distances usually
lower than 5 A), the strongest evidence on the formation of o-helical structures is provided
by the NOE data. In the case of the peptides MPERb and MPER-H2, the presence of non-
sequential NOEs dyn (i, 1+ 2), dan (1, 1+ 3), dan (1,1 +4), dgp (i, 1+ 3) and dnn (5, 1 + 2)
(Figure 3.7 and Figure 3.8), which are characteristic of helices, evidences that the peptides
form «o-helical structures in HFIP and in DPC micelles.

The helical populations estimated from the 'Hox and '*Cox chemical shifts (see Method’s
Section 3.2.6), excluding the Lys solubilization tags (Table 3.3), are high for both peptides:
61 % and 73 % for MPERD in HFIP and DPC, respectively, and 100 % for MPER-H2 in both
cosolvents.

Table 3.3. Comparison of the percentages of global helical populations estimated for MPERp,
MPERb, MPER-H2, CpreTM and TMDp peptides from Ad Hx and Cx NMR in 25 % HFIP and
20 mM DPC, 35 °C, pH 7.0.

n.d., not determined.

* Peptides studied previously by our group [133: 132, 1301,

Helix population (%)

HFIP DPC
Peptide Hx Cx Ha Ca

MPERp*  59.7 nd. 597 nd.
MPERb 61.0 982 731 974
MPER-H2 100 100 100 100
CpreTM*  70.0 100 86.5 n.d.
TMDp* 71.3 100 n.d. n.d.




98

Structural analysis of peptides derived from the HIV-1 ectodomain gp41

NOESY MPERb HFIP, 35°C

3.61 @@@ ¥ 6 '%

V689 1686

: ® g\ 690 1682 A
3.8 I688%@ @ B ons 0
] A AL

,‘v

€ 401 £ A
z | g
3 4.2- % Y
4.4
\
4.6
85 80 15
w, 'H (ppm)

NOESY MPERb DPC, 35°C

V689 {
co I
A
©
3.8+
E 4.0
[oX
&
I
3 4.2
4.44 (6 ﬁ
W666 ~ W672
o o @ 7w @ 0
Bon A28 A
. ‘ IAA ‘n (‘nom . ‘.m‘nf\‘,\ . ‘ :
8.5 8.0 7.5
w, "H (ppm)

Figure 3.7. Selected regions of the 2D 'H-'H NOESY spectra of MPERD in 35 % HFIP and
20 mM DPC containing 2 mM HEPES buffer, 35 °C, pH 7.0. Intraresidual NOEs are indicated
with blue crosses, intraresidual HN-He are labeled, non-sequential d,n (i, 1 + 1) signals are indicated
with red crosses, dyn (i, i + 3) in red triangles and dyN (i, i + 4) with black squares.
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3.3.3 3D NMR structure of the MPER peptides

Once analyzed the qualitative information about the secondary structure, the calculation
of the preferred conformations of the peptides in HFIP and DPC was performed on the
basis of the experimental restraints. It is important to take into account that the results
obtained by solution NMR register the peptide conformational average and the evaluation
of the data correspond to the most populated conformers in solution. However, as the o-
helices formed by the peptides MPERb and MPER-H2 are highly populated (Table 3.4), the
structure calculations are meaningful. The calculated structures can be seen in Figure 3.9
and Figure 3.10 (see further pages). The N- and C-termini comprising the Lys tags show
a certain degree of freedom which increases the RMSD values of the overall MPERD and
MPER-H2 peptides. Excluding these Lys tags, the resulting structures in both media were
well defined, as demonstrated by the small RMSD values for the backbone atoms of residues
spanning 664 and 690 of MPERDb and from 671 to 690 of the MPER-H2 peptide (Table 3.4).
The calculated conformers of MPERb were deposited in the Protein Data Bank with the PDB
codes 2NCT for the peptide in HFIP and 2NCS in DPC micelles.

The presence of a kink (Figure 3.11, see further pages) in the MPERD peptide between
Asn671 and Trp672 residues is also remarkable. This observation is in accordance with the
structural motif present in the previously reported NMR structure of the peptide CpreTM
(Figure 3.4) (1331 in which the two defined regions H1 and H2 can be inferred.



Table 3.4. Main structural statistical parameters for the ensemble of the 20 lowest target function conformers calculated for MPERb and MPER-H2
in 25 % HFIP and 20 mM DPC, 35 °C, pH 7.0.
* Excluding Lys tags.

SINSAY €€

MPERDb MPER-H2
HFIP DPC HFIP DPC
Upper Limit distance restraints (from NOEs)
Total 361 445 356 375
Short-range li-jl < 1 279 311 259 250
Medium-range 1 < li-jl <5 82 134 97 125
Long-range li-jl > 5 0 0 0 0
Averaged total number per residue 10.0 12.4 14.2 15.0
@/ Dihedral angle constraints (from chemical shifts) 29/29 26/26 23/22 17/15
Average CYANA target function value 0.01+£0.1 0.11£0.1 00101 0.05%0.1
Averaged maximum violation per structure
Distance (A) 0.02+£0.1 003+£0.1 0.01+£0.1 0.02+0.1
Dihedral angle (°) 0.05+0.1 040£02 0.01+£0.1 0.09£0.1
Pairwise RMSD (A)
Backbone atoms 27+1.0 2.7+0.8 0.7+0.2 1.9+£0.6
All heavy atoms 3.8+0.9 3.7+0.7 1.7+£0.3 29+0.7
Backbone atoms* 0.7£0.2 0.4 £0.1 0.4 £0.1 1.0£0.6
All heavy atoms* 1.6 £0.3 09+0.1 14+£03 1.7+£0.7
Ramachandran plot (%)
Favorable 91.8 88.8 93.6 80
Allowed 8.4 11 6.4 20
Outlier 0.5 0.2 0 0
Favorable* 100 100 96.7 95.5
Allowed* 0 0 33 4.5
Outlier* 0 0 0 0

101
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MPERb

@ Anionic
@ Cationic/Polar
O Uncharged polar
@ Aromatic
@ Aliphatic
With sulfide groups

O With hydroxyl groups

Figure 3.9. Ensemble of the 20 structures with the lowest target function values of MPERbD and
MPER-H2 in 25 % HFIP, 35 °C, pH 7.0. The superposition of the backbone of the 20 lowest target
function structures in each family is represented as ribbon. Side chains of the lowest target function
structure in solution are displayed in different colors depending on the type of amino acid.

Anionic: red, cationic: blue, uncharged polar: violet, aromatic: magenta, aliphatic: green, with sulfide
groups: yellow and hydroxyl groups: orange.
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Figure 3.10. Ensemble of the 20 structures with the lowest target function values of MPERb
and MPER-H2 in 20 mM DPC, 35 °C, pH 7.0. The superposition of the backbone of the 20 lowest
target function structures in each family is represented as ribbon. Side chains of the lowest target
function structure in solution are displayed in different colors depending on the type of amino acid.
Anionic: red, cationic: blue, uncharged polar: violet, aromatic: magenta, aliphatic: green, with sulfide
groups: yellow and hydroxyl groups: orange.
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DPC
N671-W672

HFIP Nt

Ct

Figure 3.11. Structures adopted by MPERb and MPER-H2 in 25 % (v/v) HFIP and 20 mM
DPC. A: Superposition of the 20 lowest target function conformers overlaid onto the backbone atoms
of the peptide in HFIP and DPC (left), and superposition of representative NMR structures displayed
in ribbon representation (right). A kink (highlighted in yellow) can be inferred for the MPERD peptide
in DPC and HFIP between residues 671 and 672. B: Superposition of the 20 lowest target function
structures of MPERD (red) and MPER-H?2 (blue) peptides in HIFP (left) and DPC (right), Lys tags
were removed and aromatic residues of the lowest target function structure are shown.

3.3.4 MPER peptides interact with membrane mimetics

To test if possible intermolecular interactions with DPC micelles take place, 2D 'H-'H-
NOESY spectra of both peptides in a partially protonated (50 % deuterated) media of 20 mM
DPC were recorded and compared with the spectra with fully deuterated DPC. Signals
corresponding with the intermolecular peptide-DPC NOEs appear only in the partially
deuterated DPC media (Figure 3.12). These intermolecular NOEs proved the presence of
direct interactions between the peptides and micelles. As seen in Figure 3.12, Trp, Tyr and
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Figure 3.12. Selected regions of the 2D 'H-'H NOESY spectra of MPERb and MPER-H?2 in
H,0/D,0 (9:1 ratio per volume) containing 2 mM HEPES buffer, 20 mM DPC/DPC-d38 1:1,
35 °C, pH 7.0. DPC chemical shifts are indicated with red dashed lines. The new set of blue signals
(boxed) correspond with intermolecular NOEs between the DPC micelles and the peptides. * Protons
with the same chemical shift.

Phe aromatic rings are crucial for the interaction to take place and the highest intensities
are found between the hydrophobic tail of the micelles and the aromatic rings of Trp666,
Trp670, Trp672, Trp678 and Phe673. In general, there are less intermolecular NOE signals
within the polar heads than with the hydrophobic tails of the micelles in both peptides. In the
MPERD peptide (Figure 3.12), a representative number of them belong to the aromatic ring
of Trp666. The MPER-H?2 peptide, which has a shorter sequence than MPERDb, shows less
NOE signals with the polar head of the micelle.
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3.4 Discussion

As mentioned before, the highly conserved residues of the gp41 glycoprotein are essential
during the fusion of the virus with the host cell membrane 163 1641 In this study, we provide
new structural insights that might help understand the relationship between structure and
function of the linear helical epitope of the 10E8 antibody (MPERD peptide) from a biological
point of view in membrane-like environments. The presence and distribution of certain kind
of residues (aliphatic) in the MPER region, and specially, the aromatic rings of Trp amino

acids, allows it to form multiple non-covalent interactions with lipids [163-1681,

3.4.1 HI1 and H2 in MPER are structurally independent modules

The NMR comparative and qualitative analysis of the secondary structure (Figure 3.13)
adopted by MPERDb and MPER-H2 peptides in DPC and HFIP media, reveal that the profiles
are similar, this means that both peptides adopt comparable overall helical structures and
indicates the absence of stabilizing interactions between H1 and H2, at least in the free state.
This is also supported by the absence of long-range NOE:s (li - j| > 5). This finding validates
the relevance of the information obtained individually for each peptide. The structure of helix

H2, which is shared by the two peptides, is nearly identical in both peptides, as shown by the
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Figure 3.13. Comparison of the Hx secondary chemical shifts observed for the peptides
MPERDb and MPER-H2 in DPC and HFIP, pH 7.0. The profiles are similar in both peptides
and are characteristic of an «-helix structure formation. Dashed lines indicate the random coil (RC)
ranges.
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almost perfect superposition of the backbone atoms of MPERb and MPER-H?2 structures
in both HFIP and DPC micelles (Figure 3.11). In the case of the MPERD peptide in HFIP,
there is a kink in the helix that comprises the residues Asn671 and Trp672 (the transition
region between H1 and H2). This might implicate that the helix is certainly flexible in this
zone, making it possible to have different relative orientations between H1 and H2, and so it

could play an important role during the cell membrane recognition.

3.4.2 Bending in the helices can be found in different regions depend-

ing on the solvent

The results obtained in this Thesis regarding to the MPERb and MPER-H2 complement
previous studies 133 1321 'in which three different overlapping peptides (Figure 3.4) spanning
the MPER and TMD regions were characterized. The qualitative comparative analysis of the
secondary structure adopted by all these peptides (MPERp, MPERb, MPER-H2, CpreTM
and TMD; (Figure 3.4 and Figure 3.14) revealed that all of them adopt well defined helical
structures. In HFIP and DPC micelles, the profiles of the chemical shift deviations (Ad) for
all peptides are very similar, showing only slight differences in magnitude (Figure 3.14),
suggesting small differences in the population of ordered conformations. This is corroborated
by the estimated helix populations (see Table 3.3). For the peptides MPERb and CpreTM,
the positive Ad Ho value observed for Trp678 may be explained by either chemical shift
anisotropy caused by surrounding aromatic residues or it might be due to a discontinuity
in the helical structure. The structures calculated for all peptides exhibited well defined
backbones, and showed little variability in the orientations of the side chains (Figure 3.11,

see further pages).

Based on the structures obtained for all peptides (those in the past and the ones solved in
this study), a congruent model of the overlay can be assembled (Figure 3.15). It should be
mentioned that the structures in HFIP are good models for the pre-hairpin state, whereas those
in DPC are usually accepted as the structure adopted in the later hairpin step of the membrane

[133,132,130] " A5 seen in the figure, the superposition of all structures in

fusion mechanism
HFIP is consistent, and even if the side chains of the aromatic residues present certain degree
of flexibility, their positions are still close in the different peptides. The superposition of the
structures in DPC does not include the TMD region, given that the structure of the peptide
TMDp could not be determined in DPC. Nevertheless, the superposition of the rest of the
peptide structures in DPC is also consistent, except for the residues spanning Asn671 and

Ile675, which are partially extended in CpreTM and MPER-H2; and helical, though in a
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Figure 3.14. Comparison of the Hx secondary chemical shifts observed for all the peptides
studied previously* and in this study in 25 % HFIP and 20 mM DPC micelles, pH 7.0. The
profiles are similar for all peptides and the differences found are in magnitude, characteristic of an
«-helix structure formation. Dashed lines indicate the random coil (RC) ranges. For clarity, every
tenth position of the sequence is underlined.

* Peptides previously studied by our group [133: 132, 1301,

kink, in the longer MPERp and MPERD peptides. These differences are likely explained by
the existence of stabilizing interactions provided by precedent residues present in the longer
peptides that are absent in the shorter peptides, in which these residues are located at their
N-terminus segment. Concerning MPERp and MPERD peptides, the «-helix found in DPC
suffers a kink with an angle of 28 ° between residues Asp674 and Ile675, at the beginning
of the H2 region of MPER, which is not observed in HFIP. However, the structure in HFIP
shows a kink with an angle of 21 ° between Leu692 and Val693, that corresponds to the TMD
region in the TMDp peptide. As a whole, the MPER-TMD region contains several points
where the helical structures can bend or not depending on the conditions, which very likely

are important for the different stages of the membrane fusion process leading to infection.
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Figure 3.15. Models for gp41 MPER-TMD organization in HFIP and DPC micelles as inferred
from the calculated NMR structures. Left: Overall structural model of the MPER-TMD regions
deduced from the combination of the 20 lowest target function NMR structures of MPERp (magenta,
PDB: 2M8M), MPERD (red, PDB: 2NCT), MPER-H?2 (dark blue), CpreTM (cyan, PDB: 2MG2) and
TMDp (green, PDB: 2MG1) in 25 % HFIP. The kink at the ' GLV®? location can be inferred (dashed
lines). Right: Overall structural model of the MPER-TMD regions deduced from the combination of
the 20 lowest target function NMR structures of MPERp (magenta, PDB: 2M8O), MPERD (red, PDB:
2NCS), MPER-H2 (dark blue) and CpreTM (cyan, PDB: 2MG?3) in 20 mM DPC. The kink at the
673FDI®7> location (dashed lines) can be inferred, the NMR structure of TMDp in DPC could not be
obtained. H1 and H2 segments are also indicated.

3.4.3 Peptide-membrane interaction and insertion

Combining the analysis of the spectra with the partially deuterated mix of DPC micelles
and the previous results, the model of the interaction of the helices in the membrane can
be refined adding new information derived from the NOEs between DPC and the peptides
MPERDb and MPER-H2 (Figure 3.12). For MPERD, NOE data is in accordance with the
proposal that the position of the residues belonging to the N-terminus are closer to the polar
heads, and the residues closer to the C-terminus get embedded into the hydrophobic tails of
the micelle, and then, anchored into the membrane interacting with the hydrophobic tails of
the lipids 1% 1331 Tn the case of the MPER-H2 peptide, the first seven residues contiguous
to the N-terminus of MPERD are not present. Therefore, its sequence lacks certain important
amino acids for membrane interaction, like Trp666 and Trp670. This can be the explanation
for the few intermolecular NOE signals observed with the polar heads of the micelle.
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In this regard, it should be mentioned that the interaction of peptides with micelles is a
dynamic event and probably different complexes are in equilibrium in the media [!7°1. This
is important from the biological point of view, as membrane fluidity plays a key role in
the insertion mechanism of several processes, including infection U711 On the other side,
and because of this dynamic scenario, the information derived from the observed NOEs
cannot discriminate if the insertion of these short peptides is the same as the longest ones,
like TMDp, which contains the transmembrane domain. Unfortunately, the NMR spectra of
TMDp could not be assigned in DPC micelles, so no information about intermolecular NOEs
could be obtained for this peptide. Therefore, the model of the insertion of the helices within
membranes is susceptible to be refined at atomic resolution if new data is available in the

future.

3.4.4 The structural flexibility found in the peptides might contribute

to the membrane fusion mechanism

In previous studies, the combination of both NMR experiments (34 and X-ray crystallography
analysis [133] suggests that the kink between H1 and H2 regions at positions Asn671 and
Trp672 is the structural trigger of the membrane fusion mechanism by gp41. Though, in
DPC media, the kink found comprised the ®*FDI®? region, suggesting that during the
hairpin formation, this flexible region might thermodynamically favor the changes towards
the formation of the six helix-bundle.

Considering the structural features of all MPER peptides examined up to now, the kinks
observed in the free peptides sometimes are maintained in the bound states, and sometimes
not. Different kinks are also characterized depending on the peptide or the media. These
variable results can be just the description of the dynamic nature of these sequences, making
them flexible enough to contribute to connect the 6-helix bundle with the viral membrane
during the fusion process (Figure 3.2) and once the recognition is established, the helices
might get straightened.

3.4.5 Broadly neutralizing antibodies bind differently to distinct MPER
epitopes
According to previous studies, the preservation of a continuous MPER-N-TMD helix insertion

should be key for the MPER epitopes to be recognized by the antibodies ['33]. Therefore, the

structural information of the MPERD epitope peptides bound to antibodies is essential for
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the correct understanding of the neutralizing process. In this regard, in collaboration with
other groups, the complexes of peptides covering this region bound to the 10E8 and 4E10
Fab antibodies were crystalized and their structures were solved by X-ray crystallography.
Thus, on the basis of the X-ray structures of the complexes and the NMR structures of the
free peptides commented before, a model of the recognition of this epitope by the 10E8 and
4E10 antibodies have been proposed 34! (Figure 3.16 A and B).

In the crystal structure obtained with the 10E8 antibody and the MPERD peptide, the in-
teraction region is well defined, with specific residues of the MPER epitope (Trp678, Trp680,
Tyr681 and Phe685) located nearby certain antibody residues (Tyr105, Phel07, Trp108
and Tyr111). Interestingly, residues between Asp664 and Ser668 (H1 region) of MPERD
adopted a dynamic state and were not observed in the electron density map. Consequently,
as the recognition does not fix the position of the H1 helix, we can propose that this region
might not be essential during the recognition of the Env complex by the antibody. This fact
supports the finding that the kink found by NMR (at Phe673-11e675 position) might give
certain flexibility that allows H1 to adopt random positions, at least in the presence of the
Fab molecule. The H2 region adopts a helical conformation in which the Gly690 was also
unobserved in the electron density, thus, in accordance with a dynamic nature. Interestingly,
residues between Leu669 and Asn671 did not show the characteristic kink found for the free
peptide. One possibility may be that the inherent flexibility found by these residues in the
free state might allow the plasticity needed by the antibody to bind to the epitope and, once
bound, the recognition might tend to produce a slight conformational change and straighten

that portion of the helix.

In the case of the 4E10 antibody, the arrangement of the complex with MPER changes,
but the peptide maintains the same structure as in the free state. An interaction map can be
traced as well, defining a different subset of residues in MPER (Trp666, Trp670 and Phe673)
involved in the interaction with the antibody (Tyr32 and Phe100). The orientation of the
peptide is different with respect to the previous complex (estimated difference of 30°), and
no random structures are present (Figure 3.16). It is also interesting to note that the binding
affinity of the MPER-H2 peptide with the 10E8 antibody is essentially equal compared to
the peptide MPERD, which contains the H1 helix that is dynamic in the complex with the
antibody (Kg4 values measured by our collaborators by ITC are 9.6 £ 1.0 nM for MPERD and
10.0 = 1.6 nM for MPER-H2 [84]),

The 2F5 antibody was also crystalized with the MPERp peptide. The interaction interface
can be drawn with the identified active residues of MPER (Trp666 and Trp670) and those
in the antibody (Pro98 and Arg100) (Figure 3.16 C). The crystal structure of the complex
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Figure 3.16. 10E8, 4E10 and 2F5 epitope organization and putative mechanisms of antibody
recognition. The lowest target function NMR structure obtained in DPC micelles is fitted into its
corresponding Fab-bound crystal structure (depicted in green and gray). A: MPERD peptide (red) and
the Fab-bound structure of the 10E8 antibody (PDB code 4G6F). B: MPERD peptide (red) and the
Fab-bound structure of the 4E10 antibody (PDB code 4WY7). C: MPERp peptide (magenta) and the
Fab-bound structure of the 2F5 antibody (PDB code 3DOL). D: MPER-H2 (dark blue) and CpreTM
(cyan) peptides and the Fab-bound structure of the 4E10 antibody (PDB code 4WY7). Residues
involved in the antibody and peptide interaction are depicted in green and blue, respectively.
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Figure 3.17. Schematic representation of the Env complex and its antibody neutralization.
Based on the combined structures calculated in HFIP and DPC from the NMR data, the overall
structure during the pre-hairpin state might be present to bind the six-helix bundle (6-HB) with the
membrane and the kink located at the ®*!GLV%%3 region might bring the flexibility required to bind
the membranes. The 10E8 (magenta) and 4E10 (cyan) epitope binding at the viral interface blocks the
membrane fusion process.

shows that, like in the isolated state, the peptide adopts a helical structure interrupted by
a bend between the residues Asp664 and Trp666 (Figure 3.16 C) 13?1 Finally, the 4E10
antibody bound to the CpreTM peptide was also crystalized (Figure 3.16 D) and the structure
reveals that the segment comprising the residues Asn671 and Phe673 also has to reorient
itself in order to bind with the antibody. In this case, crucial residues of the recognition site
are Trp672 and Phe673 of MPER, and Trp47, Asn58 and Tyr91of the antibody.

In summary, different antibodies bind to the MPER region in various ways, they approach
to the helices with different orientations, and the peptides sometimes suffer conformational
changes. Nevertheless, in all cases, the role of the aromatic rings in the stabilization of the
complexes is important. We can use all the available information to construct a picture of the
involvement of gp41 during the viral infection and its antibody neutralization. In this model,
regarding the different orientation of the peptide helix in the complexes, we can propose that
the 10E8 antibody might approach parallel to the membrane plane, while 4E10 with an angle
of difference of 30° with respect to 10E8 (Figure 3.17). This means that 10E8 might also
contact with the surface of the viral membrane when bound to its MPER epitope. Further
fluorescence assays 34 confirmed that the 10E8 antibody binds specifically in the MPER H2
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region, in which Trp680 can be localized in the interface between the antibodies (10E8 or
4E10) and the viral membrane. It can also be proposed that the flexibility located in the H1
region might help to reduce the entropic cost of this binding process. Linking all these results,
it can stand out that the general flexibility and the aromatic residues are key to determine how
the antibodies contact their epitopes at the membrane interface and to define which epitopes
can be reachable for the antibody recognition and block the infective process (Figure 3.17).
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3.5 Conclusions

1. Given the limitations of solution NMR to obtain full structural information of large
complexes, the use of simplified systems is required. In this study, the correct design
of peptides belonging to the MPER regions of gp41 and their NMR structural study in
two different media (a non-polar cosolvent and DPC micelles) provide insights into
the system on its biological context.

2. In both HFIP and DPC micelles, the peptides adopt helical structures with kinks located
in different regions. This variability in the location of the kinks might be the source for
the flexibility that lets the virus to bind with the T-cell membrane and allow hairpin
formation.

3. The presence of aromatic residues spanning the helix was known to be important for
the affinity of gp41 with membranes. The most important elements identified here
that directly interact with membranes belong to the aromatic rings of Trp, Tyr and Phe

amino acids.

4. In this study, the structure of the epitope for the broad neutralization antibody 10E8
was successfully obtained and analyzed as a simplified version, combining these results
with previous experiments and other biophysical techniques, a model of the full system

could be proposed.

5. As the gp41 glycoprotein is a highly conserved sequence in HIV and plays an impor-
tant role during the T-cell membrane fusion, the employment of antibodies targeting
gp41 epitopes is an interesting therapeutic approach. The structural information ob-
tained regarding to crucial regions for the antibody recognition may elucidate how the
neutralization of the virus by these antibodies might occur.

6. We propose that new broadly neutralizing antibodies targeting gp41 can be designed
based on the characteristics of the MPER-TMD regions analyzed in this study. A
proposition can be that new antibodies should bind specifically to the MPER region
that is transiently exposed to the solvent at the membrane surface, taking into account

the epitope’s orientation, depth and angle of penetration into the membrane.
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4.1 Introduction and objectives

The antibiotic era started at 1930’s and 1940’s when humans discovered the wide potential
of certain molecules (antibiotics) to kill microorganisms and cure infections. Since then,
antibiotics have been widely used without sufficient control (inappropriate treatment and
overuse), and microorganisms had started to adapt to this new evolutionary pressure. Thus,
the best adapted microbes able to resist the action of the antibiotics, those with physiologically
or genetically enhanced capacity to survive high doses of antibiotics, are selected to gain or
maintain their infective potential 172!, As a consequence, antibodies may result in preferential
growth of resistant microorganisms, while the drug inhibits the growth of the susceptible

ones.

Nowadays, the problem concerning the rising of antibiotic resistance is critical from a
health point of view. As the pharmaceutical industry fails to act, it will mean that the treatment
options for many patients will be severely limited. It is becoming urgent to return to the
situation when the antibiotic era started, when no or few resistance was present, and in which
the only 20 different classes of known antibiotics worked efficiently during the following 60
years [173], In this regard, antimicrobial peptides (AMPs) have been demonstrated to be a

potential solution to successful antibiotic discovery and production 1741,

4.1.1 The antibiotic crisis

As mentioned before, the negligent abuse of antibiotics, the unawareness of the warnings
against their overuse and poor control practices created a high selection over pathogens. The
resistant microorganisms developed immunity against drugs, and consequently, the current
infection treatments became more challenging ['7>~177]. Even when some microorganisms
were naturally capable to overcome these molecules before the antibiotic era, its abuse
provoked the survival of new resistant pathogens within the previously susceptible ones [172],
The importance of a correct control program has been demonstrated previously in England,
where the application of good nursing practices through prudently prescriptions of a combined
old and new antibiotics, prophylactic measures of constant hand washing and good infection
controls lead to a dramatic decrease of Meticillin-Resistant Staphylococcus aureus (MRSA)
and Clostridium difficile infections in 2010 [178- 1791,

Some of the most relevant antibiotic resistant pathogens have been announced by the
Centers for Disease Control and Prevention quite recently 181, The report includes pathogens

that can be spread to humans or animals such as MRSA, Glycopeptide-Resistant S. aureus,
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Toxin Hyperproducing C. difficile, Extended-Spectrum [3-lactamase- and carbapenemase-
producing coliforms 1180 1811 These resistant microorganisms increased their virulence and
are a serious sanitary and veterinary problem worldwide. This is an important concern as it

causes a raise in mortality, especially within hospital surroundings 17> 1821,

4.1.2 Antimicrobial peptides

Diverse peptides with antimicrobial activity have been found naturally acting as a host
defense against viruses, fungi, parasites and bacteria 183 1841 There are currently more than
5500 antimicrobial sequences reported, from which more than 1600 belong to synthetic
peptides [18%- 1741 'Tn 1939, the first known isolated peptide with antimicrobial activity was
obtained from a soil mixture of microorganisms. A culture of an identified Gram-positive
aerobic bacillus released a soluble agent capable of lysing other Gram-positive microbial
species 18] In the following year, the first performed in vivo experiment showed that mice
treated with the antimicrobial agent, called gramicidin, were protected against an intraperi-
toneal administered dose of a virulent Type I pneumococci G. Also, The Pneumococcus
culture got sterilized 1 hour after the addition of gramicidin ['87). Later on, diverse AMPs
were identified and described. However, once discovered, their potential applications in
clinic were studied and their toxicity, such as against human blood cells in vitro and on mice

[187, 188]

through peritoneal administration was also documented . Despite their potential

toxicity, the clinical use of AMPs as antimicrobial agents gained interest and it is still under

study and consideration [18% 1901,
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Figure 4.1. Current AMPs statistical distribution based on number of residues and isoelectric
point. A) The most frequent peptide size ranges from 20 to 39 residues and is followed by 1 to 19
amino acids. The less frequent distribution corresponds with peptides between 80 to 99 residues. B)
4598 over 5547 AMPs have an isoelectric point of 9 or higher, this means that at pH 7.0 or below,
more than 80 % of the peptides in the database posses a positive net charge. [174]
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AMPs size can vary from five to over a hundred of amino acids (Figure 4.1) (1741 and
their commonly cationic nature allows them to interact with the cell membrane, disrupting its
permeability and causing cell death. Unlikely antibiotics, AMPs typically do not target against
a defined cellular activity, but through a more ubiquitous system. Therefore, taking advantage
of this general property, they are widely proposed as potential therapeutics facing bacterial
resistance [1°1- 1831921 T this regard, it is important to optimize AMP sequences to obtain
the best activity, to avoid their potential toxicity to humans, bacterial resistance, and lack of

specificity and stability. For these reasons, AMPs are committed to be mutated [193-198],

Structurally, these antimicrobial sequences can adopt any of the classical secondary
structures known for proteins and peptides (Figure 4.2). They might be found as 3-sheets,
«-helices, or extended and loop arrangements, but the majority of them are considered
to form amphiphilic helices or B-sheets [18% 1992011 "peing the helical peptides the most
widely studied '81, probably because of their physicochemical properties like solubility and
stability. The major sources of high-resolution structural information can be obtained by
X-ray crystallography or NMR spectroscopy, however, given the size and intrinsic flexibility
of these peptides, the use of NMR spectroscopy predominates over the X-ray techniques [202].

Class | Class Il
Dermicidin Cecropin

Class Il Class IV Class V
Indolicidin Protegrin-1 Lactoferricin

Figure 4.2. Examples of the different classes found in antimicrobial peptides. Class I includes
dermicidin (PDB 2NDK), class II cecropins (PDB 2N92), class III indolicidin (PDB 1G8C), class IV
protegrin-1 (PDB 1PG1) and class V lactoferricin (PDB 1Z6V) from lactoferrin.

* Structures are not in the same scale.
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4.1.3 Classification

AMPs can be classified by different criteria: either structurally or functionally. From a
structural point of view, AMPs can be categorized into five main types: x-helices, [3-sheet,
cysteine-rich, with an unusually high content of a common amino acid and peptides with
uncommon and/or chemically-modified amino acids (221, Some AMPs do not belong to
any of these classes and others can possess more than one structural characteristic [203- 2041,
Taking into account the amino acid composition and structure, five different classes (Class I

to V) can be defined as seen in Table 4.1 and Figure 4.2 (2051,
AMPs can also be grouped depending on their activity or their targets, such as antiviral,
antifungal, antiparasitic or antibacterial 1891, a5 well, some AMPs display antitumoral

properties [18% 1741 " Antiviral peptides are capable to neutralize virus infections by integrating

Table 4.1. Classification of antimicrobial peptides based on their amino acid composition and structure
adopted.

Class Description Examples
I Anionic peptides, small anionic peptides rich in glutamic and Dermicidin,
aspartic acids from sheep, cattle and human proteins Maximin H5
II Linear cationic «-helical peptides, short peptides with differenti- BP100,
ated hydrophilic or hydrophobic regions; their structure can change = Cecropins,
from unstructured to helical in micelle media Magainin,
Pleurocidin,
CAP18
III Cationic peptides enriched with specific amino acids. Pro, His, Indolicidin,
Trp, Arg or Gly can be over-represented in the sequence Abaecin,
Pyrrhocoricin
v Anionic and cationic peptides that contain cysteine and form disul- Protegrin-1,
fide bonds. They may contain several disulfide bonds and form a Defensin A,
[3-sheet structure. HNP-1
\Y Anionic and cationic peptides that are fragments of larger proteins, Lactoferricin
as they are part of certain proteins, their biological role in immunity  from
is unclear. lactoferrin,

Casocidin 1
from casein
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themselves into the host cell membrane or into the viral envelope, causing membrane
instability or reducing the virus’ binding capability [2°6-2!11 Antifungal peptides can disrupt
the fungal cell wall through its permeabilization 122! or by pore formation ?!3/. The
antiparasitic peptides, which belong to the less represented group [18% 1831 are also capable
to kill their targets via interaction with the cell membrane [>'4. In counterpart, antibacterial
peptides are the most studied AMPs. Most of them have cationic sequences and usually

amphipathic structures, being these properties important for function.

4.1.4 Mechanisms of action of AMPs

Several different mechanisms of action have been proposed for AMPs. Some of them can
cause the fragmentation of the lipid bilayer through membrane permeabilization in some
organisms 213216 At the same time, in other pathogens they can cause the interruption of
essential biological processes, such as protein and DNA synthesis, DNA replication, and
other metabolic pathways [20%- 217, 218]

In this scenario, the principal mechanism of action studied in AMPs consists of the
disruption of the membrane homeostasis, known as membrane-active AMPs. However, this is
a complex mechanism that is not completely understood. From the mechanistic point of view,
the biological consequences of the membrane destabilization has not a single foundation and
probably is the sum of at least two different effects: membrane disruption and enzymatic
activity against cell machinery. It is known that the bacterial membrane (Figure 4.3) harvests
one third of the total proteins of the cell and that they have different functions that are critical

for survival [>!°1 including among others: active transport of nutrients, respiration, proton
Gram-positive Gram-negative

Outer membrane

Ye”maSmIC Spaoe\{

Peptidoglican ————___
]\Perlplasmlc space;{
Cell membrane
Figure 4.3. Cartoon representation of Gram-positive and Gram-negative bacterial cell mem-
branes. Gram-positive bacteria posses a plasmatic cell membrane, followed by a periplasmic space
and covered with a thick peptidoglycan layer. Gram-negative bacteria are composed by a plasmatic

cell membrane, followed by a periplasmic space, the peptidoglycan layer is thinner and is followed by
the periplasmic space and an outer lipid membrane.
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motive forces, ATP generation, and intercellular communication. The function of these
proteins can be altered with AMP treatment, implying that AMPs’ rapid killing effect is
also consequence of this circumstance and not only due to the physical disruption of the

membrane 18],

4.1.4.1 Membrane-active AMPs

Given that organisms possess specific membrane compositions, the targets of membrane-
active AMPs are usually defined by their interactions with the cell membrane. As we have
mentioned before, AMPs can be amphipathic, and so are the majority of membrane-active
AMPs. Thus, an initial electrostatic interaction between a positively charged surface of the
AMP and a negatively charged cell membrane may occur. Then, the hydrophobic region of
the AMP will permit the insertion of the molecule into the cell membrane and afterwards,

will cause a membrane destabilization 2201,

On the basis of this general process, three main mechanisms of action are proposed 8]
as represented in Figure 4.4. In the toroidal pore model, AMPs align perpendicularly into the
membrane, the polar heads of the lipids interact with the hydrophilic portions of the peptides
and their hydrophobic regions get faced, forming a pore. The barrel-stave model is similar
to the toroidal pore, but in this case, the staves are proposed to first align parallel to the cell
membrane, and subsequently, the barrels are formed and get inserted perpendicularly into the
membrane bilayer. The carpet like or detergent like model proposes that the peptides touch
the membrane and form a coating over it, then, the molecules penetrate into the lipid bilayer
and surround the lipids, forming a micelle and leaving holes. The most commonly accepted
mechanisms are the barrel-stave and toroidal pore model, though, the barrel-stave model

seems to be unsuitable for the cationic antimicrobial peptides found in eukaryotes 202,

Other less widely accepted models have also been proposed (Figure 4.5). In the plane
diffusion model, peptide monomers get surrounded by the membrane lipids and induce local
membrane perturbations. Consequently, transient pores are formed [2°%]. In the sinking raft
model, the peptides aggregate in the outer face of the membrane bilayer and induce local
imbalances, a curvature of the membrane is shaped and peptides tend to redistribute either
in the inner or the outer face, producing transient pores while passing [?!1. Finally, the
electroporation model is similar to the last one, but the cationic peptides produce a potential

imbalance, therefore, peptides need to pass through the bilayer to restore the charges 22%).



124  Structure and molecular association in sequences derived from PG-1 in membrane mimetics

—
% %7 Amphipathic peptides

v

Toroidal pore Barrel-stave Carpet-like

7 S¢ DOC

o fie ?)@
0l i ©

Figure 4.4. Schematic representation of the most popular mechanisms of action of membrane-
active AMPs. In the toroidal pore model, the peptides insert into the membrane perpendicularly,
and keep in contact with the hydrophilic heads of the lipids. In the barrel-stave model, peptides
are disposed like in the toroidal pore model, but the hydrophobic tails of the lipids contact with the
hydrophobic face of the peptides. In the carpet-like or detergent-like model, small regions of the
membrane are coated by the peptides and create pores by the excision of a micellar section.
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Figure 4.5. Schematic representation of other mechanisms of action of membrane-active AMPs.
In the plane diffusion model, the peptides induce local perturbations in the membrane and a pore is
formed. In the sinking raft model, the peptides aggregate and induce local curvatures in the membrane;
this leads to the redistribution of the AMPs in both faces of the bilayer. The electroporation model
proposes that an electric potential is created by the peptides that induce pore formation to restore the
potentials.
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4.1.4.2 Intracellularly-active AMPs

Although membrane destabilization is the most common known mechanism for AMPs, it was
shown that some of these molecules could kill their target cells without causing membrane
permeabilization. This suggested that there are other mechanisms of killing cells by AMPs.
In fact, certain AMPs do not interact directly with the membrane of their targets; some of
them can be internalized through endocytosis, including macropynocytosis and receptor-
mediated endocytosis [223.2201  Once internalized into the cell, these AMPs can take some
specific actions, including (as mentioned before) the inhibition of DNA, RNA and protein
synthesis [224 2251 There are also reported peptides that can have multiple targets, such as
seminalplasmin, which inhibits RNA polymerase [2*6! and can activate an autolysin protein
too, both cellular processes lead to cell death 227> 2281 Tn the case of diptericin, this peptide
can kill only during the bacterial growth stage, which means that certain developmental

metabolic pathways might be interrupted [22°],

4.1.5 Important features of AMPs for structure-function relationships

A relationship between structural properties and the mechanism of action have not been
found yet. Nevertheless, certain characteristics are important to take into account during the
design and testing of new antimicrobial agents. The most relevant physicochemical properties
include the peptide’s size, charge, hydrophobicity, amphipathicity and solubility 181,

It was commented before that AMPs present secondary structures per se, but also upon
membrane interaction. In this regard, the peptide length is important for structure formation.
Thus, the minimal length required for (3-sheet formation is eight amino acids, while for
«-helices the estimated number rises to around 22 [40- 2301 The length of the peptide may
also affect its potential cytotoxicity. In the case of melittin, a shortened version presents 300

times less toxicity against human erythrocytes compared with the wild type 231,

The net charge of the peptide is also important for their activity as it can determine its
potential toxicity against host cells. At the same time, it defines the kind of target through its

capacity to interact depending on the lipid composition of the microbial membrane [18% 2021,

The hydrophobicity is also a crucial feature; it can determine the range of targets [23?! and
also, modify its antimicrobial capacity [233]. Almost 50 % of the amino acids present in the
sequence of natural AMPs are hydrophobic [*** and an increased number of the hydrophobic
residues within the positively charged region of an AMP might increase its activity against

membranes 2331,
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The amphipathicity is one of the key properties that AMPs should have in order to bind
properly into the microbial membranes. As membranes are also amphipathic, the peptide

should be able to interact with either the polar heads or the hydrophobic tails of lipids 23>,

Finally, peptides should be soluble enough in aqueous environments to make them able
to interact with cell membranes. If aggregation occurs in the aqueous media prior to the
interaction with the membrane, the oligomers might not be able to pass through the lipid
bilayer [18%1, In summary, it is important to take all these properties in consideration towards

the design of new therapeutics based on AMPs.

4.1.6 Protegrins: a promising family of antimicrobial peptides

There is a huge range of possible peptides with antimicrobial properties, starting from

naturally isolated, to synthetic ones [174].

Amid the wide range of AMPs described in the literature, protegrins (PG) comprise a
family of AMPs that were firstly isolated from porcine leukocytes. Up to now, there are five
known protegrins. They are cysteine-rich cationic peptides in which their positive charges are
prone to interact and disrupt the membrane permeability probably by forming pores and thus,
leading to microbial death [236-231 Protegrins are composed by 16 to 18 residues with a 3-
hairpin structure stabilized by two disulfide bonds (Figure 4.6) 2362401 Dye to their cationic
nature, protegrins are prone to be absorbed on the surface of anionic membranes. It is known
that PG-1 tends to dimerize in the presence of lipids; therefore, it is thought to kill bacteria
through the formation of a toroidal or a barrel-stave pore upon oligomerization 2412421,
Currently, there are two models proposed for PG-1 dimerization depending on the membrane
composition, with either a parallel dimer formation in membranes containing cholesterol [24?]

or an antiparallel association within DPC micelles [243],

Peptide  PDB code Aligned sequence Number of residues
PG-1 1PG1 RGGRLCYCRRRFCVCVGR 18
PG-5 2NC7 RGGRLCYCRPRFCVCVGR 18
PG-3 2MZ6 RGGGLCYCRRRFCVCVGR 18
PG-2 2MUH RGGRLCYCRRRFC@®CV 16
PG-4 - RGGRLCYCRGWPCECVGR 18

Figure 4.6. Alignment of sequences of protegrins (PG) 1 to 5. All protegrins have four Cys
residues in positions 6, 8, 13 and 15 with two disulfide bonds formed between residues 6-15 and 8-13.
Different residues compared with PG-1 are highlighted in green. Every fifth position is highlighted in
yellow.
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4.1.7 Previous structural studies on protegrins

Previous studies have shown that protegrins PG-1, PG-2, PG-3 and PG-5 perform a similar
effectiveness as antimicrobial agents; being 12 residues enough to trigger their antimicrobial
effects and 4 additional residues (Arg10/Pro10, Argl1, Phel2, Vall4/lle14) for antifungal
activity. Therefore, protegrin 2 (RGGRLCYCRRRFCVCYV) (Figure 4.6) might represent

the minimal structure required for both antibacterial and antifungal activity 244 2431,

The 3D structures of some protegrins have been elucidated. All of them adopt a two-
stranded antiparallel [3-sheets in which the four conserved Cys residues connect both strands
through two disulfide bonds between Cys6 and Cys15, and Cys8 and Cys13 [236, 240,237, 244]
This can be seen in the NMR structure of PG-1, which is the most widely studied [245] The
structure of PG-1 is well defined from residues 5 to 16, being the N- and C-termini more

flexible [23°] (Figure 4.7), the central part of the antiparallel 3-sheet is relatively non-polar
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Figure 4.7. 90° rotated views in the horizontal axis of one conformer of PG-1 (PDB: 1PG1).
Line representation of the 20 conformers with the lowest target values calculated for PG1 23! in H,O
and simplified secondary structure representation with the disulfide bonds shown in red and hydrogen
bonds in blue dashed lines.
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(Cys and Val) at both sides, whereas the positively charged residues are located in the central
[3-turn region and at the C- and N- termini (Figure 4.7). Thanks to this disposition of
positively charged residues, protegrins can interact with the surfaces of lipid bilayers through
electrostatic interactions.
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4.1.8 Objectives

Having in mind the importance of the protegrin family as possible antimicrobial agents, we
propose to get new insights about the structure and function relationships of these AMPs by
performing a structural study of some PG-1 variants. In particular, we intend to examine the
importance of the disulfide bonds for structure stability, membrane interaction and oligomer
state. Hence, the analyzed variants are a linear peptide with no Cys residues (PG-T4), and
two peptides with a single disulfide bond: one lacking Cys6 and Cys15 (PG-C8C13), and
another lacking Cys8 and Cys13 (PG-C6C15; Table 4.2). These last two peptides will allow
us to analyze the relative importance of the disulfide bonds. We replaced the Cys residues by

Thr, as Thr have a high 3-sheet propensity [246-2431),

It should be noticed that Cys residues in PG-1 are not only key aminoacids for structure,
but also necessary for biological activity. Previous studies with different types of PG-1
variants concluded that the disulfide bonds are essential for pore formation and its broad-
spectrum activity [249-2311 However, the process is not yet well understood. In this aspect, we
should mention that a full-length PG-1 variant with Cys substituted with Ala adopts a random

coil conformation and shows a strongly reduced activity with respect to PG-1 wt 252,

The designed PG-1 variants in this study were characterized by circular dichroism (CD)

and nuclear magnetic resonance (NMR) spectroscopies.

Hence, the specific objectives proposed are:

* To design variant peptides derived from PG-1 in which Cys residues are replaced by

good 3-sheet forming aminoacids (Thr) in different combinations.

* To fully characterize these designed peptides in different media by CD and NMR
spectroscopies.

¢ To determine which disulfide bond is essential for the maintenance of the structural

properties and their relation with those adopted by the native PG-1 sequence.

* As it is known that the interaction with membranes is a key step in the functional
properties of protegrins, we want to determine if any or the two disulfide bonds are
essential for the interaction of PG-1 with membranes.

* To determine if there are structural changes associated with the presence or interaction
with membrane mimetics.

* To provide (if possible) a model on how the interaction with membranes occurs.
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4.2 Materials and methods

4.2.1 Chemicals

The deuterated compounds [D3g] DPC (dodecylphosphocholine) (98 %) and D,0 (99.9 %)
were obtained from Cambridge Isotope Laboratories (USA). [D5] SDS (sodium dodecylsul-
fate) (98 %) was from Sigma. The percentages of deuteration are indicated in parenthesis.

4.2.2 Peptide synthesis

PG-T4 peptide was synthesized by Caslo Aps (Lyngbym, Denmark), peptide sequences are
listed in Table 4.2. Fmoc-solid phase synthesis protocols were followed and purification
was performed by reverse-phase HPLC using a C18 column until reaching 95 % or more
purity. PG-C6C15 and PG-C8C13 peptides were synthesized by Lipotec S.A. (Barcelona,
Spain). Fmoc-solid phase synthesis protocols were followed and purification was performed
by reverse-phase HPLC using a C8 column until reaching 95 % or more purity. The identity
of the peptides were confirmed by MALDI-TOF MS.

PG-T4: RP-HPLC: tR = 10.89 min, purity 96.95 % (buffer A: 0.05 % TFA in H,O/CH3CN
98:2 (v/v); buffer B: 0.05 % TFA in HyO/CH3CN 1:9; linear 17-37 % B buffer gradient in 20
min). HRMS: Theoretical molecular mass: 2152.51 (m/z); [M+H]* found: 2153.24 (m/z).

PG-C6C15: RP-HPLC: tR = 6.93 min, purity 95.90 % (buffer A: 0.1 % TFA in H,O;
buffer B: 0.07 % TFA in CH3CN; linear B buffer gradient in 20 min). HRMS: Theoretical
molecular mass: 2154.15 (m/z); [M+H]* found: 2154.28 (m/z).

Table 4.2. Sequences of the peptides studied, Cys residues are shown in red, substituted residues are
underlined.
* Wild type sequence is displayed for comparison

Peptide Sequence Theoretical pI
PG-1 wt* RGGRLCYCRRRFCVCVGR 12.30
PG-T4 RGGRLTYTRRRFTVTVGR 12.30
PG-C6C15 RGGRLTYCRRRFCVTVGR 12.30

PG-C8C13 RGGRLCYTRRRFTVCVGR 12.30
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PG-C8C13: RP-HPLC: tR = 15.76 min, purity 96.30 % (buffer A: 0.1 % TFA in H;O;
buffer B: 0.07 % TFA in CH3CN; linear B buffer gradient in 20 min). HRMS: Theoretical
molecular mass: 2154.15 (m/z); [M+H]* found: 2154.59 (m/z).

4.2.3 CD spectroscopy

CD spectra were recorded with a Jasco J-815 spectropolarimeter (Tokyo, Japan) equipped
with a Peltier PTC-423S system. Aliquots of the NMR solutions with known concentrations
confirmed by UV spectrophotometry were taken and diluted into the appropriate volume
of buffer to yield the peptide samples at the concentration required for each spectroscopic

characterization. Samples were centrifuged 5 min, 13000 rpm prior to CD measuring.

All measurements were carried out by triplicate at 5 °C and the cuvette path lengths were
0.1 cm for far-UV region (250-195 nm). Each peptide was tested at a concentration of 20, 30,
45 and 60 uM, pH 3.5 in 100 % H;O or 30 mM DPC micelles.

Isothermal spectra for these samples were acquired at a scan speed of 50 nm-min! with a
response time of 4 s and averaged over four scans for each sample. The same parameters
were used to record reference spectra on the buffer/cosolvent solutions. After subtracting
appropriate reference spectra from the sample spectra, CD data were processed with the
adaptive smoothing method of the Jasco Spectra Analysis software. CD data are given in
molar ellipticity units ([8], deg cm? - dmol’!, see Equation 2.1).

4.2.4 NMR sample preparation

NMR samples were prepared by dissolving the lyophilized peptide (1-2 mg) in 0.5 mL of
solvent; i.e., HoO/D;0 (9:1 ratio by volume), pure D,0O, 30 mM [D3g] DPC in H,O/D,0
(9:1 v/v), 30 mM [D3g] DPC in D,0O and 80 mM [D»5] SDS in H,O/D,0 (9:1 v/v). The
peptide concentrations were between 0.9 and 1.8 mM. The pH was adjusted to 3.5 by adding

minimal amounts of NaOD or DCI, measured with a Hamilton glass micro-electrode.

All samples were placed in 5 mm NMR tubes, and contained DSS as the internal reference

for 'H chemical shifts. NMR and sample conditions are summarized in Table 4.3.
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Table 4.3. NMR spectra conditions of the peptides studied.

Peptide Solvent pH Temperature (°C)
PG-T4 H,O 3.5 5,25

D,0 3.5 5

30 mM DPC/H,O 3.5 25, 35

30 mM DPC/D,O 3.5 25, 35
PG-C6C15 H,O 3.5 5,25

D,0 3.5 5,25

30 mM DPC/H,O 3.5 35

30 mM DPC/D,O 3.5 15, 35, 45
PG-C8C13 H,O 3.5 5,25

D,0 3.5 5

30 mM DPC/H,O 3.5 25, 35

30 mM DPC/D,O 3.5 5,15,25,35,45

80 mM SDS/H,O 3.5 35,50

4.2.5 NMR spectra acquisition

NMR spectra were recorded on a range of 5-50 °C with Bruker Avance spectrometers,
operating at 600 and 800 MHz ('H), both equipped with triple resonance, z-field gradient
cryoprobes.

Phase-sensitive two-dimensional total correlated spectroscopy TOCSY spectra were
obtained by using 20 ms and 60 ms mixing times. The nuclear Overhauser enhancement
spectroscopy NOESY mixing time was 150 ms. 'H-'3C heteronuclear single quantum
coherence (HSQC) spectra were recorded at 13C natural abundance. '3C §-values were
indirectly referenced by using the [UPAC-IUB recommended 'H/'3C chemical shift ratio
(0.25144953) 198:931 ‘Water signal was suppressed by either presaturation or by using a
3-9-19 pulse sequence. The 2D data matrices were multiplied by a square-sine-bell window
function with the corresponding shift optimized for every spectrum and zero-filled prior to
Fourier transformation. Baseline correction was applied in both dimensions. Data were

processed with the standard TOPSPIN program (Bruker Biospin, Karlsruhe, Germany).
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4.2.6 NMR spectra assignment

The NMR spectral assignment of each peptide in aqueous solution at 5 °C and in DPC micelles
at 35 °C was performed by following the well-established sequential-specific methodology
based on homonuclear spectra °* with the help of the SPARKY software [*>]. The 13C
resonances were identified on the basis of the correlations between the hydrogen and the
bound carbon atom present in the 'H-13C-HSQC spectra. Spectra acquired at different
temperatures were analyzed in order to confirm ambiguous assignments. All assigned
chemical shifts are listed in the Appendix C.

Chemical shift deviations calculated for the '3Co and "Hx applying the formula for

either the carbon or proton [3%1:

OJAHa = 6Ha0bserved - 6Harand0m coil
(Equation 4.1)
5A Co= 5CO‘0bserved - 5carand()m coil

4.2.7 Structure calculation

Structure calculations were done with CYANA 2.1 program [°61. Small peptides do not adopt
a unique, highly stable structure. Instead, they adopt an ensemble of preferred, similar and
modestly stable conformers, which are in equilibrium with low-populated conformers. To
characterize the preferred conformers, medium and long range NOEs were selected. NOE
integrated cross-peaks were translated into distance restraints, and the @ and V¥ dihedral angle
restraints were obtained using TALOS-N 71, Typically, 100 structures were calculated using
a standard protocol. The lists of distance constraints were checked with the corresponding
NOESY spectra, ambiguous constraints were relaxed or removed in order to generate a
final list used as input for a standard simulated annealing CYANA 2.1 calculation. The 20
conformers with the lowest target function values were selected. The structural ensembles
were visualized and examined using MOLMOL 8 and PyMOL [*°1,

4.2.8 Dimer modeling and NMR-driven docking

To model dimer structures, two different approximations were carried out. First, sets of
simulated annealing calculations were performed with CYANA using intermolecular NOEs

detected and assigned during the assignment processes (Table 4.5, see Results Section 4.3.4).



134  Structure and molecular association in sequences derived from PG-1 in membrane mimetics

Standard protocols with 82 linker pseudo-residues between monomers were used. The size
of the linker was selected based on two reasons. First, the number of pseudo-residues was
long enough to allow each monomer to fold and interact individually. Second, with this
number, sequence numbering of the second monomer is the same as the first one plus 100.
This facilitates the construction of NOE lists and restrictions, and at the end simplifies the
calculation process of the dimer. These linker pseudo-residues have zero mass and zero
van der Waals radii, thus the linker can freely pass through the structure during simulated

annealing.

Also, docking protocols with PG-C6C15 were performed using the Haddock program 1361,
Residues with identified intermolecular NOEs were chosen as active in the docking inter-
face. The structures with the best Haddock docking scores were selected as representative

conformers.
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4.3 Results

4.3.1 Peptide design

To analyze the relevance of disulfide bonds in the formation of the (3-hairpin structure found
for wild type protegrin (Figure 4.7), and their possible interactions with micelles, three
variants have been designed (PG-T4, PG-C6C15 and PG-C8C13, Table 4.2). Given that Thr
amino acids have a high tendency towards (3 formation [246-248] the linear version of the
PG-1 have all its Cys residues substituted with Thr, PG-C6C15 have only two Cys residues
changed to Thr (residues 8 and 13) and PG-C8C13 posses only Cys residues in positions 8
and 13, being residues 6 and 15 changed to Thr.

4.3.2 CD data of PG-1 variant peptides

As shown in Figure 4.8, differences found on the CD spectra of PG-T4, PG-C6C15 and
PG-C8C13 in H>0 and DPC micelles demonstrates that the peptides modify their structure
in the presence of DPC micelles. In H;O, a minimum of negative ellipticity is located
between 195 and 205 nm for the three peptides, characteristic of a disordered or random coil

20 PG-T4 PG-C6C15 PG-C8C13 30 mM DPC
.20 A | 20
g =)
2 I
S 10 \ 10 3
£ \
(5]
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®PG-T4 DPC ®PG-C8C13 DPC

®PG-C6C15DPC @ Peptide in H,O

Figure 4.8. CD spectra of 30 uM peptides PG-T4, PG-C6C15 and PG-C8C13 in H,O and
30 mM DPC micelles, 5 °C, pH 3.5. The significant differences in the spectra indicate that DPC
exerts a change in the global structure for all peptides and towards a 3-sheet structure in the cases of
PG-C6C16 and PG-C8C13. Even when PG-T4 changes after the addition of DPC micelles, a specific
structure could not be defined through CD.
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conformation. After the addition of DPC micelles, the spectra change completely for PG-
C6C15 and PG-C8C13 peptides, in which the CD minimum get displaced towards 210 nm
and its intensity increases considerably. This result is compatible with the stabilization of a
[3 structure. However, the change in the CD spectra of the linear peptide PG-T4 is smaller,

so that it is not possible to deduce the nature of the structure, if any, formed in DPC micelles.

As mentioned in the next sections, some of these peptides show a clear tendency to
oligomerize. We tested by CD the spectral behavior of the three peptides at different
concentrations (20, 30, 45 and 60 uM) in either H;O or DPC micelles. However, CD spectra
were not affected in the uM range (the one accessible for this spectroscopy), suggesting that

larger concentrations are necessary for the association process (see below).

4.3.3 NMR data reveals peptide (3-hairpin tendency in all variants

To better characterize the structural properties of the three peptides, we performed their NMR
study in the two solvent conditions used for CD: H>O and DPC micelles. In PG-C6C15 and
PG-C8C13 peptides, the oxidized state of the Cys side chain groups is explicitly revealed
by the chemical shift of the C[3 resonances (about 40 ppm; Section C.1, Section C.2 and
Section C.3). In addition, the two Hf3 protons of both Cys residues are discernable when
oxidized, in contrast with the almost identical values expected when Cys are in their reduced
form 11911 After having assigned the NMR spectra, as described in Method’s Section 4.2, we
proceeded to analyze the profiles of chemical shift deviations for the Hx protons (Figure 4.9).
In both solvents, H,O and DPC, the conformational shifts of PG-C6C15 and PG-C8C13 are
similar, and show the sign and distribution which are characteristic of a (3-hairpin structure
(Figure 4.9), but the magnitudes is different. Specifically, the segments spanning G2-R9 and
F12-G17 present negative Ad Hx values (typical of 3-strands) and deviations of opposite
sign in the connecting turn between residues R10 and R11. In the PG-C6C13 and PG-C8C15
peptides, values are larger (with respect to the random coil values) in DPC than in H;O,
meaning that the presence of DPC micelles is favoring the (3-hairpin conformation. This
can be observed in Figure 4.10, where the chemical shift values for the Hx in DPC were
subtracted by those measured in H,O. In these plots, the regions corresponding to the 3
strands gave positive values (Figure 4.10). Interestingly, the differences corresponding with
the turn are low or negligible. This indicates that the population of the turn, already present
in water, does not change substantially in micelles, but it increases considerably in the f3
strand regions. However, Ad values in DPC are larger than those expected for monomeric
B-hairpins 253 1901 (Figure 4.9, Appendix C.2 and Appendix C.3), suggesting that these

peptides can be involved in supra molecular interactions.
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In the case of the linear PG-T4 peptide, the profiles of conformational shifts of the Hx
protons are very small in magnitude (mostly within the random coil range: 1Adl < 0.02
ppm), but the plot of DPC minus H>O values shows the same pattern that PG-C6C13 and
PG-C8C15 peptides, though the magnitude is very small. This indicates that the linear PG-T4
peptide presents a low tendency to adopt an ordered conformation, but still a 3-hairpin

structure gets stabilized in DPC micelles, as seen in Figure 4.10.

The complete assignment of the '3C chemical shifts was not achieved in the presence of
DPC because signals are broader in these conditions, particularly in the less sensitive '*C-
HSQC spectra, which was acquired at natural abundance of '3C. Nevertheless, the profiles of
conformational shifts for the assigned 13C«x carbons are in concordance with the conclusions
derived from those of Ho protons. The broadening effect was also important for the NOE
analysis of the PG-C8C13 peptide. Therefore, in order to solve this problem, other type

PG-T4 PG-Cé6C15 PG-C8C13
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Figure 4.9. Barplot representation of the chemical shift deviations of « protons (black bars)
and carbon resonances (blue bars) relative to random coil values [1°! for peptides PG-T4, PG-
C6C15 and PG-C8C13 in H,O (5 °C) (open bars) and 30 mM DPC micelles (35 °C) (filled bars),
pH 3.5. The profile displays a high level of (3-sheet structure stabilization in DPC micelles for
PG-C6C15 and PG-C8C13, the difference is more striking for the peptide PG-C6C15.

* Ambiguous assignment, values can be exchanged.
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Figure 4.10. Barplot diagram of the Ho chemical shifts of the peptides. Ho chemical shift values
in DPC are substracted with the Hx values obtained in H,O.

of micelles was tested. However, PG-C8C13 in SDS micelles also presents a large signal

broadening, making it impossible to fully assign all the spin systems (Figure 4.11).

As seen on Table 4.4 (see further pages), long-range NOE connectivities in accordance
with the formation of a 3-hairpin structure were found in PG-C6C13 and PG-C8C15 peptides
in H,O and in DPC micelles. The number of these long-range NOEs is higher in DPC,
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Figure 4.11. Region of the TOCSY spectra for the peptide PG-C8C13 in H,0 5 °C, 30 mM
DPC 35 °C and 80 mM SDS, 35 °C, pH 3.5. The presence of DPC and SDS micelles produce signal
broadenings that might avoid a complete assignment of the spin systems.
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which corroborates the higher percentage of ordered structures. In the case of the linear
peptide PG-T4, no long-range NOE was found in H>O, but there are medium-range NOEs,
particularly at and around the turn region. This suggests that the linear peptide have some
local ordered structure at the turn region, as seen in the calculated structure (see next section).
In the presence of DPC, some long-range NOEs indicative of 3-hairpin formation were found
(Table 4.4). These results point out that the micelle media stabilizes the 3-hairpin formation
even in the absence of the native disulfide bonds.

4.3.4 Structure calculation

To visualize the features of the adopted [3-hairpins, we performed structure calculations.
Distance and angular constraints were used in the calculations, and additional constraints
corresponding to disulfide links were added pertinently. All structures formed a 3-hairpin
in both solvents, except PG-T4 in H,O. As no long-range NOEs were found in this case,
the final ensembles consist of two 3 strands apart from each other linked by a central turn.
For PG-C8C13, as the disulfide bond is close to the central turn, N- and C-termini show
some fraying. Meanwhile, the disulfide bond between cysteines 6 and 15 of PG-C6C15
stabilizes the formation of the 3-hairpin in H>O by bringing the strands closer, with little or
no difference compared with the structure obtained in DPC. A summary of these results is
displayed in Table 4.4.

The relatively high RMSD values for the backbone atoms for the whole sequence (2.4,
1.7 and 2.4 A for PG-T4, PG-C6C15 and PG-C8C13, respectively) and the low values
between the regions spanning positions 6 to 15 (0.3, 0.4 and 0.3 A for PG-T4, PG-C6C15
and PG-C8C13, respectively) in H,O, indicate that the regions closer to the N- and C-termini
are more dynamic (Table 4.4).

As seen in Figure 4.12 and Figure 4.13, in all variants, the hydrophobic residues (green
and magenta) are clustered in the center of the hairpins, while the hydrophilic ones (in blue)
get disposed in the (3-turn and the N- and C-termini. The hydrophobic cluster gets more
ordered in DPC micelles, and the side chains get faced.
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H,0

PG-C6C15

@ Cationic
@ Aromatic

O Aliphatic

With sulfide groups

PG-C8C13 @ With hydroxyl groups

Figure 4.12. Ensemble of the 20 structures with the lowest target function values of PG-T4,
PG-C6C15 and PG-C8C13 in H,0, 5 °C, pH 3.5. The superposition of the backbone of the 20
lowest target function structures in each family is represented as ribbon. Side chains of the lowest
target function structure in solution are depicted in different colors depending on the type of amino
acid.

Cationic: blue, aromatic: magenta, aliphatic: green, with sulfide groups: yellow and hydroxyl groups:
orange.
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PG-T4

PG-C6C15
@ Cationic
@ Aromatic
- © Aliphatic
With sulfide groups
PG-C8C13 @ With hydroxyl groups

Figure 4.13. Ensemble of the 20 structures with the lowest target function values of PG-T4,
PG-C6C15 and PG-C8C13 in 30 mM DPC, 35 °C, pH 3.5. The superposition of the backbone of
the 20 lowest target function structures in each family is represented as ribbon. Side chains of the
lowest target function structure in solution are depicted in different colors depending on the type of
amino acid.

Cationic: blue, aromatic: magenta, aliphatic: green, with sulfide groups: yellow and hydroxyl groups:
orange.



Table 4.4. Main structural statistical parameters for the ensemble of the 20 lowest target function conformers calculated for PG-T4, PG-C6C15 and
PG-C8C15 in H,O 5 °C and 30 mM DPC, 35 °C, pH 3.5

H,0 30 mM DPC
PG-T4 PG-C6C15 PG-C8C13 PG-T4 PG-C6C15 PG-C8C13
Upper Limit distance restraints (from
NOEs)
Total 83 42 64 85 72 109
Short-range li-jl < 1 53 28 37 49 35 54
Medium-range 1 < li-jl < 5 30 7 23 30 28 40
Long-range li-jl > 5 0 7 4 6 9 15
Disulfide bonds C6-Cl15 C8-C13 C6-C15 C8-C13
H bonds Y7-V14
@/ Dihedral angle constraints (from 1) 12/11 11711 1377 4 8/7
chemical shifts)
Average CYANA target function value 0.04+0.1 0.02+£01 001£0.1 0.04+0.1 0.16+£0.1 0.04+0.1
Averaged maximum violation per
structure
Distance (A) 001+£0.1 0.08+0.1 001+0.1 0.01+£0.1 001+0.1 0.01%0.1
Dihedral angle (°) 048+0.2 0.87+0.1 049+02 048+02 138+14 041%£04
Pairwise RMSD (A)
Backbone atoms 24+£0.7 1.7+0.6 24+0.7 24+£07 15+£04 3.0+0.8
All heavy atoms 40+£0.8 3.0x0.6 39+0.8 3609 3.2+0.6 43+09
Region 6-15
Backbone atoms 3+£02 0401 0.3+£0.1 3+£01 0603 9+04
All heavy atoms 1.8+05 1.6+0.3 20+£04 1.3+£02 22+04 2.1+04
Ramachandran plot ( %)
Favorable 82.8 83.8 85.9 80.6 46.6 72.5
Allowed 11.9 13.4 5.0 16.2 46.2 22.5
Outlier 53 2.8 9.1 3.1 7.2 5.0

SOOWITW QUBIQUISW UI [-D)d WOIJ PIALIOP $90UaNDbas Ul UOTIRIOOSSE JR[NOJI[OW PUR 2IMONNS 7]



4.3. Results 143

4.3.5 Peptide oligomerization

In the presence of DPC, PG-C6C15 and PG-C8C13 show some additional NOE signals
incompatible with a monomeric 3-hairpin that lead to distance and angular violations during
the structure calculation of the monomeric form (Table 4.5). These include strong signals
between the side chains of Vall6 and Phel2 and Leu5 and CysS.

The additional NOEs, summarized in Table 4.5, were used as input for the calculation of
dimeric structures in the micellar media and no distance violations were found in this case.
We should mention that these data sets are probably not complete due to the broadening
effects in DPC that prevent the observation of weak intermolecular NOEs. This might be the
motive for the failure of the simulated annealing calculations in the torsion angle space done
with CYANA to calculate the dimer structure (see Method’s Section 4.2). For this reason, a
docked structure based on the experimental NMR data is the convenient approach to get a
molecular model.

PG-C6C15 spectra showed a better quality than the PG-C8C13 ones in DPC, and much
more data was obtained that facilitate the docking strategy. As seen in Figure 4.14 and
Figure 4.15, the docking procedure generated two types of dimer models arranged in a head-
tail disposition. In both cases, they are composed by two antiparallel 3-hairpins forming an

arrangement of four parallel/antiparallel 3-strands. In model A, residues spanning positions

Table 4.5. Intermolecular NOEs found in peptides in 30 mM DPC 35 °C, pH 3.5.
* Q letters refer to centrally located pseudoatom as a reference point for the distance restraint.

Residue Proton Residue Proton
PG-C6C15

Leu5 HN — Thr 8 Qv
Leu 5 Qd — Thr 8 Hax
Phe 12 QB — Val 16 QQy
Phe 12 Qd — Val 16 QQy
Phe 12 Qe — Val 16 QQy
Phe 12 QB — Gly 17 HN
Phe 12 HN — Arg 18 Hax
Val 14 Hax — Val 16 Ho
PG-C8C13

Phe 12 QB — Val 16 QQy
Phe 12 Qb — Val 16 QQvy
Phe 12 Qe — Val 16 QQy
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PG-C6C15

C PG-C8C13

C-t

Figure 4.14. Structural 3D computed models of PG-C6C15 (A and B) and PG-C8C13 (C)
obtained by docking. Residues in the same face of the sheet are colored either in green or purple.
Residues used as input for the docking protocols are highlighted in yellow and red circles. Interacting
N-terminus proximal regions are shown in yellow and C-terminus proximal in red.

Gly3 and Arg9 interact with their cognates of the other monomer; while in model B, residues
between Phel2 and Gly17 interact with their homolog residues. NOE data reveals that both

models take place when DPC micelles are present.

Due to signal broadening caused by the presence of DPC micelles, the spectra of PG-
C8C13 peptide did not provide enough intermolecular NOE signals to calculate both types
of dimers. The observed intermolecular NOEs corresponded to the hydrophobic residues
located in the same face of the (3-sheet. Therefore, a single docking structure could still
be addressed with the interactions found between Phel2 and Val16 (Figure 4.14 C). This
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Figure 4.15. Schematic representation (A) and combined 3D model (B) of possible oligomeriza-
tion for the peptide PG-C6C15 in 30 mM DPC micelles at 35 °C. Backbone of the interacting side
chains are indicated in red and yellow and residues facing in the same side are grayed out in green or

purple.

information suggests that dimerization also arises in the presence of DPC micelles in a similar
way occurred in PG-C6C15.

On the basis of the two possible dimers found in DPC, a 3D model of a possible oligomer
for PG-C6C15 was constructed. In Figure 4.15, the combination of both Haddock docking
results is joined in one model in which two different faces can be clearly differentiated. In
one face, the side chains of hydrophobic residues such as Leu5, Phel2, Vall4 and Val16 and
the aromatic ring of Tyr7 are interacting. In the other face, the side chains of the cationic
and polar residues (lysines and threonines) are in the same plane. Simultaneously, certain
curvature can be appreciated in the dimers with the hydrophilic residues pointing outwards
the structure. This slight curvature, and the orientation of these residues are compatible with
the formation of the core of a possible (3-barrel oligomer.
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4.4 Discussion

AMPs are becoming promising molecules against resistant pathogens [202] but there are still
several challenges to overcome, such as their low specificity, manufacturing cost and potential
toxicity against animal cells [18°], As their mechanisms of action still remain unclear and to
overcome the current problems, a full understanding of the structure-function relationships
of these peptides is essential to design new functional analogs. In this regard, our study uses
NMR and CD spectroscopies to analyze the structural relevance of the disulfide bonds of
PG-1 through the substitution of Cys residues with Thr.

Is has been proposed that the 3-hairpin formed by protegrins is essential for their propen-
sity to interact with the microbial membranes and cause cell disruption 2> 2541, The B-turn
in the center of the hairpin consists of a cationic Arg-rich region. Mutants on these residues
indicate that the presence of Arg might be essential towards pore formation, suggesting that
the cationic Arg residues drag out the polar heads of the lipids while the peptide gets inserted

through the bilayer [2341,

4.4.1 Structures of PG-1 variants, the role of Cys residues

The total depletion of Cys residues in PG-T4 does not allow it to adopt a compact [3-sheet
structure in water, however, the (3-turn is still present (Figure 4.12) and the strands get
approximated and stabilized in the presence of DPC micelles. In contrast, previous studies
with peptides in which all Cys residues were substituted by Ala showed that they do not fold
and they adopt a random coil conformation, thus stating that the Cys residues are essential for
the B-hairpin formation [24%- 232 Here, our results indicate that Cys are actually not essential
for hairpin formation (Figure 4.13) and that their substitution with Thr (instead of Ala) is

enough to populate the hairpin structure.

Also, the results obtained here with PG-T4 indicate that the interaction with the DPC
micelles is present in the absence of Cys and it is responsible for the observed conformational
change. Thus, the micelles exert a stabilizing effect in the peptide structure of PG-T4 even
in the total absence of disulfide bonds. However, even when the interaction with micelles
still occurs, further evidences of intermolecular interactions between the monomers were not

found.

In the case of the peptides C6C15 and C8C13, the Cys residues are not located at H-
bonding sites (Figure 4.7). According to previous studies >3, the presence of a disulfide
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bond in these positions stabilizes the (3-hairpin structures mainly by decreasing the loss of
entropy while folding. Simultaneously, and as seen in Figure 4.9, conformational chemical
shifts are larger in PG-C6C15 than in PG-C8C13, showing that the population of ordered
structures (both in H,O and DPC) also depends on the position of the disulfide bridge. This
is in agreement with previous studies showing that the disulfide stabilization effect depends
on the distance with the turn region [2°31, being stronger in peptides with the disulfide bond
located farther from the turn. These entropic effects, combined with the packing of the
hydrophobic side chains may contribute for the peptide C6C15 to present a more stabilized
[3-hairpin structure than its counterpart. These effects are more important in DPC than in
water solutions and can be clearly appreciated from the comparison of their 3D structures
(Figure 4.12 and Figure 4.13). For PG-C8C13, as the disulfide bond is closer to the turn, the
structure is less stable, C- and N-termini of the [3-strands are more prone to be separated in
water. However in DPC micelles, they get closer and the 3-hairpin becomes more stabilized
as has been noted for C6C15.

4.4.2 Insights into the mechanism of action

Probably, the most interesting result we have found is that the hairpins of PG-C8C13 and
PG-C6C15 associate in the presence of DPC to form stable supramolecular entities. These
aggregates are observed at the concentration levels used in NMR, while in the uM range of
the CD experiments could not detect any sign of oligomerization, suggesting that it occurs
at higher peptide concentrations not reached by this spectroscopy. The presence of these
specific dimers was not unexpected, as oligomerization processes of other related peptides
have been described in the literature [2#>-243]. These processes are key for the interaction

with membranes and determine their mechanism of action.

Looking the antecedents of some other AMP results, different models of interaction with
the membranes can be established (Figure 4.16). First, it has been previously proposed that
the barrel-stave model might not be plausible for this kind of AMPs [2°2] and molecular
dynamics simulations do not support this formation [2>®! due to the electrostatic repulsion
present in the model. Therefore, two other models such as the toroidal pore or the carpet-like

model are in principle feasible in this family of peptides.

In the toroidal pore model, we can propose that the different properties of both faces of
the model (explained in the Results’ Section 4.3.5) can play a role in the interaction with
membranes. Thus, the hydrophilic residues located in one side of the sheets (Lys and Thr) of

each peptide, might keep the contacts with the polar heads of the lipids. In the other side of
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PG-C6C15

Figure 4.16. Models of possible interactions between the PG-C6C15 peptide and biological
membranes based on NMR data and 3D docking simulations. Peptidic C-termini are indicated
in red. A: Toroidal pore formation: PG-C6C15 aggregates and introduces into the lipid bilayer, the
hydrophilic face of the peptides get in contact with the polar heads of the lipids. The hydrophobic
residues in the other face of the peptides get in contact and form a pore in the core. B: Aggregation
occurs upon the contact with the membranes and pores are formed as described previously in the
carpet-like model.

the sheet, the hydrophobic residues might maintain the structural packing, forming a pore
in the core of a possible multi-molecular association. Also, the slight curvature found in
our calculated dimer of dimers suggests a predefined organization of the aggregate. This
pre-arrangement can be energetically favorable and drive to a final (3-barrel pore. The model
presented here for the peptides studied in the present study, is in agreement with previous
solid-state NMR (ssNMR) experiments [?4?] as well, with dynamic simulations done with
PG-1 in POPE/POPG bilayers that strongly support the formation of a toroidal pore 236,

In this regard, two structural studies related with the association of AMPs can be also
considered. A previous crystallographic study of the human AMP defensin HNP-3 revealed
that it associates as an hexamer stabilized by hydrogen bonds and hydrophobic contacts
between the peptides 71, On the other side, simulated lipid environments suggest that each
pore of PG-1 is made by eight monomers [2°®. Given that the PG-1 peptide structurally
resembles to the human defensin HNP-3 and that the present results with PG-1 mutants are
compatible with an oligomerization in DPC micelles, the model of action may consist of a
barrel formed by certain number of dimers (Figure 4.16 A), but the exact quantity could not
be determined on the basis of our results.

The carpet-like model previously suggested for PG-1 and other related AMPs [242- 2381
can be also applied to our peptides. In this model, the aggregation should occur upon the
contact with the membranes, as we have demonstrated for the PG-C8C13 and PG-C6C15
peptides in DPC. The hydrophobic residues located at the central part of the strands might
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form a carpet with the hydrophilic regions contacting the polar heads of the lipids. Because
of the flexibility of the C- and N-termini, these residues might be within the polar heads,
allowing the hydrophobic ones to be anchored between the hydrophobic tails of the lipids
(see Figure 4.16 B).

It is also important to mention that ssSNMR experiments of PG-1 in POPE/POPG and
POPE/cholesterol membranes did not contradict the present proposals 42!, though, when
cholesterol is present in the POPC bilayer, ssNMR experiments suggested that the peptide
disposition resemble a carpet-like model, as the sterol rings reduce the membrane elasticity
and avoids the possible insertion of the PG-1 peptides. Nevertheless, it has to be taken into

account that cholesterol is not naturally present in the bacterial membrane [>>°]

. However, it
has been reported that cholesterol can be exogenously incorporated in certain strains [260]
and also, there are bacterial hopanoids that act as cholesterol analogs [*!]. This means that
the carpet-like model proposition should be also taken into account for our system, but with

certain caution and much less probability.

Finally, we must say that we do not have enough evidences to distinguish or take sides
for one or other model proposition, but it seems clear that the association process previous
or concomitant with the membrane interaction is present, that it is important for the first
steps of membrane disruption and that it can be clearly detected by NMR in the presence of

membrane mimetics as DPC.
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4.5 Conclusions

1. The results of the present study support the hypothesis in which the Cys residues are
highly important for the stabilization and rigidity of the (3-sheet structure at least in
H,O, but are less crucial towards the formation of the hairpin in DPC. In this media,
the presence of long-range NOEs in the PG-T4 variant indicates that the strands are
close in space (less than 5 A).

2. In accordance with the NMR results, CD assays reveal the overall changes suffered by
the mutants, as they are either placed in water or micelle media. In H,O, the lack of
certain disulfide bonds gives more disordered structures; nonetheless, the absence of
the disulfide bond between residues 8 and 13 (the bond closer to the turn) did not affect
significantly to the overall backbone in both HyO and DPC micelles (Figure 4.17).

3. CD spectroscopy revealed a mainly random conformation for the PG-T4 peptide,
though, by NMR it has been proven that a certain degree of ordered conformation can
be described. It confirms that through NMR, more detailed information regarding the

structure is given.

4. The present NMR data reveals that while the position of the cysteine residues is
quantitatively relevant for the structural stability, the lack of cysteine residues in PG-T4

does not avoid its possible interaction with DPC micelles.

5. In the presence of DPC micelles, the NMR data obtained are in accordance with
the formation of a toroidal oligomer with their antiparallel monomers additionally
stabilized by hydrogen bonds. This is in agreement with diverse models of PG-1

oligomerization previously reported.

6. Our results can also be compatible with a carpet-like model, however, and according to
previous literature, to favor this formation over the toroidal pore model, sterols should
be present in the bilayer and higher peptide concentrations are needed to elicit a lytic
effect.

7. Finally, several approaches should be addressed to obtain more complete models
such as other biophysical techniques employing peptides embedded in membranes or
bicelles. As well, biological assays are needed to analyze their efficiency against the

target of these promising therapeutic molecules.
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O PG-1 wt

@ PG-C6C15
© PG-C8C13
® PG-T4

Figure 4.17. 90° rotated views in the horizontal axis of the backbone superposition of one
conformer for each peptide: PG-1 wt (gray), PG-T4 (blue), PG-C6C15 (red) and PG-C8C13
(green) in HO. PG-C6C15 maintains a similar structure compared with the wild type PG-1. The
depletion of all Cys residues in PG-T4 changes dramatically the stability of the [3-sheet structure in
H,0. PG-C8C13 still conserved a similar turn, but the position of the only disulfide bond closer to
the turn allows the peptide to adopt more disordered termini regions.
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5.1 Introduction and objectives

5.1.1 Morphological and physiological traits in ascomycetes

Ascomycetes is a fungi division that belongs to the clade dykarya, this means that their
components are characterized by having a portion of their life cycle with paired nuclei. In
the same way, ascomycetes are believed to belong to a monophyletic (one common ancestor)
group consisting on three main different subphyla: Taphrinomycotina, Saccharomycotina
and Pezizomycotina, in which the majority of the filamentous fungi (fungi organized as a
network of filaments) belong to the last one. Ascomycetes are the largest and most diverse
group of fungi; it includes unicellular yeasts such as Saccharomyces sp. (Figure 5.1), and
complex filamentous fungi that can be found establishing symbiotic associations with algae
and superior plants in the form of mychorrhizae. Moreover, they can be found as saprophytes

and as animal and plant pathogens [262].

The term ascus in ascomycetes refers to the shape of the appendage that holds the
spores, which is like a sac 2931, During their biological cell cycle, ascomycetes may produce
from four to eight sexual spores that are held by the ascus (Figure 5.1). Subsequently and
depending on the species, this ascus can be integrated into a fruiting body known as ascocarp,
which can contain millions of asci and a network of hyphae ?®*1. Though, these fungi can
also undergo a fast asexual life cycle and produce big amounts of asexual spores called

conidia. This capacity is what makes this type of fungi highly invasive and destructive 2931,

In order to colonize new habitats, filamentous fungal pathogens and symbionts experiment
hyphae growth towards determined chemical signals coming from either other fungi or host
plants [266-268] Tn this regard, different chemical signals guide hyphae growth through the
stimulation of diverse routes, such as lateral branching, the fusion with other hyphae or the
elongation of the polarized tip [*6°]. These processes create a vegetative fungal colony known

as mycelium, which is a complex and wide network made by several hyphae components [26%1,

Root penetration is one of the diverse infective pathways performed by filamentous fungi
in the host plant and it is hypothesized that hyphae might sense some specific chemical
signals from the host plant and take advantage of the natural openings within the junctions
of epidermal cells [2791. However, the mechanisms underlying these chemotropic responses
remain unclear in most filamentous fungi, as the traditional model organism employed to

study these processes up to date is the unicellular fungus Saccharomyces cerevisiae 270,
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Figure 5.1. Biological cycle of ascomycetes fungi. A: Some members of the ascomycetes division.
B: Sexual and asexual reproductive processes. During sexual reproduction, the ascogonium (+) and the
antheridium (-) mate, and the resulting diploid ascus (2n) starts meiosis, after meiosis, the ascs divide
during the mitosis process and give different recombinant ascospores (1n). In asexual reproduction,
one mating type form one type of spores starting from one mycelium. C: Ascocarp containing asci
with different states of maturation.

5.1.2 General characteristics of Fusarium and filamentous fungi

The genus Fusarium was first described in 1809 by Link 2711, Later in 1935 it was defined
as a group of various species and varieties (2’21 and were finally unified as a unique fungal
genus in 1940 by Snyder and Hansen 273!, Fusarium spp. belong to the division Ascomycota
and produce mainly three different types of spores known as macroconidia, microconidia
and chlamydospores (Figure 5.2). Given that some Fusarium species can produce the three
types and others do not (2741 this feature is used as an aid to identify their different species

and varieties [275: 2741,
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D

Figure 5.2. A schematic diagram of the spores produced by ascomycetes. Macroconidia spores
from the Genus Fusarium labeled with a fluorescent analog of phosphatidylcholine 2891 (A). The
different fluorescent colors are due to the excitonic interactions between the fluorescent group BOD-
IPY*. Schematic representation of the three main different spores found in the division Ascomycota:
macroconidia (B), microconidia (C) and chlamydospores (D).

* Photo donated by Dr. U. Acuiia from the Institute of Physical Chemistry “Rocasolano”.

Fusarium oxysporum belongs to the family Nectriaceae and as other ascomycetes, are

(2762771 plant symbionts [278: 2791 and at the

predominantly found as benign saprophytes
same time, certain strains can be found as animal and plant pathogens as well. Although it is
uncertain if all ascomycetes present sexual cycles, various genomic analysis of Fusarium
oxysporum revealed the presence of putative proteins involved in mating and chemotropic

processes that are also found in other ascomycetes species like S. cerevisiae 279,

5.1.3 Economic and health impact of Fusarium species

Fusarium is one of the most widely known pathogenic fungi. It produces several different
toxic compounds that can affect both plants and animals (11, Diverse species and strains
belonging to the genus Fusarium have been identified as the main causes of human and
animal poisoning through the ingestion and direct contact of the mycotoxins produced by
the fungus (Table 5.1) (2811 Fusarium toxins (see Table 5.1) can also be found in prepared
animal feeds and human food products, including beer and processed foods (231> 2821 In plant
industry, it is the cause of massive crop damages and millions of dollars are lost annually
worldwide. The three main crops produced in the world (maize, wheat and rice) are severely
affected by this pathogen and suffer the greatest impact of Fusarium micotoxins [283- 2811,
Additional plants affected include bananas, asparagus, figs, forage grasses, soybean and other
legumes, spice plants, medicinal plants, nut crops, tomato, melon, lettuce, and others [284]
It is unknown the exact number of toxigenic species id unknown, but it is known that the

quantity of Fusarium species (including the non-toxic ones) can be greater than 300 [283-2871,
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Table 5.1. Main toxins found in Fusarium spp.[28!]

Mycotoxin Mechanism of action  Effects on animals and hu- Effects on plants

mans

Trichothecenes Inhibition of ribosomal Growth retardation, reproductive Reduced seed germination,
protein synthesis, DNA disorders, immune system stunting of coleoptiles, roots, and
and RNA biosynthesis, suppression, anorexia, vomiting, shoots, chlorosis, wilting, and
and mitochondrial hemorrhaging, diarrhea, and necrosis.
function death.

Zearalenone Estrogenic activity Reproductive abnormalities, Unknown.

enlarged mammary glands and
genitalia, atrophy of ovaries or
testes, infertility, reduced litter
size, and reduced weight of
offspring.

Fumonisins Interference with Liver and kidney lesions, Inhibitthe growth of shoots and
sphingolipid apoptosis, necrosis and cell roots, wilting, chlorosis, and
biosynthesis proliferation. It is also identified necrosis.

as the cause of certain cases of
esophageal cancer in humans.

Fusaric Acids  Inhibition of DNA Changes in brain weight and Wilt symptoms.
synthesis body weight un rats.

Moniliformin  Inhibition of protein Rapid death in poultry and swine. Undetermined phytotoxicity.
synthesis, cytotoxicity,
and chromosome
damage

Fusarins Mutagenic Disruption of chromosomes in Undetermined phytotoxicity.

mammalian cell cultures.

Beauvericin Not determined Antimicrobial activity, toxic Unknown.

and Enniatins

Fusaproliferin

Not determined

to several insect species, and
cytotoxic in laboratory studies
with cell lines of insects and
humans.

Toxic to brine shrimp larvae,
cytotoxic to insect and human
cell lines. Teratogenic to chicken
embryos

Undetermined phytotoxicity.

Panama disease is a wilt disease produced by Fusarium oxysporum located at the roots

of banana plants and other crops. In the decade of 1950’s caused the worldwide decline

of the production of the most popular banana in that time: the Gros Michel variety. This

obligated to switch the production towards another resistant but less tasty variety known

as Cavendish, which is the one currently commercialized 1?88, However, Fusarium spp. is
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evolving towards more virulent forms, and the Cavendish production is starting to experience
the same outcome as other variants [28%-2891 " The annual loss produced by the fungi in
the United States has been estimated to be between 1 and 20 million US dollars per year.
Nevertheless, during outbreak years, the annual losses can increase up to 30 or 46 million
US dollars 2391 without taking into account the economical loss in affected farm livestock

and humans 2811,

As a human pathogen, Fusarium spp. might be the second most common nosocomial

fungal pathogen after Aspergillus [2°°1

. Various plant pathogens are also known to affect
humans, such as F. solani, F. oxysporum, F. verticillioides and F. proliferatum *®!1. These
species have been identified to be multiresistant and opportunistic, and are the main cause of
fungal keratitis in the world. Simultaneously, it is believed to be the cause of 3 % to 5 % of

the invasive fungal diseases in humans [292-295- 2911,

The mortality rate of disseminated fusariosis in immunocompromised humans might be
over 75 % 1296-298.2941 In Brazil, it is the leading source of invasive infections caused by
molds; and in Spain, Fusarium is present within 1.2 % of the tissue biopsies and has been
found to be more resistant than Aspergillus spp. as well 271, Given its high mortality rate

and invasiveness, there is an increasing clinical interest towards its control and treatment [2%0],

5.1.4 Fungal sex pheromones trigger hyphal growth

Experiments in Saccharomyces showed that yeast cells are sensitive to sexual pheromones
trough a transmembrane G protein-coupled receptor (GPCR). Thus, when subjected to a
gradient of peptide pheromones from the opposite sex, they produce cell projections (called
shmoos) towards the stimuli. Within these sex pheromones, fungi produce two known
peptide types termed a and «, which seem to be highly conserved within the ascomycota
division [269: 299, 267, 270, 300]

In this context, x-pheromones of Saccharomyces species have been used as a paradigm

s 13012701 Fyngal

in the study of the interaction of small peptides with their cognate GPCR
GPCRs are transmembrane receptors, which once bound to their ligands, prompt various
cellular responses such as cell cycle arrest, chemotropic growth towards the pheromone,

shmoo projections and transcriptional reprogramming 1269 302, 2671

During the sexual cycle of yeast cells, there are two identified mating types named
MATa and MAT «; the recognition between them occurs when the MAT « partner secretes
«-pheromones and are recognized by the GPCR Ste2 of MATa cells. It also takes place the

complementary process, in which the a-pheromone secreted by the MATa mating partner
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Figure 5.3. Chemotropic signaling routes in Fusarium oxysporum. Nutrients can act as chemical
signals and activate the Fmk1 MAPK pathway. When the G-protein coupled receptor Ste2 recognizes
the oc-pheromone, the Go subunit dissociates from the receptor and from G{3/y subunits. Then, G
exchanges GDP with GTP and through different unknown processes, the Mpkl MAPK pathway starts.
Both Fmk1 and Mpk1 pathways induce hyphal growth 2701,

binds to its cognate GPCR Ste3 of MAT «. This prompts the approach of the haploid cells of

each mating type to promote sexual reproduction 269> 302, 303,267]

However, there is still little known about these processes in Fusarium oxysporum and
other filamentous fungi, but there are new evidences supporting the hypothesis in which
within this genus, similar pathways previously seen in Saccharomyces may also take place.
As seen in Figure 5.3, the receptor Ste2 of Fusarium oxysporum can recognize either plant
peroxidases or its oc-pheromone, and activate the Mpkl MAPK (Mitogen-Activated Protein
Kinase) pathway; which triggers the directed hyphal growth 2701,

5.1.5 Structural insights on the fungal x-pheromone of S. cerevisiae

In o« mating cells, the locus MAT codes for the o factor and its postraductional modifications
result in a mature oc-pheromone. The o factor gene is first translated into a 165 residue-long
polypeptide, which is glycosylated in the endoplasmic reticulum. Once in the Golgi apparatus,

it is subjected to several modifications, including proteolysis processes that bring the mature
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13 residue-long o-pheromone 3943963011 "Tn contrast with a-pheromones, a-pheromones
contain both lipid and peptide components. The postraductional modification of a 36 or 38
(corresponding to the MFal and MFa2 genes, respectively) residue-long precursor occurs
in the cytosol, where it is submitted to several modifications (including farnesylation and
proteolysis) and gives the final mature a-pheromone, which is composed by a 12 amino

acid-long peptide covalently bound to a phospholipid 307 308, 305,309, 310}

Although no 3D structure is available for the mature a-pheromone of S. cerevisiae
(Figure 5.4), it is known that there is a loop composed by the central residues Pro8 and
Gly9 that form a Type II (3-turn, and seems to be highly conserved within yeast fungi.
Diverse mutational studies have been done to identify the regions that might trigger specific
functions on the cell. For example, D-Ala replacement of the central residues Pro8 and
Gly9 leads to a decline of the pheromone affinity with its receptor. Simultaneously, D-Ala
replacement of residues closer to the N- and C-termini lead to less activity and binding
affinity, respectively. This means that residues closer to the N-terminus play an important
role towards the Ste2 activation, residues located at the C-terminus are essential for receptor

recognition and binding, while the loop is crucial to orient the signaling and binding regions

of the pheromone towards its receptor [312: 3131,
A B
Peptide Species Sequence alignment Results
PG
1 10 K _Q
a-Pheromone Saccharomyces cerevisiae -WHWLQLKPGQPMY-- 23% Positives L P
Fusarium oxysporum -WC---TWRGQPCW-- 15% Identity Q M
F verticillioides —-WC---TWRGQPCW-— L 13y
F. graminearum -WC-—-TWKGQPCW-- w
Magnaporthe oryzae QWC---RRRGQPCW-- H
Sclerotinia sclerotiorum -WC---GRPGQPC--- w
Botrytis cinerea -WC---GRPGQPC--- o
Neurospora crassa QWC---RIHGQSCW-- GS_ 'P%er%‘ﬁéii
Sordaria macrospora QWC---RIHGQSCW--
Aaspergillus nidulans -WC---RFAGRICPPT
Cryphonectria parasitica -WC---LFHGEGCW-~

Figure 5.4. (A) Alignment of the sequences of S. cerevisiae, F. oxysporum «-pheromones and its
orthologues from ascomycete fungi. The pheromone studied in this Thesis is depicted in bold. The
positives percentage indicates the number and fraction of residues for which the alignment scores have
positive values (yellow), indicating similar residues, the identity reflects the percentage of residues
that are identical (green). Identical residues are listed on the bottom rows. Analysis generated with
ESPrint %1, (B) Conformation adopted by the S. cerevisiae o-pheromone as defined by B!, Red
residues correspond with the signaling region, green residues belong to the binding region and loop
residues are boxed.
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However, concerning the structural features of the x-pheromone in other filamentous
fungi such as Fusarium, there is no information currently available and given their low
sequence similarity with the yeast o-pheromone (Figure 5.4), it is uncertain whether as-
comycete fungi’s a-pheromones behave in the same way. In this regard, new information
about structure-function relationship for this type of x-pheromones would be extremely

valuable.

5.1.6 Surfactants as mimic molecules of the pheromone’s receptor en-

vironment

As mentioned in the Introduction chapter, diverse lipids compose the cell membrane and
can vary depending on the biological system: phospholipids, sphingolipids and sterols. For
instance, the main phospholipids that can be found in S. cerevisiae are phosphatidylinositol
(representing the 27.7 % of the membrane composition), phosphatidylcholine (17 %), phos-
phatidylethanolamine (14 %) and phosphatidylserine (3.8 %) 3143151, Given that the Ste2
receptor of the «x-pheromone is a transmembrane protein that surpasses the lipid bilayer seven
times, it is biologically relevant to study the possible natural environment of the pheromone

prior, during or after its binding with its cognate receptor.

Due to the small size of x-pheromone sequences and their hydrophobic composition,
their study in solution has some experimental difficulties. In this regard, NMR spectroscopy
might be the best methodology to study the structural features with atomic resolution in a
biological relevant environment. Nonetheless, the size limits shown by solution NMR make
necessary the use of simplified systems that substitute the big lipid bilayers. In this aspect,
DPC micelles might be a good system, as it is a surfactant widely used in NMR studies, and
its choline group is shared with one of the most abundant phospholipids in fungal membranes.
Also, as previously described in the Introduction chapter, surfactant micelles mimic the
membrane interface due to the presence of a polar head group and a hydrophobic tail on
each monomer. Though, three main considerations should be taken into account in relation
with the use of DPC in solution NMR experiments: i) high concentrations of surfactants
are needed and perdeuterated samples are usually necessary, ii) their high critical micelle
concentrations (CMC) make them disadvantageous for NMR studies, as their monomers
denature most globular proteins (316 and iii) sometimes it is difficult to determine if the
protein or peptide is interacting with either the micelle o with the individual monomers

present in the equilibrium 49,
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Figure 5.5. DPC and Gemini micelles as membrane mimetics. DPC and other surfactants widely
used in NMR have high CMC values and present fast micelle = monomer kinetics. The concentration
of the monomer in the equilibrium is hight and it is difficult to determine if the molecule is either

interacting with the monomer or the micelle. Gemini surfactants have a much lower CMC values and

less free monomeric surfactant is present in the media 3171,

To surpass the present limitations, Gemini surfactants might be a good alternative solu-
tion. They present a low CMC, slow millisecond monomer to micelle kinetics and smaller
micelle sizes (Figure 5.5) [°°. Hence, their properties make them excellent for NMR study.
Given that low Gemini concentrations are enough to trigger micelle formation 4% 3171 no
deuteration is required for NMR studies. In addition, the low percentage of monomers in the
equilibrium guarantees that the peptide intermolecular interactions (if present) established are
with the micelle and not with the surfactant monomers. Nevertheless, the main problems for
its use are that they are not usually commercially available and that these micelles experience

a high curvature due to their small size.

Taking into account all the aforementioned information, it will be interesting to un-
derstand the molecular mechanism underlying the interaction between x-pheromones and
their receptors near the membrane and the subsequent activation of the corresponding Ste
GPCR. To reach this goal, new data about the structure-function relationships for this type of

«-pheromones within membrane environments would be mandatory.
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5.1.7 Objectives

The main objective of this study is to obtain the structural and functional insights of the
o-mating pheromone of the highly destructive ascomycete plant pathogen Fusarium oxyspo-
rum employing diverse biophysical techniques. Given that there is no structural information
concerning these systems in filamentous fungi, we have employed NMR spectroscopy as the
central tool to solve the 3D structure and characterize possible interactions of the pheromone
with a substitute of the fungal cell membrane. In this particular case, NMR is the technique
of choice given the highly hydrophobic nature and short sequence of the peptides that limit
their structural characterization by other biophysical methods. However, as explained before,
due to the current size limitations of liquid NMR spectroscopy, simplified versions of the cell

membrane have to be used.

The specific objectives proposed are:

* To design a-pheromone analogs to determine the residues implicated in the structure
and functional properties.

* To fully characterize these peptides (the wt sequence and three designed analogs) in
H,0 and TFE (non-polar solvent) through biophysical methods and define if there are

residues and/or localized regions essential for its structure formation.

* To elucidate the regions and residues that might be crucial for specific functions like
the chemoattractant and growth inhibitory activity. This objective has been proposed in

collaboration with the teams of Prof. Antonio Di Pietro and Alvaro Martinez del Pozo.

* To determine the structural relevance of the disposition of each residues and their
implications with possible membrane interactions employing DPC and Gemini micelles

as membrane mimetics.

* To provide a final model of the possible peptide-membrane interaction based on the

experimental atomic data.
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5.2 Materials and methods

5.2.1 Chemicals

The deuterated compounds [D3] TFE (2,2,2-trifluoroethanol) (99 %), [D3g] DPC (dode-
cylphosphocholine) (98 %), and D,0 (99.9 %) were obtained from Cambridge Isotope Labo-
ratories (USA). The percentages of deuteration are indicated in parenthesis. Non-deuterated
DPC was from Sigma. Gemini surfactant (pentanediyl-1,5-bis(hydroxyethylmethylhexadecyl-
ammonium bromide)) was synthesized by Dr. Razieh Amiri, University of Isphahan, Iran.
The estimated CMC of the Gemini surfactant is about 2 - 3 uM at 25 °C 3181 and that of
DPC about 1 mM B9,

5.2.2 Peptide synthesis

Peptide sequences are listed in Table 5.2. Synthetic F. oxysporum wt x-pheromone, and a
scrambled (Scr) version thereof were synthesized by Caslo ApS (Denmark), and di-alanine
substituted analogs D-Ala!? and D-Ala%’ were obtained from GenScript (Piscataway, NJ).
Fmoc-solid phase synthesis protocols were followed and purification was performed by
reverse-phase HPLC using a C18 column until reaching 97 % or more purity. The identity of
the peptides was confirmed by MALDI-TOF MS.

o-Pheromone: WCTWRGQPCW RP-HPLC: tR = 6.40 min, purity 97.71 % (buffer A:
0.05 % TFA in HoO/CH;3CN 98:2 (v/v); buffer B: 0.05 % TFA in HoO/CH3CN 1:9; linear
30-42 % B buffer gradient in 12 min). HRMS: Theoretical molecular mass: 1322.54 (m/z);
[M+H]* found: 1322.88 (m/z).

Table 5.2. Sequences of the peptides studied.
* a: D-isomer of alanine.

Peptide Sequence Theoretical pI
«-Pheromone WCTWRGQPCW 8.07
Scrambled WRWPCCWGQT 8.07
D-Alal? aaTWRGQPCW 8.29

D-Ala%’ WCTWRaaPCW 8.07
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Scrambled: WRWPCCWGQT RP-HPLC: tR = 19.41 min, purity 99.68 % (buffer A:
0.05 % TFA in HoO/CH;3CN 98:2 (v/v); buffer B: 0.05 % TFA in H,O/CH3CN 1:9; linear
20-45 % B buffer gradient in 25 min). HRMS: Theoretical molecular mass: 1322.54 (m/z);
[M+H]* found: 1322.84 (m/z).

5.2.3 Dynamic light scattering

Particle size and polydispersity index of aged samples of the wt and Scr peptides (61 uM) in
H>0, 20 mM DPC and 2 mM Gemini were determined by dynamic light scattering (DLS)
with a DynaPro MS/X (Wyatt Inc) spectrometer. Twenty acquisitions of 10 seconds at 25 °C
were obtained. Water was used as blank for data analysis; 20 mM DPC and a fresh wt

«-pheromone solution were used as control.

5.2.4 Mass spectrometry

* Mass spectrometry assays were performed by the MS facility of the Institute of Physical
Chemistry “Rocasolano”, Spanish National Research Council (CSIC).

Soluble fractions of the o-pheromone (aged NMR samples prepared in H,O) were
characterized through a MALDI-TOF Voyager-DE PRO (Applied Biosystems) mass spec-
trometer with an acquisition mass range between 500 and 10000 Da embedded in a 2,5-

dihydroxybenzoic acid matrix.

5.2.5 NMR sample preparation

NMR samples were prepared at 0.1 - 0.5 mM concentration in H,O, HyO/TFE (7/3 v/v),
20 mM [D3g] DPC, 20 mM [D3g] DPC/non-deuterated DPC (1:1 v/v) or 2 mM Gemini
in HyO/D,0 (9:1 v/v). For 3C-HSQC natural abundance acquisition, the samples were
lyophilized and dissolved in 100 % D,O. The pH was measured with a Hamilton glass
micro-electrode and adjusted to 5.0 by adding minimal amounts of NaOD or DCI. All
samples were placed in 5 mm NMR tubes, and contained DSS as the internal reference for
'H chemical shifts.
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5.2.6 NMR spectra acquisition

NMR spectra were recorded on a range of 5 °C and 40 °C with Bruker Avance spectrometers,
operating at 600 and 800 MHz ('H), both equipped with triple resonance, z-field gradient

cryoprobes.

Membrane-like assays were performed with both fully or half-deuterated DPC. Gemini
was only used in the protonated form. In order to analyze sample evolution in H,O and
micelles, a set of measurements were performed over time spanning several weeks (from 0

to 260 days) depending on the media.

Phase-sensitive two-dimensional total correlated spectroscopy (TOCSY) spectra were

obtained by using 20 and 60 ms mixing times. The nuclear Overhauser enhancement

Table 5.3. NMR spectra conditions of the peptides studied.

Peptide Solvent Temperature (°C)
o -Pheromone H,O 5,25
D,O 5,25
30 % TFE/H,O 5
30 % TFE/D,O 5
20 mM DPC/H,O 5,25, 35
20 mM DPC/D,0O 5,25, 35
20 mM 50 % deuterated DPC/D,0O 25
2 mM Gemini/H,O 5,25
2 mM Gemini/D,0O 5,25, 35,40
Scrambled H,O 5,25
D,0O 5,25
30 % TFE/H,O 5
30 % TFE/D,O 5
20 mM DPC/H,0 5,25, 35
20 mM DPC/D,0 5,25, 35
20 mM 50 % deuterated DPC/D,0 25
2 mM Gemini/H,O 25
D-Ala'? H,0 5,25
D,0O 5,25
30 % TFE/H,O 5
30 % TFE/D,O 5
D-Ala%’ H,0 5,25
D,O 5,25
30 % TFE/H,O 5
30 % TFE/D,O 5
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spectroscopy NOESY mixing time was 150 and 50 ms to discard NOE signals from spin
diffusion. 'H-3C single quantum coherence (HSQC) spectra were recorded at '3C natural
abundance. 13C §5-values were indirectly referenced by using the TUPAC-IUB recommended
'H/13C chemical shift ratio (0.25144953) 11911 Water signal was suppressed by either
presaturation or by using a 3-9-19 pulse sequence. The 2D data matrices were multiplied
by a square-sine-bell window function with the corresponding shift optimized for every
spectrum and zero-filled prior to Fourier transformation. Baseline correction was applied in
both dimensions. Data were processed with the standard TOPSPIN program (Bruker Biospin,

Karlsruhe, Germany). NMR and sample conditions are summarized in Table 5.3.

5.2.7 NMR spectra assignment

Assignments of the 'H spectra were done following the sequential assignment protocols 4]

with the help of the SPARKY software [*>]. The '3C resonances were identified based on the
correlations between the hydrogen and the bound carbon atom present in the 'H-13C-HSQC
spectra. Peptides exhibit limited solubility in HyO and are generally more soluble in TFE,
DPC and Gemini media. Thus, in some cases, the evaluation of weak NOE signals and the
complete assignment of the minor isomers (Xxx-Pro cis, trans) were difficult or impossible.
All assigned NMR chemical shifts are listed in the Appendix D. DPC and Gemini spectral

assignment were performed based on their previously reported chemical shift list [4%- 1581,

5.2.8 Structure calculation based on NMR restraints

Structure calculations of the peptides in H,O, TFE, DPC and Gemini were done with the
CYANA 2.1 program. Structure calculation was performed from the distance and dihedral
angle constraints derived from NMR parameters using the manual or the standard iterative
procedure for automatic NOE assignment [, Distance constraints were obtained from the
cross-peaks present in 150 ms 2D ['H-'H]-NOESY spectra, which were integrated using
the standard SPARKY integration sub-routine [, and the dihedral angle restraints for @
and ¥ angles were derived from 'He, '3Cx and '3Cf chemical shifts using the TALOS-N
webserver [°71. Typically, 100-200 structures were calculated using standard protocols. Since
no ambiguous constraints were found upon examination of the list of distance constraints,
the 20 lowest target function structures were selected as the final structure ensembles. The
structural statistics data for these structures are provided in Table 5.5 and Table 5.6. The
structural ensembles were visualized and examined using MOLMOL [°8 and PyMOL [*°1,
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5.2.9 Micelle interaction evaluation

Micelle-peptide interactions were identified based on the 'H assignment of both components
and evaluated from intermolecular NOEs found in the partially or non-deuterated micelle
media. For the analysis, the intensities of all NOEs between the micelle and the protons of
each residue were added and scaled with respect to a known distance and well-separated
signal, the intraresidual Trp H61-Hel NOE cross peak. The resulting bar plot, together
with the intermolecular NOE intensities, were employed to identify the peptide residues
and their more frequent location within the distinguished micelle regions (hydrophobic
core or polar surface). This qualitative analysis was used to build a graphical model of the

peptide-membrane interaction.
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5.3 Results

5.3.1 Peptide design and cosolvent selection

To demonstrate the role of the different residues in the o-pheromone structure and activ-
ity, we have studied the wt sequence and three designed variants (Table 5.2). Based on
previous experiments '), sequences with two D-Ala substitutions of contiguous residues
in positions 1 and 2 (D-Ala!?), and 6 and 7 (D-Ala®7) were used to analyze the rele-
vance of the N-terminus and the central residues Gly6 and GIn7, respectively. A non-
natural peptide consisting on a randomly scrambled sequence with the same residues
of the a-pheromone was used as a control. To design this control peptide, 10 different
scrambled o-pheromone sequences were generated using the Scrambled software (http:
/lwww.mimotopes.com/peptideLibraryScreening.asp?id=97). Among these, we selected a
sequence that does not carry the conserved N-terminus Trp1-Cys2 and the central Gly6-Gln7
dipeptide, and has two contiguous Cys residues at positions 5 and 6. All the peptides were
studied in H>O and TFE solvents.

Taking into account that the corresponding «-pheromone’s GPCRs appear embedded
within the plasmatic membrane, it is biologically relevant to analyze the potential influence of
a lipid environment over the structural properties of the F. oxysporum x-pheromone. Given
that it is not feasible to employ solution NMR to study further interactions with lipid bilayers
and vesicles, it is necessary to employ lipid membrane mimetics (4% 3203221 As mentioned
in the introduction section, traditional DPC, together with Gemini micelles were used as
cosolvents for the wt and the scrambled peptides in this study.

5.3.2 NMR characterization of x-pheromone related peptides

A first qualitative analysis was performed based on the NMR data of the peptides under
different conditions and solvents (Table 5.3). All the assigned chemical shifts can be seen in
the Appendix D.

It is very well accepted that the chemical shift deviation analysis can bring qualita-
tive information regarding to the secondary structure of peptides as a function of the se-
quence (81,132, 1011 ' However, in the present examples, Ad Hx, Ad Cx and Ad Cf3, were
not informative as no classical or recognizable profiles were obtained. This might be due to
the chemical shift anisotropy caused by the aromatic rings of the Trp residues 3231, Thus,
in the case of the a-pheromone, scrambled and D-Ala%’ sequences, 3 out of 10 residues


http://www.mimotopes.com/peptideLibraryScreening.asp?id=97
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Figure 5.6. Selected regions of the 2D "H-'"H NOESY spectra of «-pheromone in H,O (upper
panel) and 30% TFE (lower panel), 5 °C, pH 5.0. Non-sequential NOEs are labeled in bold, and
signals belonging to Gln-Pro cis conformation are in italics
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correspond to Trp. In the D-Alal? variant, there are 2 Trp out of 10 amino acids in the
sequence. Therefore, the evaluation of the secondary structure must rely entirely on the NOE
data, as the chemical shifts are not informative given that the mentioned effects dominate
their values.

Interestingly, several sets of signals corresponding to individual entities were found in all
NMR spectra (water, TFE and micelles). Two of these groups of signals correspond with
the trans and cis isomers of the Xxx-Pro bond, which are in conformational equilibrium
(Figure 5.6). The other two sets of signals, as will be described below, correspond to the
presence of the either reduced or oxidized states of the «x-pheromone peptide in the micelle

media (Figure 5.7). This means that for the x-pheromone, the sets of signals correspond as

a-Pheromone in 2 mM Gemini pH 5.0, 35 °C
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Figure 5.7. Selected region of the 2D 'H-'H NOESY spectra of «-pheromone in 2 mM Gemini
micelles, 35 °C, pH 5.0, showing the presence of four sets of signals. Signals corresponding with
the reduced pheromone are in blue, signals corresponding with the oxidized state are labeled as ox,
Gln-Pro cis conformation are in italics and Gln-Pro trans are in bold.
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follow: reduced Gln-Pro trans, oxidized Gln-Pro trans, reduced Gln-Pro cis and oxidized
GIn-Pro cis states. Given the relative population for each form, NOE signals were not enough

to perform a successful structure calculation for the minor species.

The chemical shift difference between the Pro '3Cf and 3Cy (§ CB - 5 Cy ~ 4.5
ppm) and the sequential NOEs found between the Hx of the X (i - 1) residue with H6 and
Hd’ protons of the Pro(i) residues, confirmed the trans rotamer as the major species for all
peptides in all conditions, except for the scrambled in Gemini micelles. The proportion of
the cis/trans ratio was not equal for all peptides and the relative intensities of the different
Cf and Cy of Pro signals could not be properly evaluated in all conditions due to signal
broadening and overlapping situations. In the o-pheromone and the D-Ala'-? analog in H,O
and TFE, the ratio was approximately 7:1 towards the trans-Pro form. This corresponds to
the expected trans/cis ratio for flexible linear peptides 3>#. However, in the scrambled and
the D-Ala®7 analog the relationship change to around 1.5:1 (for the Trp-Pro bond in Scr)
and 2:1 (for D-Ala-P bond in D-Ala%7), respectively. A similar effect was observed in other
linear peptides when a Pro residue is preceded by an aromatic amino acid 1324321 being
this is the case of the scrambled sequence. Also, in the native state of proteins, there is a
marked trend for an aromatic amino acid to precede a cis proline. In all four peptides tested,

the equilibrium in water was not significantly affected in the presence of 30 % TFE.

5.3.3 Ageing peptides yield different species depending on the environ-

ment

The presence of four different species found in the spectra of the «x-pheromone in DPC and
Gemini micelles (Figure 5.7), showed the existence of the cis/trans forms for the peptides
in two different states. In each new set of acquired spectra, additional signals appeared and
gained intensity, while the original ones observed in the freshly prepared sample decreased

and disappeared as a function of time.

In pure water, the evolution of these changes was visualized through weekly recordings
of 1D spectra along 81 days. As seen in Figure 5.8, the 1D spectrum at day 23 starts to
show new sets of signals. Simultaneously, the solubility of the peptide present in solution
decays over time and the overall intensities are reduced significantly at day 81, suggesting
the formation of some soluble aggregates of high molecular weight not observable in our
NMR conditions. That sample was later subjected to mass spectrometry (MS) and dynamic
light scattering (DLS) analysis. A final TOCSY, NOESY and '*C-HSQC NMR spectra were
recorded to obtain data of the molecular entities present in the aged sample in water. The
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Figure 5.8. Overlapping 1D NMR spectra of «-pheromone in H,O, 25 °C, pH 5.0, as a function
of time. Days are indicated. 1D spectrum at day 23 clearly starts to show new sets of signals, and the
solubility starts to decay. By day 81, the intensities of the signals are significantly reduced.
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Figure 5.9. Selected regions of the 2D 'H-'H TOCSY spectra of «-pheromone in H,0, 25 °C,
pH 5.0. Different sets of signals are depicted in different colors (red, magenta, black and orange)
could not be assigned to a specific molecular species.

analysis of the TOCSY (Figure 5.9) data show the presence of at least four different spin
systems for each amino acid of the sequence. Unfortunately, the NOESY and HSQC spectra
did not provide us enough information for the unambiguous assignment to each one of the
specific species present in the solution, due to their complexity, different populations and low

concentration of the detected forms.

The evolution of the x-pheromone and the scrambled sequence in the presence of
micelles was also followed by NMR spectroscopy. Under these conditions, the samples
maintained their solubility, suggesting that the micelles exert certain effect preventing peptide
oligomerization. There is important information in the '*C-HSQC spectra regarding to the
oxidation state of the Cys side chains. '>C chemical shift values around 28 ppm indicate
that the Cys is reduced, and they are around 41 ppm for its oxidized state (Figure 5.10). In
the same way, Hf3 nuclei chemical shift values corresponding to the reduced Cys are usually

found around 2.93 ppm, and have values of 3.25 and 2.99 for the oxidized forms [0,



5.3. Results

a-Pheromone

! C2CB-Q_C9CB-Qf) @ 1B —pscy-Hy2
281
_ 7] wicp-Hg3 t ' ' P8Cy-Hy3
£ |, WiCB-HB2 Q ngsmz
o QA WACR-QB, Q7CB-HB3 |
5, 30 W1‘OCB—HBZ ’
3 i
| wiocg-Hg3 R5CB-HB3 R5CB-HB2
410, 5°C, day 0 PSCB'HB&@ (- PsCp-Hp2
3.5 3.0 2.5 2.0 1.5
w, - 'H (ppm)
] (
40 - 0
E { ox C9CB-H ox C9CB-HB2
g B 33\6 — B-HB
L 42
" ] ox R5C3-Qd
3 ' D ox R5C5-Q5
44 1 2 mM Gemini, 35 °C, day 53
T T T T T T T T T T T T T T T T T T T T T T T T
4.0 35 3.0 25 2.0
w, - 'H (ppm)

Figure 5.10. Selected regions of the 'H-'3C HSQC spectra of reduced x-pheromone in H,O (top
panel), and oxidized x-pheromone in Gemini micelles media after 53 days from preparation
(lower panel). Signals corresponding to the cis form are in italics. Signals corresponding to Cys
residues are in bold and the oxidized Cys C[3 are shown in red.

Following this statement and analyzing each set of NMR spectra (TOCSY, NOESY
and '3C-HSQC) acquired at different times after sample preparation, it was confirmed the
emergence of the oc-pheromone oxidized monomeric form, involving Cys2 and Cys9. Starting
on day 0, the initial reduced form was prevalent until the day 260, when only the signals
corresponding to the oxidized form were found for both DPC and Gemini micelles. This
oxidation between Cys2 and Cys9 renders an intramolecular S-S bond, which provides a
dramatic change of the NMR parameters, including all backbone atoms and most side-chain
protons (Figure 5.11 and Figure 5.12). The oxidation of the Cys SH groups is explicitly
revealed by changes in the chemical shift of the C3 resonances, from 28 ppm in the reduced
state to 41 ppm in the oxidized form (Figure 5.10 B). In addition, the two H[3 protons of
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Figure 5.11. Differences in the side chains of o-pheromone between reduced and oxidized
states in DPC. (A) Relative position of the residues located in the 3-turn and stabilizing hydrogen
bonds (red dashes) of the reduced and oxidized x-pheromone. (B) Comparison of the reduced and
oxidized pheromone between the aligned amino acids Trp4, Arg5 and GIn7.

both Cys residues are discernable when oxidized, in contrast with undistinguishable values
in the reduced form (Figure 5.7). Regarding to the remaining peptide signals, HN chemical
shift values of Trp4, Arg5, and Gly6, were strongly affected by the oxidation and displaced
to larger chemical shift values (Figure 5.12), whereas the Hx of Arg5 and Gly6 showed
lower chemical shift values. These changes, in many cases larger than 0.5 ppm, both in the
backbone and in the side chain protons, indicate an important conformational change due to
the S-S bond formation. Interestingly, no oxidation was found during the same time period

for the scrambled peptide, which contains two Cys at the adjacent positions 5 and 6.

Dynamic light scattering (DLS) was used to determine the presence or not, of high
aggregates within the sample (Table 5.4). This analysis, when performed at day 102, revealed
that the 70.6 % of the suspended mass belonged to a multimodal polydisperse distribution
corresponding with molecules with radius larger than 196.6 nm (Table 5.4), indicating
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Figure 5.12. Proton chemical shift differences of the backbone HN and Hx (top) and selected
side chains (bottom) between reduced and oxidized forms of «-pheromone in DPC and Gemini.
The HN values of Trp4, Arg5, and Gly6 are strongly affected (differences over 0.5 ppm) by the
oxidation and displaced to larger chemical shift values (upper panel). The side chains of Cys2, Thr3,
Arg5 and Cys9 are also strongly affected (lower panel).

* Two bars are for Gly6, as glycine has two Hox.

the formation of different non-specific aggregates. The remaining 29 % corresponded to
monomodal monodisperse aggregates of around 38.6 nm. These results differ from the ones
obtained for the fresh monomeric form of the wt oc-pheromone, with a single monodisperse

peak equivalent to a radius of 2.3 nm in water (Table 5.4).
Finally, as shown by DLS analysis, it is also remarkable how both peptides in micelle

media (x-pheromone and Scr sequences) showed either a monodisperse or polydisperse

monomodal distribution, with radii between 2.3 and 3.1 nm, which remained constant over
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Table 5.4. Dynamic Light Scattering analysis of « -pheromone and scrambled peptides in H,O, DPC
and Gemini, 25 °C, pH 5.0.

Molecule Solvent Radius (nm) Polydispersity (%) Mass (%)
20 mM DPC 2.4 11.7 100
« -Pheromone H,0O (0d) 2.3 0 99.5
H,O (102 d) > 196.6 > 16.8 70.6
38.6 0 294
DPC (249 d) 2.3 30.1 100
Gemini (305d) 3.1 13.6 100
Scrambled H,O (0 d) 14.2 0 100
H,0 (674 d) 6.5 0 100
DPC (449 d) 2.4 17.6 100
Gemini (305d) 2.7 15.2 99.8

time (Table 5.4). This observation was in clear contrast with the results obtained in water
solution, showing that in the presence of micelles, the aggregation process was not taking

place, or at least the process was much slower.

To support these findings, the sample that remained soluble of the aged x-pheromone was
subjected to mass spectrometry analysis. The results showed two main peaks with 1322.60

and 1320.59 mass units (Figure 5.13): the first one would correspond to the molecular mass

a-Pheromone in H,0

100, 1320.59 1007 1320.59 ox
801 132159 807 | 1321.50 ox+ 1
P P
3 60 3 60 -
() (0]
£ 1322.59 £ . 1322.59 red,
= * 1323.60 red + 1
20 1323.60 - DY ox+ 3
1276.60 | 1324.59 1324.59 red + 2
0 k. o | | 0 ox+4
1250 1300 1350 1400 1450 1320 1325
mass (Da) mass (Da)

Figure 5.13. Mass spectrum of the 84 days old «-pheromone in H,O. Selected region (left)
showing the different redox states and the degradation of the pheromone, and zoomed region (right)
showing the peaks corresponding to the reduced and oxidized species. Monoisotopic masses are
depicted in italics, peaks corresponding to the oxidized pheromone are in red, and peaks corresponding
to the reduced states in black, these peaks can be the sum of different isotopic species of the oxidized
and reduced forms.
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of the monomeric peptide, still present in the mixture. The second one (MW minus 2 mass
units) should correspond to an oxidized form arising from an S-S bond formation between
of Cys2 and Cys9 side chains of the a-pheromone. In the mass range studied, there was no
evidence that supports the formation of aggregates through covalent bonds and the additional

peaks found of lower molecular mass indicates the degradation of the aged pheromone.

5.3.4 3D structure of x-pheromone related peptides

The 3D structures of the «x-pheromone and its derived peptides (trans or cis Xxx-Pro major
form) in water, TFE, DPC and Gemini micelles were calculated based on the NMR data.
Table 5.5 and Table 5.6 show the main structural statistics of the calculations for the peptides

in H,O and TFE, and in micelle media, respectively.

Regarding the a-pheromone wt in H,O and TFE, due to oligomerization processes in
aged samples, only the structure of the reduced forms could be obtained, while in DPC and
Gemini micelles both reduced and oxidized forms could be calculated. In H>O, the reduced
«-pheromone wt adopted a 3-turn structure spanning residues between Trp4 and GIn7
(Figure 5.14). The turn is very well defined with a RMSD of 0.4 A for the backbone atoms.
In contrast, the N- and C-termini (Trp1-Cys2-Thr3 and Pro8-Cys9-Trp10), particularly the
side-chains, were more flexible and disordered, and failed to adopt defined conformations.

Also, no side-chain interactions were found to stabilize the turn.

In TFE (Figure 5.15), the NOE data of the reduced «-pheromone wt are compatible with
a main globular conformation. This preferred fold was a well-packed (3-hairpin like structure,
composed by two strands comprising residues Trp1 to Thr3 and Pro8 to Trp10 linked through
a 3-turn formed by residues spanning Trp4 to GIn7. The backbone and all side chains were
very well defined (Table 5.5) and all the @ and ¥ angles were located within the permitted
regions of the Ramachandran plot. The structure is stabilized by a medium distance hydrogen
bond between the backbone HN of GIn7 and the O of Trp4. Interestingly, 7t-7t interactions
between the aromatic rings of Trpl and Trp10 also appeared to play an important role in
peptide stabilization. Concerning electrostatic interactions, the positive Arg5 side chain
charge (in the middle of the 3-turn) was oriented towards the solvent and away from other

peptide groups in water.

NOE data shown by the reduced x-pheromone in DPC was compatible with a globular
conformation and, as shown in TFE cosolvent, the preferred folding is a well-packed (3-turn
centered in Gly6 and GIn7 residues (Figure 5.16). In Gemini micelles (Figure 5.17), the
reduced x-pheromone populated a more disordered ensemble. This is probably due to the
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poorer quality of the NMR data, attributable to signal broadening, resulting in poor quality
of the structural information (Table 5.6). Somehow expected, the oxidized o-pheromone wt
in both DPC and Gemini exhibited changes in the torsion of some backbone angles, resulting
from the presence of the disulfide bond, which also alters the positions of the side chains, as
shown in Figure 5.11.

As seen on Figure 5.11, hydrogen bonds between the O of Trp4 and the HN of Gly6
stabilize the turn of the reduced a-pheromone in DPC, and between the O of Trp4 and the
HN of GIn7 as well. In contrast with the structure obtained in DPC micelles, the reduced

a-pheromone in Gemini presents a more disordered conformation.

About the scrambled peptide, intramolecular oxidation processes were not found. As seen
in Figure 5.14 and Figure 5.15, in H>O and TFE, the peptide was found in a major trans
Trp-Pro form and failed to adopt a completely folded structure. In H,O, the structure was
mainly random with some tendency to form a (3-turn centered at Cys5 and Cys6. Compared
with the wild type peptide, the conformational ensemble of the scrambled peptide in water
was less ordered (Table 5.5), the RMSD values were higher and the hydrophobic side chains
projected towards the solvent into a higher degree. The scrambled peptide maintained the
preferred conformation for the trans-form in DPC. In this instance, when compared with
its structure in water, it also displayed a more compact and ordered conformation. In the
presence of Gemini micelles, the cis-form was the preferred conformation, but in this case,

signal broadening made impossible to obtain the structure from the NOE data.

The structures of the D-Ala analogs, which contain substitutions in important residues
for the activity (see below), the D-Alal2 analog in H,O, showed a turn centered between
Trp4 and GIn7, and was more compact in TFE, even though it lacks the Trp amino acid at
position 1 (Figure 5.14). In this case, the structure was only stabilized by the hydrogen bond
of the turn between the backbone atoms of Trp4 and GIn7.

By contrast, the D-Ala®’ analogs showed a strikingly different behavior. This sequence
could not bend and behaved as a linear unfolded peptide, without any secondary structure in
either H,O or TFE solvents (Figure 5.14 and Figure 5.15). The tendency of this analog to
adopt a linear conformation is in accordance with previous studies reporting that substitution
of two adjacent L-amino acids of a potentially helical peptide by the corresponding D-isomers

resulted in an increased water accessibility and flexibility [326),

In summary, the central (3-turn, although populated to varying degrees, was detected in
all tested peptides, except for the D-Ala®’ analog, where the two consecutive D-Ala residues
at positions 6 and 7 prevented bending. In general, all peptides tested were more ordered in
TFE and DPC media, suggesting that the cosolvent stabilizes the preformed conformations.
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Importantly, these results indicate that F. oxysporum «-pheromone could adopt different

structures, being more extended or flexible in the aqueous conditions.



Table 5.5. Main structural statistical parameters for the ensemble of the 20 lowest target function conformers calculated for o« -pheromone,
scrambled, D-Ala'? and D-Ala®’ in H,0 and 30 % TFE.

H,0 30 % TFE
o -Pheromone Scrambled D-Ala? D-Ala%’  «-Pheromone Scrambled D-Alal?  D-Ala®’
Total 57 59 88 73 109 78 125 99
o/ .Dlhedral angle constraints (from 4 ’ 14 1 1 4 9 15
chemical shifts)
Average CYANA target function value 0.01 £0.1 0.01+0.1 00201 0.11+£0.1 0.02+0.1 0.11+0.1 0.28+0.1 0.08+0.1
Averaged maximum violation per
structure
Distance (A) 0.01 £0.1 0.01+0.1 00101 0.01+£0.1 0.01+0.1 0.01+0.1 0.01%£0.1 0.01+0.1
Dihedral angle (°) 0.01 £0.1 0.01+£0.1 040%£0.1 1.28+0.1 0.16+0.1 0.01+£0.1 152+0.1 0.54+0.1
Pairwise RMSD (A)
Backbone atoms 1.7+0.6 29+1.0 07+03 20%£0.8 02=x0.1 22+09 1.0£04 0.8+0.3
All heavy atoms 34+09 44+1.0 1.6+05 32+£0.7 0.6+02 42+12 1.9+0.5 22+05
Ramachandran plot (%)
Favorable 62.5 62.5 66.2 83.8 71.5 90.8 76.2 75
Allowed 37.5 37.5 33.8 16.2 22.5 9.2 23.8 25
Outlier 0 0 0 0 0 0 0 0
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Table 5.6. Main structural statistical parameters for the ensemble of the 20 lowest target function conformers calculated for o-pheromone and
scrambled in 20 mM DPC and 2 mM Gemini.

20 mM DPC 2 mM Gemini

o -Pheromone red o -Pheromone ox Scrambled « -Pheromone red o -Pheromone ox

Upper Limit distance restraints (from

NOEjs)
Total 167 77 95 117 84
o/ 'Dlhed'ral angle constraints (from 12 8 1 9 12
chemical shifts)
Average CYANA target function value 0.52+0.1 0.01 £0.1 0.18+0.1 0.32£0.1 0.68 £0.1
Averaged maximum violation per
structure
Distance (A) 0.03 £ 0.1 0.01 £0.1 0.01£0.1 0.02+0.1 0.01 £0.1
Dihedral angle (°) 1.06 £ 0.1 0.25 +0.1 1.28+0.1 048+0.3 1.76 £ 0.2
Pairwise RMSD (A)
Backbone atoms 0.0+0.1 0.3+0.2 04+03 0.6+0.2 04+0.2
All heavy atoms 0.6+0.2 1.2£0.5 1.0£0.3 1.9+0.6 1.5+£0.6
Ramachandran plot (%)
Favorable 75 84.4 45.6 75 84.4
Allowed 16.9 15 54.4 20 15.6
Outlier 8.1 0.6 0 5 0
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Figure 5.14. Ensemble of the 20 structures with the lowest target function values of «-
pheromone, scrambled, D-Ala’? and D-Ala%’ in H,O, 5 °C, pH 5.0. The superposition of the
backbone of the 20 lowest target function structures in each family is represented as cartoon. Side
chains of the lowest target function structure in solution are depicted in different colors depending on
the type of amino acid.

Cationic: blue, uncharged polar: violet, aromatic: magenta, aliphatic: green, with sulfide groups:
yellow and hydroxyl groups: orange.
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TFE With sulfide groups
With hydroxyl groups @)
Uncharged polar @)
Aliphatic @

Cationic @

Aromatic @

N D-Ala®’

Figure 5.15. Ensemble of the 20 structures with the lowest target function values of o-
pheromone, scrambled, D-Ala’? and D-Ala%’ in 30 % TFE, 5 °C, pH 5.0. The superposition
of the backbone of the 20 lowest target function structures in each family is represented as cartoon.
Side chains of the lowest target function structure in solution are depicted in different colors depending
on the type of amino acid.

Cationic: blue, uncharged polar: violet, aromatic: magenta, aliphatic: green, with sulfide groups:
yellow and hydroxyl groups: orange.
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Figure 5.16. Ensemble of the 20 structures with the lowest target function values of o-
pheromone and scrambled in 20 mM DPC, 25 °C, pH 5.0. The superposition of the backbone of
the 20 lowest target function structures in each family is represented as cartoon. Side chains of the
lowest target function structure in solution are depicted in different colors depending on the type of
amino acid.

Cationic: blue, uncharged polar: violet, aromatic: magenta, aliphatic: green, with sulfide groups:
yellow and hydroxyl groups: orange.
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Gemini A With sulfide groups
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Figure 5.17. Ensemble of the 20 structures with the lowest target function values of -
pheromone and scrambled in 2 mM Gemini, 25 °C, pH 5.0. The superposition of the backbone of
the 20 lowest target function structures in each family is represented as cartoon. Side chains of the
lowest target function structure in solution are depicted in different colors depending on the type of
amino acid.

Cationic: blue, uncharged polar: violet, aromatic: magenta, aliphatic: green, with sulfide groups:
yellow and hydroxyl groups: orange.
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5.3.5 Peptide interaction with micelles

To test if possible intermolecular interactions with micelles take place, 2D 'H-'H-NOESY
spectra of the wt o-pheromone and Scr peptides (Figure 5.18) were analyzed, and the
identified intermolecular NOEs were evaluated and scaled with respect to a known distance

as explained in the experimental section (Figure 5.19).

Intermolecular NOEs proved the establishment of direct interactions between both pep-
tides and micelles. In the wild type, the indole rings corresponding to Trp1, Trp4 and Trp10
were crucial for the interaction with the hydrophobic moiety of the DPC and Gemini micelles.
However, the complex appears as dynamic since their contacts go from the micelle core
(B in DPC and Gemini) up to the external protons (G in DPC and H in Gemini) as seen in
Figure 5.19. Generally, it also seems that Trp10 took a major role within the interaction
when the peptide became oxidized. Apart from the aromatic groups, GIn7 and Arg5 also
establish contacts with the micelle and for Arg5, a snorkel model-type interactions common

for Arg and Lys side chains [3?7], seems feasible.

In the scrambled peptide, the interaction is also preferably with the hydrophilic regions
of the DPC and Gemini micelles through the aromatic rings of Trp1, Trp3 and Trp7. In this
case, also a different contribution of these rings can be seen depending on the media, and

Trp7 and Trpl became more relevant in the interaction with Gemini.
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Figure 5.18. Selected regions of the 2D 'H-'H NOESY spectra of reduced c-pheromone in
20 mM DPC/DPC-d38 1:1, 35 °C, pH 5.0. DPC chemical shifts are indicated with dashed lines.
Intermolecular NOE signals correspond with the blue peaks in the partially deuterated DPC media
that are not present in the fully deuterated DPC spectra. Differences on the signals are also due to
different oxidation ratios in the timescale. ** Ambiguous assignments from the minority cis species.
* Protons with the same chemical shift.
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Figure 5.19. Barplot representing the scaled intermolecular NOEs for each residue found in
reduced and oxidized oc-pheromone and scrambled peptides. 20 mM DPC (upper panel), and
2 mM Gemini (lower panel) were selected as membrane mimetics.

* Protons with the same chemical shift.
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5.4 Discussion

Previous to this study, a 13 residue long peptide from Saccharomyces cerevisiae has been
used as paradigm in the study of the interactions between small peptides and their cognate
G protein-coupled receptors (GPCR) 1328329, 3121 " Studies by NMR of the «-pheromone
from S. cerevisiae reveals that the residues close to the N-terminus might be important for
the receptor activation, while the ones at the C-terminus should be involved in the receptor
binding 3!?! (Figure 5.4). These studies confirm that not only large proteins are important
for biological roles and that even short sequences can depict different and localized functions.
However and regarding this kind of systems applied for other types of filamentous fungi,
which share no sequence similarity with its homolog, there was no structural information

defined at atomic resolution [33% 2701 byt they still share comparable functions.

In this study, in collaboration with the groups of Prof. Di Pietro from the University
of Cordoba and Prof. Martinez del Pozo from the Complutense University of Madrid, a
complete analysis of the structure and function relationship was done for the o mating
pheromone of Fusarium oxysporum. The importance of this study arises from the role of this
peptide in the activation of its cognate GPCR Ste2, which has an essential implication during
its chemotropic growth and therefore, throughout plant infection 267> 2701 This process, as

mentioned in the introduction section, has a high economic cost worldwide.

5.4.1 Fusarium c-pheromone’s 3D structure

Despite their difference in length and sequence, S. cerevisiae and F. oxysporum o-pheromones
share a number of common features. Both are cationic peptides with a pl around 8. Both
have, at the center of the ordered (3-turn, a charged residue (Arg in F. oxysporum and
Lys in S. cerevisiae) whose side chains point towards the solvent (as directly seen for
Fusarium o-pheromone, and intuited for the Saccharomyces’s pheromone), suggesting
that these residues may act as a molecular antenna, playing a key role in regulating and
driving potential intermolecular interactions. An interesting feature that differentiates F.
oxysporum x-pheromone from its orthologous in S. cerevisiae is the presence of two Cys
residues, both of which were found to be reduced in the fresh samples in vitro. Although it is
currently unknown whether this fact reflects the biological context of the pheromone-receptor
interaction, together with the high reactivity and known biological functions of the thiol
groups, this opens the intriguing hypothesis that F. oxysporum x-pheromone may have also an

additional unreported function in redox regulated processes, while S. cerevisiae pheromone
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would not due to its lack of Cys residues. Cysteines can easily function as nucleophiles, as
they are also key elements in the catalytic triad for cysteine proteases [3*!-332] and thus could
form covalent adducts with different molecules such as lipids or ADP (3333341 3 hypothesis
which might be of interest for future investigations.

Regarding the relevance of the cell membrane towards the regulation of these processes,
we have compared the reduced structures in HO and HyO/TFE [335] and those in micelles.
We saw that DPC and Gemini micelles favor the establishment of different Trp-Gln interac-
tions. In the Scr structure, GIn9 and Trp3 side chains have a tendency to stay close in space
with distances below than 5 A in most conformers of the structural ensemble. Also, GIn7 in
the wt pheromone is closer in space with Trp1, Trp4 and Trp10 in micelles. The difference
is that in this last case, very short distances (about 3.0 - 3.5 A) are measured for some of
these contacts between Trp-Gln side chains. Assuming that the structure adopted by these
peptides in micelles also represents the structure in vesicles, these short Trp-Gln contacts can
explain the important decrease of the Trp fluorescence emission observed in the wt, by our
colleagues (A. Martinez del Pozo, personal communication).

Interestingly, we have found that a non-enzymatic oxidation process occurs in a time
dependent manner in vitro. According with MS and NMR results, an intramolecular and not
intermolecular disulfide bond between Cys2 and Cys9 gets formed in the «-pheromone in
both water and micelle media. In pure water, this process leads to a massive oligomerization
of the peptide, while the intramolecular bond formation was a slower process in micelles.
However, and very interestingly, aggregates were not then detected in micelles, suggesting
that the micellar structure protected the monomer scaffold, which probably might be the
biological active form. From a structural/mechanistic point of view, this could be explained
by a conformational change in the peptide due to the interaction with the micelle. In this
situation, the two SH groups, that were apart in the free state, can be accommodated in the
correct arrangement for the intramolecular redox reaction to take place. From a biological
point of view, it can be inferred the existence of an enzyme (probably near the membrane) that
might oxidize the pheromone. On the other hand, and suggesting the biological significance
of these results, the Scr peptide, with two consecutive Cys residues (positions 5 and 6),
was not oxidized and neither formed aggregates, independently of the presence, or not, of
surfactant micelles. On the basis of these results, it is tempting to propose that the existence
of an equilibrium between the oxidized and reduced forms of the «x-pheromone in vivo might
lead to different functions for this short peptide, in one redox state, the pheromone might be
interacting more deeply with the membrane and the other one participates in the activation of
its receptor.
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In this regard, a computer-based model for S. cerevisiae x-factor bound to Ste2 was
previously proposed based on biochemical and biophysical data 3361, The model places the
«-pheromone bend around the Pro-Gly center of the peptide, with the Lys side chain facing
away from the transmembrane domains and interacting with a binding pocket formed by the
extracellular loops of the receptor. For F. oxysporum, our structural data are compatible with
this type of model based on a central (3-turn and a Arg cationic side chain located in similar

positions.

5.4.2 Fusarium «-pheromone contains discrete structural and func-

tional regions

Previous studies revealed that o-pheromone elicits a robust chemotropic response in germ
tubes of F. oxysporum, which is dependent on the cognate GPCR Ste2 [267-2701 ' Results
obtained by our collaborators in Cordoba clearly show that in order to exert its chemotropical
properties, the B-turn between Gly6 and GIn7 must be present 331, Thus, the performed
biological assays revealed a dramatic loss of the chemotropical activity for D-Ala®’ and the
scrambled sequence, the two variants without the turn in that position. This means that Gly6
and GlIn7 residues are essential for the chemoattractant capacity of the pheromone. This is in
line with the structural role of Gly6 and GIn7 in the maintenance of the 3D-structure, and
strongly suggests that activation of the Ste2-mediated chemotropic growth depends on the
secondary {3-turn structure of «-pheromone rather than on its amino acid composition or pl.
The idea is further supported by the finding that the N-terminus Trp1 and Cys2 residues which
play no substantial role in the structure of oc-pheromone, are not required for chemoattraction.
Indeed, Ala substitutions at the N-terminus of the o-pheromone in S. cerevisiae and C.
albicans led to increased pheromone activity, suggesting that this region could have an

inhibitory function role in receptor-mediated signalling 3113121,

As the S. cerevisiae’s x-pheromone can induce transient cell cycle arrest, an analogous
biological test was made with Fusarium o-pheromone variants by the group of Prof. Di
Pietro [333], The results indicated that, similar to S. cerevisiae 3113121 «-pheromone inhibits
cell division in F. oxysporum. Interestingly, the growth inhibitory activity was abolished
in the D-Ala'? and the scrambled analogs both of which lack a Trp residue at the N- or
the C-termius, respectively. Aromatic residues, particularly Trp, have been reported to
undergo specific interactions with lipid moieties, resulting in anchoring to the membrane

r [133,337]

in a velcro-like manne . The presence of the Trp residues Trpl and Trp10 at the
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two termini suggests that they could act as a structural clamp during a potential membrane

interaction linked to the growth inhibitory activity of the «x-pheromone.

5.4.3 Additional insights into the pheromone’s mechanisms of action,

membrane interaction

Fluorescence and isothermal titration calorimetry (ITC) experiments performed by Prof.
Martinez del Pozo reveal that the oc-pheromone and the scrambled peptides were only capable
to interact with negatively charged PG vesicles in a weak and superficial way, suggesting the
importance of the positive charged groups of the Arg5 and the N-terminus of the peptides
and their implications in the formation of electrostatic interactions. However, the interaction
seemed to be stronger for the scrambled peptide. This is in agreement with their structures
indicating the importance of the distribution of the positive charged and hydrophobic groups
in these peptides. In the Scr, positive charges and hydrophobic Trp residues are concentrated
in the N-terminus region contributing to strengthen the interaction. Taking these results
together with the already three-dimensional structures reported for both peptides in the
presence of membrane-like environments, it was tempting to speculate that both of them

would adopt a very different arrangement when interacting with the phospholipid vesicles.

These results were in accordance with the NMR analysis, although surfactants were used
as membrane mimetics. The large proportion of Trp residues (3 out of 10 residues) suggested
how they are probably key players in the interaction of the peptides with lipid membranes.
As seen in Figure 5.19, intermolecular contacts were indeed more specific for «-pheromone
than for the scrambled. Differences in the local position of key amino acids such as Trp
and the only Arg and GlIn residues are probably responsible for the different tendencies to
participate in the interaction with micelles and its specificity and since the scrambled analog

is inactive, membrane interactions does not suffice to the peptide being functionally active.

5.4.4 Model of the ox-pheromone-membrane interaction

In order to improve our understanding of the still unclear mechanisms of F. oxysporum
«-pheromone, and based on the calculated structures, we have integrated all the results
discussed in this study to propose a molecular model for the membrane interaction process
(Figure 5.20). In this model, the «x-pheromone wt should lay parallel or slightly tilted on the
membrane surface. In this disposition, Trp1 and Trp10 rings (N- and C-termini) can interact

with the hydrophobic region of the lipids, and positive charges at the N-terminus and in the
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Figure 5.20. Model for the interaction between the wt x-pheromone (A) and the scrambled
peptide (B) with membranes. The 3D structures of these peptides were those obtained by NMR in
this study. Important residues for the interaction are labeled; Trp rings are in green, positive charges
in blue and negative charges in red. Peptide backbone is in gray.

center of the 3-turn (Arg5) could help in weakly anchoring the structure by both ends to the
phosphate groups. This agrees with the observation that in vitro, the interaction with lipids
occurs and it is of dynamic nature, weak and superficial. The located charge and hydrophobic

amino acid distribution seems to be key players for the interaction.

The NMR-based model is also in agreement with the ITC results, which indicate that
different quantity of lipid molecules are affected by the interaction, being larger in the -
pheromone than in the scrambled peptide. Thus, while this model account for the interaction
of the full x-pheromone with the membrane, the accumulation of Trps and positive charges
close to the N-terminus of the scrambled sequence suggests that mostly the N-terminus, and
not the full peptide, is interacting with the micelle, leaving half of the sequence pointing out
of the membrane (Figure 5.20). As a consequence, the number of lipid molecules affected
by the interaction is smaller but stronger for the scrambled variant than that observed for the
«-pheromone, as seen in the I'TC experiments.

Once the initial contacts of the «x-pheromone are formed, they can be strengthened by
means of specific links that help to reorient the molecule for optimal interactions with the
membrane and promote conformational changes for oxidation processes. This oxidization,
which may be produced by an enzyme, is able to maintain the association. In this regard, we
can advance that the membrane would have a key role favoring the active conformation of the
mating pheromone and probably, modulating the activity via redox processes. Finally, another
plausible role of the membrane would be to promote the sequestration of x-pheromone
molecules within the cell surface, increasing the local peptide concentration and preventing
the formation of large aggregates to facilitate the recognition by the membrane Ste2 GPCR,

and therefore, making the recognition process more efficient.
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Summarizing, our results establish that F. oxysporum o-pheromone adopts a defined
secondary structure and, despite its short sequence, contains discrete regions involved in
different biological processes, such as polarity reorientation and cell division. On the basis
of these results, it is also tempting to propose that the existence of an equilibrium between
the oxidized and reduced forms might lead to different functions or degree of activity for this
short peptide, one of them interacting more deeply with the membrane and the other one in
the activation of its receptor. We consider that even when further biological assays are needed
to understand the real biological implication of the oxidized form of the «-pheromone, we
contemplate that the current findings might be applied to additional «-pheromones from

other ascomycetes.
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5.5 Conclusions

The ascomycete fungus Fusarium oxysporum is a highly destructive plant pathogen and an
emerging pathogen of humans. Given that Fusarium uses its sex pheromone receptor for
chemotropic sensing and invasiveness, information regarding its structure under different
biological conditions is essential to understand the mechanisms underlying these processes.
According to the results described above, the main conclusions of this study are:

1. It has been proven by NMR and biological assays that despite its short sequence, the
o-pheromone can adopt a defined structure and possess discrete regions associated

with determined biological functions.

2. The 3D structure obtained from NMR data of the «-pheromone reveals that Gly6 and
GIn7 are key in the maintenance of the structure, specifically the establishment of the
central (3-turn. Biological assays done by our collaborators showed that the presence of
this (3-turn is essential for chemoattractant activity and therefore these residues play a
role in the activation of its receptor Ste2. On the other side, Trpl and Cys2 amino acids
located at the N-terminus are not relevant for structure, but essential for the regulatory

processes of the ax-pheromone.

3. The two Cys residues close to the N- and C-termini experimented a non-enzymatic
oxidation of their SH groups, in vitro, in a time dependent manner. This oxidation
leads to an intra- or intermolecular disulfide bond depending on the media. In water, a
massive oligomerization of the peptide was found; while in micelles, aggregates were
not detected and only the intramolecular S-S bond species could be characterized. This
suggests that the structural change, which occurs in micelles, protects the monomer
scaffold. On this basis, we propose that the existence of an equilibrium between
the oxidized and reduced forms in vivo might lead to different functions for the «-
pheromone, one state interacting more deeply with the membrane and the other one in

the activation of its receptor.

4. The analysis at atomic level of the interaction of the a-pheromone with micelles
demonstrates that such interaction is different in the reduced and oxidized forms, and
also in the wt and scrambled peptides. Differences in the local position of key amino
acids, such as Trp and the only Arg and GlIn residues are probably responsible for the

different tendencies to participate in the interaction and its specificity.
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5. All experimental results are coherent and a model of the possible interaction of the
o-pheromone with the lipid bilayer has been proposed. In this model, Trpl and Trp10
rings can interact with the hydrophobic tails of the lipids, while the positive charges of
Arg5 at the center of the turn and the N-terminus might help to anchor the structure

towards the phosphate groups.
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6.1 General summary and general conclusions

The present work was carried out in the group of Protein Structure, Dynamics and Interactions
by NMR, belonging to the Department of Biological Physical Chemistry from the Institute
of Physical Chemistry Rocasolano (CSIC), from September, 2014 to September, 2018.

Each chapter contains the results of the systems subjected to study in this Thesis and
gathers the specific conclusions derived from their evaluation and discussion. Here, we
include a compilation of the general concluding remarks derived from the whole work and
the specific systems analyzed.

1. The results presented here corroborate that NMR spectroscopy is a potent tool that
provides precise and essential information about the structure and dynamic properties
involved in protein-protein and protein-membrane interactions at atomic resolution. To
properly collect and characterize this kind of information is fundamental to achieve a
deep understanding of the biochemical pathways that rule the biological processes of
living organisms.

2. For this Thesis, we selected large and complex systems involving proteins and mem-
branes that are difficult to be characterized at atomic detail. Our minimalist approach,
in which once identified the main components of the complexes, simplified mimetic
versions were designed for its analysis under a variety of biologically relevant con-
ditions. This tactic has been proven to be very useful and can be extended to other

complex systems.

3. Like in precedent studies, we confirm that the use of one single technique, even
such a powerful one as NMR spectroscopy, might not suffice for the full and precise
characterization of a biological system. The use of complementary experimental and
computational approaches is a more successful strategy to get reliable results and put

them into a wider context.

4. The careful design and selection of a simplified model has shown to be useful to gain
valid results in order to be later extrapolated into a biological context. However, in
agreement with previous studies, our data suggest that a caveat to have in mind when
applying this excessively reductionist approach is that it may lack information from
other components, which results in a loss of significant data.

5. In all cases, and following the strategies mentioned before, molecular models based on

experimental results had been proposed. These help to better understand the recognition
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processes that are necessary for the specific biological functionality of the different

systems.

Following these global remarks, here we enumerate the main specific conclusions regard-

ing each system studied.

* In chapter 2, in which we have studied the XTACC3-XMAP215 protein-protein in-
teraction, it was demonstrated that the conservation of the overall structure of the
different peptide variants does not necessarily imply the preservation of the interaction
of the full length proteins. In the same way, it was proven that their overall structure
population and interactions depend on the pH and the presence of cosolvents. We
finally propose a model that can describe the initial steps of the recognition event (1:1
molar interaction) in the formation of the fully active XTACC3-XMAP215 complex
(1:2).

* In chapter 3, dedicated to the glycoprotein gp41 of HIV-1, it was shown that the
minimization of the full protein employing peptides is a good approach to study
the interaction with membranes. Indeed, our results are in agreement with other
biophysical data for peptides spanning wider regions. On the bases of our results,
we propose a model of the role played by gp41 during viral infection and antibody

neutralization.

* Studies on the antimicrobial peptide protegrin-1 were described in chapter 4. It was
established that the presence of cosolvents (TFE and DPC micelles) stabilized the
peptide-peptide interactions, at least long enough to be detected through NMR. We
propose that the self-association process previous or concomitant with the membrane
interaction is important for the first steps of membrane disruption and antimicrobial

activity.

* In chapter 5, we studied the pheromone of the highly destructive fungus Fusarium
oxysporum. The use of Gemini surfactants as good membrane models validates that
the interactions found between the peptides and the surfactants are with the micelle
(membrane mimetic) and not with the monomeric form of the detergent. All the
experimental results are combined and fitted into a model, which describes the possible
interaction of the x-pheromone with the lipid bilayer and proposes different biological
roles of the oxidized and reduced states of the pheromone.
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6.2 Publications derived from this Thesis

The obtained results are gathered in three published articles and three more are in preparation

to be published soon:

* E. Ruyjas, J. M. Caaveiro, A. Partida-Hanon, N. Gulzar, K. Morante, B. Apellaniz,
M. Garcia-Porras, M. Bruix, K. Tsumoto, J. K. Scott, M. A. Jimenez, and J. L.
Nieva. “Structural basis for broad neutralization of HIV-1 through the molecular

recognition of 10E8 helical epitope at the membrane interface.” Sci Rep, 6:38177,
(2016). http://dx.doi.org/10.1038/srep38177

e S. Vitale, A. Partida-Hanon, S. Serrano, A. Martinez-Del-Pozo, A. Di Pietro, D. Turra,
and M. Bruix. “Structure-Activity Relationship of alpha Mating Pheromone from
the Fungal Pathogen Fusarium oxysporum.” J Biol Chem, 292(9):3591-3602, (2017).
http://dx.doi.org/10.1074/jbc.M116.766311

* A. Partida-Hanon, M. A. Trevifio, M. Mompeédn, M. A. Jiménez and M. Bruix. "Struc-
tural insight into the XTACC3/XMAP215 interaction from CD and NMR studies on
model peptides." Biopolymers 107: €23039, (2017). http://dx.doi.org/10.1002/bip.
23039

* A. Partida-Hanon, M. Maestro-Lépez, S. Vitale, D. Turra, A. Martinez-Del-Pozo, A.
Di Pietro and M. Bruix. "Study of the x-Mating Pheromone from Fusarium oxysporum

in membrane mimetics: a molecular model for membrane recognition." In preparation
(2018).

* A. Partida-Hanon, M. Bruix and M. A. Jiménez. “The role of disulphide bonds in
peptides derived from the antimicrobial protegrin-1 for molecular association and
membrane disruption.” In preparation (2018).

* A. Partida-Hanon, E. Rujas, M. Bruix, J. L. Nieva, and M. A. Jiménez. “Structural
bends of the gp41 glycoprotein of HIV-1 might contribute to the membrane fusion

mechanism during infection.” In preparation (2018).


http://dx.doi.org/10.1038/srep38177
http://dx.doi.org/10.1074/jbc.M116.766311
http://dx.doi.org/10.1002/bip.23039
http://dx.doi.org/10.1002/bip.23039
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240 Appendix: Structural study of the centrosomal TACC3-XMAP protein-protein interaction

A.1 Chemical shift tables for peptide TACC-x2

Table A.1. 'H and '3C chemical shifts (ppm from DSS) for peptide TACC-0c2 in H,O/D,0 (9:1 v/v),
5°C, pH 5.5.

Residue HN H«a Hp Hy Hé He HC Cax
Val 823 8.31 4.03 2.04 0.93 - - - 62.63
Glu 824 874 428 202,203 2.27 - - - 56.33
Met 825 8.59 445 2.10 2.55,2.64 - 2.08 - 55.60
Gly 826 861 391 - - - - - 45.24
Lys 827 8.14 430 1.73,1.79 1.34,1.42 1.65 296 - 56.12
Ile 828 835 411 1.84 1.19, 1.50,0.93 0.85 - - 60.90
Ile 829 847 411 184 1.17,1.47,0.89 0.84 - - 60.78
Ala 830 8.52 427 1.35 - - - - 52.43
Glu 831 844 417 1.88,1.90 2.21 - - - 56.69
Phe 832 842 4.61 3.083.11 - 7.25 732 7.28 57.75
Glu 833 850 422 1.89,2.02 221 - - - 56.85
Gly 834 803 393 - - - - - 45.21
Thr 835 8.19 434 422 1.21 - - - 62.06
Ile 836 845 4.18 1.89 1.20, 1.50,0.90 0.85 - - 61.63
Thr 837 830 421 4.13 1.19 - - - 62.78
GIn 838 843 425 2.00,2.06 2.33,2.40 6.97,7.72 - 55.72
Ile 839 8.38 4.03 1.85 1.52,1.16,0.89 0.84 - - 62.35
Leu 840 842 433 1.68 1.56 0.85,091 - - 55.78
Glu 841 854 4.19 1.098,2.03 2.27,2.34 - - - 56.90
Asp 842 8.60 4.54 270 - - - - 55.49
Ser 843 844 431 395399 - - - - 60.01
GIn 844 833 422 2.12,2.15 2.39,2.42 697,773 - - 56.42
Arg 845 8.13 420 1.86,1.89 1.70,1.63 3.23 7.37 6.70,6.57 56.76
GIn 846 839 420 2.13 241,243 6.96,7.65 - - 56.76
Lys 847 828 4.18 1.79,1.87 1.41,1.48 1.67 296 - 57.18
Glu 848 836 425 1.96,2.08 2.25,2.31 - - - 57.33
Thr 849 836 422 422 1.24 - - - 63.36
Ala 850 831 424 142 - - - - 53.27
Lys 851 8.19 426 1.73,1.81 - 1.68 298 - 57.31
Leu 852 8.18 420 1.57 1.50 0.87,0.93 - - 55.30
Glu 853 837 423 197,2.05 2.26,2.32 - - - 57.07
Leu 854 826 426 1.67 1.58 0.87,093 - - 55.47
Asn 855 849 464 2.78,2.87 7.03,7.75 - - 53.37

Lys 856 829 423 1.78,1.89 149 1.68 298 - 57.40
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Table A.2. 'H and '3C chemical shifts (ppm from DSS) for peptide TACC-«2 in 70 % H,0/D,0

(9:1v/v), 30 % TFE, 25 °C, pH 5.5.

Residue HN Ha Hp Hy Hb He H¢ Co
Val 823 8.01 4.00 2.07 0.98, 1.01 - - - 62.18
Glu 824 8.63 433 205215 236 - - - 56.14
Met 825 826 435 2.10 2.37,2.60 - - - 56.23
Gly 826 858 389 - - - - - 45.87
Lys 827 7.66 4.17 1.73,199 147 1.58 299 - 57.78
Ile 828 7.57 3.80 2.12 1.21,1.71,091 0.90 - - 64.05
Ile 829 825 378 193 1.22,1.75,0.99 0.86 - - 63.60
Ala 830 796 424 1.57 - - - - 54.02
Glu 831 8.19 4.17 2.18,2.28 2.36,2.45 - - - 56.59
Phe 832 8.66 432 3.19,322 - 7.09 7.17 713  60.01
Glu 833 9.03 384 211,225 2.29,2.68 - - - 58.46
Gly 834 857 384 - - - - - 45.36
Thr 835 8.02 4.04 436 1.24 - - - 62.18
Ile 836 828 372 1.76 1.04,1.76,0.80 0.64 - - 62.75
Thr 837 8.04 3.84 4.30 1.26 - - - 66.08
Gln 838 7.59 4.07 229 241,253 6.73, 7.49 - 57.43
Ile 839 8.09 3.80 1.89 1.25,0.83,1.10 - - - 63.46
Leu 840 8.62 408 1.89,2.01 1.52 0.87,097 - - 59.88
Glu 841 857 4.07 201,224 2.31,2.59 - - - 57.72
Asp 842 859 452 275,293 - - - - 56.18
Ser 843 843 426 4.07,4.10 - - - - 60.58
GIn 844 8.09 4.17 227,227 248 6.73,7.45 - - 57.78
Arg 845 824 415 1.852.05 1.68 3.23 741 - 58.03
GIn 846 834 4.12 224,224 243,258 6.68,7.40 - - 57.82
Lys 847 799 4.11 2.00,2.00 1.68 - - - 57.99
Glu 848 834 4.17 2.18,2.18 245 - - - 56.76
Thr 849 8.16 4.05 434,434 1.30 - - - 65.63
Ala 850 8.02 4.19 152,152 - - - - 53.49
Lys 851 7.89 406 1.74,1.96 1.44 1.62 - - 57.53
Len 852 7.85 420 180,192 1.67 0.93,097 - - 58.39
Glu 853 8.13 4.18 1.92,2.13 2.35,2.39 - - - 57.58
Leu 854 8.07 423 1.79,2.03 1.63 0.92 - - 57.77
Asn 855 8.03 4.68 2.84,2.89 6.85,7.62 - - - -

Lys 856 7.92 426 1.88,1.95 1.49,1.57 1.73 - - 55.30
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Table A.3. 'H and '3C chemical shifts (ppm from DSS) for peptide TACC-oc2 in H,O/D>0 (9:1 v/v),
20 mM DPC, 25 °C, pH 5.5

Residue HN Ha Hp Hy Hb& He H¢ Co
Val 823 837 4.00 2.06 0.92,0.98 - - - 62.78
Glu 824 858 445 2.04,2.15 2.30,2.34 - - - 55.96
Met 825 892 422 2.04,2.16 2.58 - 1.96 - 54.98
Gly 826 899 379 - - - - - -

Lys 827 7.61 420 1.72,197 142 1.55 297 - 57.51
Ile 828 7.72 383 1.55 1.24,1.42,0.84 0.90 - - 64.39
Ile 829 835 3.68 1.97 1.13,1.42,095 0.85 - - 64.14
Ala 830 B8.04 421 143 - - - - 53.21
Glu 831 8.18 421 2.09 2.34,2.45 - - - 57.80
Phe 832 853 442 321,327 - 7.22 7.17 7.09 60.51
Glu 833 886 381 214 2.29,2.67 - - - -

Gly 834 856 379 - - - - - -

Thr 835 8.00 3.88 4.06 1.23 - - - 64.54
Ile 836 8.10 3.68 1.89 0.84,1.09,1.42 0.68 - - 64.11
Thr 837 822 381 429 1.25 - - - 67.07
GIn 838 7.70 4.07 224 2.40,2.47 6.84,7.63 - - 58.68
Ile 839 795 387 198 1.19,1.87,0.93 0.84 - - 64.43
Leu 840 822 4.08 1.86,1.90 1.55 0.87,0.92 - - 60.01
Glu 841 835 4.10 2.10,2.16 2.34,2.49 - - - 58.49
Asp 842 847 453 276,286 - - - - 55.97
Ser 843 8.18 429 382,401 - - - - 60.67
GIn 844 8.00 421 2.15,222 244 6.87,7.54 - - 58.54
Arg 845 8.03 421 1.76,193 1.68 3.24 741 - 56.64
Gln 846 824 422 208,2.17 244 6.92,7.59 - - 58.51
Lys 847 8.05 421 - - - 297 - 56.83
Glu 848 829 425 208 2.36 - - - 57.25
Thr 849 8.17 4.16 4.24 1.24 - - - 63.31
Ala 850 8.17 425 143 - - - - 53.18
Lys 851 8.13 421 - - - 298 - 57.06
Len 852 794 421 1.78 1.55 0.94 - - 54.53
Glu 853 832 423 1.89 - - - - 57.14
Leu 854 8.04 426 1.68,1.73 1.58 0.87,0.92 - - 58.02
Asn 855 836 4.65 2.78,2.86 6.93,7.64 - - - 53.18

Lys 856 8.15 425 1.77,197 1.58 1.67 298 - 56.09
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A.2 Chemical shift tables for peptide Ct-TACC-a4 wt

Table A.4. 'H and '*C chemical shifts (ppm from DSS) for peptide Ct-TACC-o4 wt in HyO/D,0

(9:1v/v),5°C,pHS.S.

Residue HN Ha Hfp Hy HS He Co
Met 897 845 440 1.97 - - - 55.30
Lys 898 857 437 1.66,1.75 - - - 55.63
Ile 899 837 4.15 1.88 - 0.93 - 61.85
GIn 900 8.68 438 2.02,2.12 240 6.99, 7.69 55.46
Ser 901 853 446 3.89,394 - - - 58.00
Len 902 852 437 1.68 - 0.90,0.95 - 55.98
Glu 903 851 423 199,206 231 - - 57.01
Arg 904 842 437 1.81,1.89 1.68 3.23 7.34 58.16
Ser 905 852 443 394,402 - - - 58.98
Leu 906 849 431 1.64,1.73 - - - 56.45
Glu 907 842 423 194,200 - - - 57.07
GIn 908 838 427 2.05 241 6.99,7.72 56.03
Lys 909 845 431 1.84,1.78 - - - 56.94
Ser 910 845 442 394,397 - - - 58.77
Lys 911 840 433 179,186 - - - 56.76
Glu 912 846 424 232,226 - - - 56.84
Asn 913 850 4.70 2.90,2.83 7.06,7.78 - - 53.75
Asp 914 843 459 274 - - - 55.08
Glu 915 838 422 1098,2.02 - - - 57.31
Leun 916 825 435 272 - - - 56.20
Thr 917 8.13 4.02 4.24 1.24 - - 62.84
Lys 918 821 434 1.66,1.75 - - - 56.40
Ile 919 826 4.15 1.86 - - - 61.59
Ser 920 836 443 390,398 - - - 58.86
Asp 921 861 457 272 - - - 55.37
Asp 922 839 453 2.69 - - - 55.18
Len 923 8.09 425 1.78 1.66 0.90,0.97 - 56.62
e 924 799 401 195 1.23 0.92 - 62.13
Len 925 8.16 429 156,1.69 - - - 55.91
Lys 926 820 426 1.83,1.89 - 1.71 - 56.19
Met 927 830 445 2.11 2.59,2.69 - - 55.57
Glu 928 843 427 224,228 - - - 56.37
Lys 929 833 434 1.76,1.83 - - - 56.32
Ile 930 823 4.13 1.88 0.96,1.24 0.90 - 60.91
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Table A.5. 'H and '3C chemical shifts (ppm from DSS) for peptide Ct-TACC-a4 wt in 70 %
H,0/D,0 (9:1 v/v), 30 % TFE, 25 °C, pH 5.5.

Residue HN Ha Hf Hy HS He Ca
Met 897 8.19 444 2.09,2.07 2.62 - - 55.02
Lys 898 834 438 1.93,1.87 1.56 1.77 3.03 55.96
Ile 899 797 4.10 194 0.99,1.29,1.56 - - 61.17
Gln 900 836 431 2.17 2.47 6.76,7.48 - 56.01
Ser 901 8.10 440 4.09,399 - - - 59.02
Len 902 811 426 1.851.76 1.69 0.94,098 - 56.71
Glu 903 861 400 235,215 245 - - 58.50
Arg 904 8.08 426 200,184 1.79 3.28 7.38 59.32
Ser 905 8.12 438 4.17,4.00 - - - 60.41
Leu 906 841 4.19 1.93,1.83 1.59 0.90,091 - 57.57
Glu 907 825 4.09 222,217 247 - - 58.10
GIn 908 809 4.15 226 2.51 6.75,7.67 - 57.49
Lys 909 825 424 2.00 1.61 1.73 3.02 57.25
Ser 910 829 434 418,407 - - - 59.77
Lys 911 796 430 2.02 1.54 1.66 3.03 56.99
Glu 912 823 4.18 2.18,1.92 2.34,251 - - 57.10
Asn 913 830 4.66 296,293 6.80,7.66 - - 53.92
Asp 914 830 457 291,282 - - - 55.28
Glu 915 834 4.18 2.16,2.10 2.39 - - 56.60
Leu 916 824 425 1.89,1.81 1.72 0.94,098 - 56.87
Thr 917 8.05 4.10 4.38 1.32 - - 64.17
Lys 918 7.78 427 2.00,1.75 1.51 1.62 3.03 56.99
Ile 919 798 4.07 2.00 0.99,1.27,1.45 0.93 - 62.57
Ser 920 8.02 433 411,399 - - - 59.58
Asp 921 844 451 284,274 - - - 55.39
Asp 922 8.05 450 2.80,2.77 - - - 55.63
Len 923 8.02 4.15 1.87,1.79 - 0.94,0.99 - 57.63
Ile 924 8.06 3.80 2.02 0.98,1.28,1.76 0.92 - 63.41
Leu 925 7.82 4.18 193,1.81 1.68 0.95,098 - 56.84
Lys 926 798 4.08 2.06 1.43 1.67 299 58.19
Met 927 842 427 231,2.14 2.62,2.79 - - 57.40
Glu 928 828 4.17 237,220 2.50,2.51 - - 57.74
Lys 929 790 428 200,175 1.59 1.74 3.02 56.46

Ile 930 7.89 4.08 1.98 1.00,1.27, 145 091 - 61.80
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Table A.6. 'H and '*C chemical shifts (ppm from DSS) for peptide Ct-TACC-a4 wt in H,O/D,0O

(9:1 v/v), 20 mM DPC, 25 °C, pH 5.5.

Residue HN Ha Hf Hy HS He Ca
Met 897 850 4.37 2.04 2.55,2.60 - - 55.79
Lys 898 854 439 1.84,1.70 1.43 1.50 299 56.01
Ile 899 846 398 1.93 1.25,1.55,093 0.89 - 62.68
GIn 900 854 420 208,206 241 6.91,7.65 - 58.11
Ser 901 8.12 434 398,392 - - - 59.94
Leu 902 8.11 423 1.76 1.69 0.90,0.93 - 56.93
Glu 903 840 398 210,191 227,243 - - 57.08
Arg 904 8.18 422 191,1.75 1.70 322 7.35 57.05
Ser 905 820 435 401,391 - - - 59.74
Leu 906 824 4.17 - 1.59 0.900.91 - 57.31
Glu 907 8.15 422 - - - - 57.15
GIn 908 826 4.07 2.11 241 6.89,7.63 - 57.95
Lys 909 8.15 4.18 2.12 1.51 1.86 298 57.04
Ser 910 826 434 396,392 - - - 59.84
Lys 911 822 4.13 1.87 1.51 1.62 297 58.09
Glu 912 817 425 202 242 - - 56.79
Asn 913 820 4.72 2.88,2.79 7.00,7.75 - - -
Asp 914 847 457 2.6 - - - 55.29
Glu 915 845 4.16 2.11,2.08 2.39 - - 56.88
Leu 916 832 4.17 1.81,1.74 1.66 0.89,095 - 57.51
Thr 917 8.05 4.02 4.24 1.24 - - 62.77
Lys 918 7.86 420 1.95,190 145,1.52 1.69 298 57.65
Ile 919 8.06 4.07 - 1.23 - - -

Ser 920 824 4.10 397,389 - - - 57.83
Asp 921 843 443 282,268 - - - 56.39
Asp 922 8.05 447 282,269 - - - 56.56
Leu 923 824 425 1.87 1.51 0.90,0.95 - 56.88
Ile 924 825 3.70 2.00 1.15,1.78,0.92 0.89 - -

Len 925 7.81 4.13 1.87,1.74 1.65 091,094 - 57.67
Lys 926 793 4.07 202,187 - 1.49,1.65 295 58.06
Met 927 829 4.19 2.11,2.01 2.54,2.70 - 225 56.67
Glu 928 8.21 4.04 222,220 2.37,2.62 - - -

Lys 929 773 421 195,169 1.51 1.61 298 5737
e 930 7.63 394 1.96 1.27,1.69,098 0091 - 62.55
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A.3 Chemical shift tables for peptide Ct-TACC-a4 mut

Table A.7. 'H and '3C chemical shifts (ppm from DSS) for peptide Ct-TACC-o4 mut in HO/D,0
(9:1v/v),5°C, pH5.5.

Residue HN Ha Hf Hy Hb He
Met 897 8.14 438 1.71 2.28 - -
Lys 898 825 434 150,145 1.38,1.46 2.93 -
Ile 899 8.06 4.12 - 1.21,1.76,0.90 0.61 -
GIn 900 836 436 1.79,1.69 2.39 6.99,7.68 -
Ser 901 821 442 3.62,355 - - -
Leu 902 821 434 - - 0.88,0.95 -
Glu 903 8.19 420 206,199 - - -
Arg 904 8.11 434 1.56,148 1.64,1.68 3.20 7.34
Ser 905 821 440 3.71,3.62 - - -
Leu 906 8.18 427 142 1.61 0.88,0.93 -
Glu 907 8.07 4.18 223,233 - - -
GIn 908 8.04 421 2.08 2.40 6.98,7.73 -

Lys 909 8.12 427 178,151 - - -
Ser 910 8.11 439 3.64,3.61 - - -
Lys 911 8.04 429 - - - -
Glu 912 810 420 206,199 - - -
Asn 913 8.18 4.66 2.58,2.52 7.05,7.79 - -
Asp 914 8.13 454 246,243 - - -
Glu 915 8.06 4.15 1.78 - - -

Leu 916 790 427 1.51 1.64,1.73 0.96,0.89 -
Thr 917 785 4.17 397 1.24 - -
Lys 918 7.77 423 - 1.42 1.52 3.00
e 919 785 403 - 0.95,1.15,1.92 0.88 -

Ser 920 8.03 434 3.68,3.61 - - -
Ala 921 812 422 1.15 - - -
Ala 922 7.74 422 1.14 - - -

Leu 923 7.66 425 144 1.67 0.90 -
Ile 924 7.66 396 1.59 0.90,1.15,1.91 0.86 -
Len 925 7.69 426 139,134 1.61 0.89,091 -
Lys 926 779 422 - - - -
Met 927 799 442 1.79 2.59,2.69 - -
Glu 928 8.05 423 208,199 - - -
Lys 929 800 431 157,152 143 1.49 3.00

Ile 930 7.88 4.10 1.56 0.96,1.33,1.87 0.95 -
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Table A.8. 'H and '*C chemical shifts (ppm from DSS) for peptide Ct-TACC-a4 mut in 70 %

H,O/D,0 (9:1 v/v), 30 % TFE, 5 °C, pH 5.5.

Residue HN Ha Hf Hy HS He Ca
Met 897 825 446 2.12,2.10 2.64 - - 55.16
Lys 898 839 438 191,1.89 1.51,1.59 1.78 3.06 56.17
Ile 899 798 4.10 1.99 1.00, 1.60, 1.33  0.96 - 61.47
Gln 900 8.37 429 219 2.50 6.79,7.48 - 57.31
Ser 901 8.10 440 4.11,4.03 - - 59.31
Len 902 8.09 427 1.89,1.79 1.71 0.93,098 - 57.21
Glu 903 8.60 4.01 2.39,2.19 2.39,252 - - 58.66
Arg 904 8.13 423 2.03,1.88 1.82 3.31 740 60.91
Ser 905 8.13 439 420,403 - - - 60.68
Leu 906 846 420 1.97,1.86 1.62 0.93 - 56.65
Glu 907 836 4.10 230,222 2.36,2.57 - - 58.58
GIn 908 8.13 4.16 227,197 256 6.77,7.67 - 57.82
Lys 909 830 424 202 1.60 1.63 3.04 5747
Ser 910 8.34 433 4.10,4.11 - - - 60.08
Lys 911 8.02 431 2.07 - 1.70 - 57.54
Glu 912 830 4.17 228,220 237,2.53 - - 57.39
Asn 913 839 4.63 298 6.78,7.70 - - 54.44
Asp 914 835 456 2.99,2.86 - - - 55.92
Glu 915 833 4.17 228,221 249 - - 58.09
Leu 916 842 424 193,184 1.84 0.96,1.00 - 56.79
Thr 917 826 398 447 1.34 - - 65.51
Lys 918 7.83 4.10 2.08,198 148 1.74,1.76  3.01 58.20
Ile 919 831 389 1.99 1.03,1.23,1.84 0.94 - 63.36
Ser 920 8.19 421 4.14,397 - - - 61.44
Ala 921 8.10 4.13 1.55 - - - 53.73
Ala 922 788 4.13 1.60 - - - 53.87
Leu 923 822 4.16 1.99,190 1.71 0.75 - 56.67
Ile 924 820 3.78 2.04 0.97,1.23,1.83 0.89 - 63.85
Leu 925 8.12 4.15 195 1.65 0.96 - 57.55
Lys 926 8.01 4.13 2.08 1.51 1.66 3.02 57.93
Met 927 842 430 2.35,220 2.67,2.81 - - 55.98
Glu 928 8.40 421 243,223 257 - - 57.24
Lys 929 795 431 2.04,1.78 1.58 1.62 - 56.73
ODe 930 790 4.13 201 1.02, 1.31, 1.66  0.97 - 60.93
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Table A.9. 'H and '3C chemical shifts (ppm from DSS) for peptide Ct-TACC-a4 mut in H,O/D,0
(9:1 v/v), 20 mM DPC, 40 °C, pH 5.5

Residue HN Ha Hf Hy HS He Ca
Met 897 853 444 2.13,2.10 2.61,2.66 - 2.08 55.02
Lys 898 856 448 1.94,1.78 1.52 1.60 3.06 55.49
Ile 899 8.53 398 2.04 1.00, 1.35, 1.64 0.97 - 62.15
GIn 900 853 4.19 2.17 2.50 6.92,7.65 - 57.57
Ser 901 796 436 4.10,4.06 - - - 59.73
Len 902 799 424 1.88,1.78 - 0.97,1.00 - 56.55
Glu 903 844 390 2.23,2.02 2.33,2.59 - - 58.47
Arg 904 8.08 4.19 202,187 1.78 3.30 7.37 57.55
Ser 905 8.09 438 4.10,399 - - - 60.52
Leu 906 822 4.17 1.90 1.64 0.93,0.99 - 56.83
Glu 907 827 407 224 2.38,2.58 - - 56.71
GIn 908 807 4.18 224 2.50, 2.56 6.88,7.58 - 57.83
Lys 909 8.19 430 1.96,1.77 1.50 1.62 3.02 5593
Ser 910 8.18 435 4.10,4.01 - - - 59.73
Lys 911 782 435 202,194 1.62 1.77 3.06 55.78
Glu 912 798 434 220,2.14 242,250 - - 55.80
Asn 913 8.11 4.81 297,286 6.97,7.79 - - 52.51
Asp 914 857 4.64 2.89,2.83 - - - 54.41
Glu 915 847 420 226,2.13 251 - - 56.67
Leu 916 843 4.17 1.89,1.78 - 0.95,1.00 - 56.74
Thr 917 8.17 4.03 4.37 1.35 - - 61.44
Lys 918 7.89 4.18 2.04,195 1.50 1.69 3.02 56.39
Ile 919 831 390 2.03 1.00, 1.26,1.90 0.95 - 63.27
Ser 920 8.10 435 4.09,4.02 - - - 58.94
Ala 921 8.10 4.13 1.59 - - - 53.91
Ala 922 772 423 1.62 - - - 53.50
Leu 923 828 4.09 1.92 1.74 0.94,0.99 - 56.79
Ile 924 830 3.72 2.01 0.98,1.23,1.83 0.92 - 63.95
Len 925 7.77 4.17 190,181 1.72 0.92,098 - 56.68
Lys 926 7.77 4.17 2.11,2.00 1.62 1.78 298 56.54
Met 927 831 424 2.31,2.18 2.60,2.75 - 2.05 56.39
Glu 928 8.19 4.11 230,220 2.51,2.74 - - 56.76
Lys 929 7.68 429 204,177 1.60 1.70 3.06 5591

Ile 930 7.62 4.02 2.03 1.05,1.35,1.76  0.98 - 61.34
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A.4 Chemical shift tables for peptide XMAP-pCt

Table A.10. 'H and 3C chemical shifts (ppm from DSS) for peptide XMAP-pCt in H,O/D,0 (9:1

vIv),5°C, pH 5.5.

Residue HN Ha Hf Hy HS He Co
Ser 2047 8.54 450 390,386 - - - 58.12
Thr 2048 8.44 440 4.28 1.21 - - 61.39
Asn 2049 859 473 2.84,2.77 17.05,7.76 - - 53.05
Ile 2050 8.32 4.10 1.89 0.91,1.20,1.56 0.87 - 61.39
Asp 2051 844 449 272,270 - - - 55.34
Asp 2052 845 4.58 273,269 - - - 54.42
Lys 2053 831 4.09 1.88,1.70 145 1.53 299 58.04
Leu 2054 8.07 422 1.74,1.68 - 0.90,0.96 - 55.97
Lys 2055 8.10 4.08 1.86,1.70 1.40 1.51 - 57.90
Lys 2056 8.18 4.18 1.84,1.68 145 1.54 - 57.14
Arg 2057 838 4.19 1.90,1.72 1.60 3.22 7.33  56.10
Leu 2058 8.17 422 1.72 1.59 - - 56.07
Glu 2059 8.27 4.18 2.05,2.03 229,238 - - 57.33
Arg 2060 822 425 192,186 1.64,1.73 3.22 - 55.87
Ile 2061 8.18 4.01 1.90 0.92,1.21,1.59 0.87 - 62.06
Lys 2062 838 423 1.82 1.43 1.54 294 57.11
Ser 2063 841 443 396,390 - - - 58.48
Ser 2064 8.36 4.47 396,391 - - - 58.34
Arg 2065 828 434 1.89,1.80 1.64,1.70 3.22 - 55.95
Lys 2066 841 426 1.88,1.69 145 1.51 - 56.96
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Table A.11. 'H and '*C chemical shifts (ppm from DSS) for peptide XMAP-pCt in 70 % H,0/D,0
(9:1 v/v), 30 % TFE, 25 °C, pH 5.5.

Residue HN Ha Hf Hy HS He Co
Ser 2047 8.18 4.54 397,387 - - - 56.79
Thr 2048 8.19 442 435 1.27 - - 60.45
Asn 2049 842 481 292,285 7.01,7.75 - - 51.96
Ile 2050 8.07 4.13 1.95 0.98, 1.27,1.55 0.93 - 60.81
Asp 2051 8.13 449 2.80,2.73 - - - 54.26
Asp 2052 825 445 279,273 - - - 55.53
Lys 2053 8.10 4.05 202,191 1.51 1.68 3.04 5798
Leu 2054 8.10 4.16 1.79,1.73 1.54 0.92,098 - 56.28
Lys 2055 8.18 392 197,174 142 1.63 298 58.89
Lys 2056 791 412 198,173 1.55 1.69 3.01 56.59
Arg 2057 7.83 4.11 208,185 1.71 3.21 729 57.63
Leu 2058 848 4.13 197,1.72 1.55 0.90,0.97 - 56.50
Glu 2059 832 4.02 224,215 236,253 - - 5791
Arg 2060 7.89 4.15 2.11,1.85 1.73 3.25 7.34 57.63
Ile 2061 8.24 3.77 2.04 0.94,1.11,1.87 0.89 - 63.91
Lys 2062 854 404 197,172 147 1.65 296 58.10
Ser 2063 8.10 439 4.10,4.05 - - - 59.04
Ser 2064 7.93 446 4.10,4.06 - - - 58.46
Arg 2065 790 438 202,183 1.75 3.22 7.26  54.99

Lys 2066 800 432 1095188 152 1.58 321 54.77
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Table A.12. 'H and '*C chemical shifts (ppm from DSS) for peptide XMAP-pCt in H0/D,0 (9:1

v/v), 20 mM DPC, 25 °C, pH 5.5.

Residue HN Ha Hf Hy HS He Co
Ser 2047 840 447 389,384 - - - 58.75
Thr 2048 8.29 436 4.26 1.20 - - 62.11
Asn 2049 851 474 288,279 6.98,7.69 - - 53.63
Ile 2050 832 405 193 0.92,1.21,1.50 0.88 -

Asp 2051 843 444 271,267 - - - 55.64
Asp 2052 822 442 271,267 - - - 56.55
Lys 2053 8.16 4.04 1.85 1.45 1.57 298 59.22
Leu 2054 8.16 4.15 190,1.81 1.69 0.89,095 -

Lys 2055 8.18 393 191 1.39 1.70 296 59.22
Lys 2056 8.05 4.13 1.86 1.47 1.64 297 58.16
Arg 2057 7.86 4.15 195,176 1.70 3.18 - 57.72
Leu 2058 827 4.14 1.81,1.78 1.63 0.88,091 - 57.34
Glu 2059 821 4.05 2.12,2.09 228,240 - - 58.80
Arg 2060 790 421 1.95,1.77 1.68 3.21 - 58.13
Ile 2061 795 392 197 0.91,1.20,1.54 0.88 - 63.64
Lys 2062 826 4.10 192,1.83 143 1.54 294 58.67
Ser 2063 822 438 397,393 - - - 59.72
Ser 2064 8.12 442 397,393 - - - 59.41
Arg 2065 8.00 433 1.94,1.79 1.70 3.18 - 56.35
Lys 2066 8.16 424 1.86,1.79 1.44,1.49 1.68 299 56.43
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A.5 Chemical shift table for peptide mixtures

Table A.13. Backbone 'H chemical shifts (ppm from DSS) for peptides TACC-«x2, Ct-TACC-4 wt
and XMAP-pCt in mixture, in 70 % H,O/D,0 (9:1 v/v), 30 % TFE, 25 °C, pH 5.5.

TACC-x2 Ct-TACC-c4 wt XMAP-pCt
Residue HN H«x Residue HN Hax Residue HN Ha«x

Val 823 8.00 3.98 Met 897 8.00 3.98 Ser 2047 821 4.54
Glu 824 8.62 4.3] Lys 898 8.62 4.3] Thr 2048 8.21 442
Met 825 825 4.34 Ile 899 825 434 Asn 2049 843 4381
Gly 826 855 3091 GIn 900 8.55 391 Ile 2050 8.06 4.13
Lys 827 7.65 4.16 Ser 901 7.65 4.16 Asp 2051 8.14 4.50
Ile 828 7.56 3.79 Leu 902 756 3.79 Asp 2052 826 445
Ile 829 823 3.76 Glu 903 823 3.76 Lys 2053 8.11 4.04
Ala 830 795 422 Arg 904 795 422 Leu 2054 8.10 4.18
Glu 831 8.18 4.16 Ser 905 8.18 4.16 Lys 2055 8.19 391
Phe 832 865 4.30 Leu 906 8.65 4.30 Lys 2056 7.92 4.12
Glu 833 9.06 3.88 Glu 907 9.06 3.88 Arg 2057 7.83 4.12
Gly 834 857 398 GIn 908 857 3.98 Leu 2058 8.49 4.12
Thr 835 8.00 4.02 Lys 909 8.00 4.02 Glu 2059 833 4.02
Ile 836 8.27 3.71 Ser 910 827 3.71 Arg 2060 7.90 4.15
Thr 837 8.03 3.83 Lys 911 8.03 3.83 Ile 2061 8.25 3.78
GIn 838 7.59 4.06 Glu 912 759 4.06 Lys 2062 8.55 4.04
Ile 839 8.07 3.79 Asn 913 8.07 3.79 Ser 2063 8.11 4.39
Leu 840 8.61 4.08 Asp 914 8.61 4.08 Ser 2064 794 4.46
Glu 841 8.57 4.07 Glu 915 857 4.07 Arg 2065 7.90 4.38
Asp 842 858 4.50 Leu 916 8.58 4.50 Lys 2066 8.01 4.32
Ser 843 842 424 Thr 917 842 424
Gln 844 8.09 4.16 Lys 918 8.09 4.16
Arg 845 823 4.3 Ile 919 8.23 4.13
GIn 846 834 4.10 Ser 920 834 4.10
Lys 847 798 4.09 Asp 921 798 4.09
Glu 848 833 4.16 Asp 922 833 4.6
Thr 849 8.15 4.03 Leu 923 8.15 4.03
Ala 850 8.01 4.18 Ile 924 8.01 4.18
Lys 851 7.88 4.05 Leu 925 788 4.05
Leu 852 7385 4.19 Lys 926 785 4.19
Glu 853 8.12 4.16 Met 927 8.12 4.16
Leu 854 - 4.23 Glu 928 - 4.23
Asn 855 8.02 4.67 Lys 929 8.02 4.67
Lys 856 792 424 Ile 930 7.92 424
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B.1 Chemical shift tables for peptide MPERDb

Table B.1. 'H and 'C chemical shifts (ppm from DSS) for peptide MPERD in 25 % HFIP, 35 °C,
pH 7.0.

Residue HN Hax Hp Hy HS He HC Cx Cp

Lys n-4 - 4.15 - - - - - 55.74 -

Lys n-3 - 4.50 1.86 - - - - 5647 33.24
Lys n-2 8.46  4.40 1.86,1.92 1.58 1.81 - - 56.60 33.54
Lys n-1 831 437 1.84,190 1.50 1.56 - - 56.59  33.04
Asp 664 8.16 4.70 270,273 - - - - 5419 416
Lys 665 833 420 1.78,2.00 1.31 1.61 - - 57.89 32.54
Trp 666 7.88 4.63 335,341 - 7.30 9.72,7.67 748 5830 29.02
Ala 667 7.82 423 1.47 - - - - 5381 1845
Ser 668 793 443 392,399 - - - - 59.82 635
Lys 669 776 4.29 1.58,1.65 - 0.83,0.90 - - 57.13  42.16
Trp 670 778  4.61 319,332 - 7.10 9.12,7.61 742 5855 28.96
Asn 671 8.04 4.63 275,284 6.57,7.29 - - - 55.79 38.7
Trp 672 7.87 446 335,342 - 7.07 9.21,7.52 743 59.80 28.82
Phe 673 8.12 4.14 3.03,3.11 - 7.19 - - 60.11  38.68
Asp 674 8.10 4.52 2.78,2.86 - - - - 55.69  39.05
Ile 675 8.02 398 1.92 1.68,1.30,1.03  0.90 - - 6441 3847
Thr 676 799 398 4.07 1.06 - - - 65.59  68.99
Asn 677 7.86 4.62 2.68,2.80 5.92,7.05 - - - 54.89  38.69
Trp 678 8.04 472 341,354 - 7.22 9.18,7.62 739 59.81 29.16
Lys 679 820 4.05 1.86 1.50 0.79,0.90 - - 57.70  41.77
Trp 680 7.89 4.28 3.39 - 7.03 925,739 744 6036 28.82
Tyr 681 7.57 4.08 291,3.02 - 7.13 6.85 - 61.23 3791
Ile 682 8.02 3.83 1.85 1.16,1.50,0.92  0.79 - - 6420  37.59
Lys 683 7.83  3.94 1.84,1.90 1.39 1.63 - - 59.97 31.92
Lys 684 7.64  4.08 1.53,1.61 1.76 0.90 - - 58.05  41.65
Phe 685 8.18 4.19 313,329 - 7.18 7.26 722 61.63 38.78
Ile 686 850 3.59 2.01 1.32,1.93,096 0091 - - 65.10 3791
Met 687 8.05 4.17 226,242  2.56,2.81 - 1.86 - 58.86  32.35
Ile 688 847 3.76 2.01 1.16,1.83,090 - - - 6524  37.92
Val 689 858 355 1.86 0.70, 0.82 - - - 66.73  31.39
Gly 690 8.28 381,391 - - - - - 46.85 -

Lys n+1 7.88 4.24 1.99,2.09 1.57 1.65 - - 5789 324
Lys n+2 824 421 1.99,2.03 1.55 1.64 - - 58.10  33.32
Lys n+3 834 427 1.97 1.55 1.76 - - 58.35 326
Lys n+4 7.96 4.33 1.96,2.00 1.57 1.61 - - 56.92 3245

Lys n+5  8.09 434 192,198 1.59 1.78 - - 56.31  32.86
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Table B.2. 'H and '3C chemical shifts (ppm from DSS) for peptide MPERb in 20 mM DPC, 35 °C,
pH 7.0.
Residue HN Ha Hp Hy HS He HC Hn Ca CB

Lys n-4 - 401 - - - - - - 5558 -

Lys n3 838 435 176,182 146 1.70 - - - 5642 -

Lys n2 849 428 176,181 140 1.45 - - - 56.39 -

Lys nl 842 427 174177 137 1.42 - - - 5679 -
Asp 664 827 463 271 - - - - - 54.80  41.86
Lys 665 853 405 157,164 106 1.50 - - - 57.55  32.62
Trp 666 816 457 331,337 - 7.39 10.58,7.51 749,695 7.09 58.08 29.12
Ala 667 793 415 150 - - - - - 5470 1875
Ser 668 809 433 387,394 - - - - - 60.56  63.02
Lys 669 788 405 152 1.61 0.69,0.80 - - - 5838 42.08
Trp 670 774 462 322,341 - 7.29 10.29,7.59 742,690 7.03 5876 29.52
Asn 671 798 4.63 282,304 - 6.96,7.36 - - - 5397  38.86
Trp 672 790 443 326, - 7.23 1041,7.36 742,686 696 59.02 29.62
Phe 673 774 438 283,304 - 7.11 - - - 5795 -
Asp 674 813 471 279 - - - - - 58.15 -

Tle 675 816 374 177 0.87,1.20,1.38  0.78 - - - 62.83  38.22
Thr 676 813 395 4.10 1.17 - - - - 66.04  68.62
Asn 677 807 474 279 - - - - - 5461 38.19
Trp 678 806 470 335341 - 7.33 1047,7.40 743,686 695 59.87 29.18
Lys 679 799 406 - - - - - - 58.14  41.63
Trp 680 803 410 321,331 - 7.06 10.24,6.65 745,679 710 58.88  29.45
Tyr 681 7.64 400 301,318 - 7.22 6.88 - - 6191 -

Tle 682 8.09 377 213 0.98,1.02,125 - - - - 6529 3778
Lys 683 830 385 159,181 118 1.34 - - - 6041  31.94
Lys 684 7.68 389 137 1.57 0.62,0.74 - - - 5797 4197
Phe 685 826 4.5 323,337 - 7.11 - - - 61.51 -

Tle 686 839 347 2.00 0.93,1.02,1.19  0.89 - - - 6535 379
Met 687 799 409 221,227 250,2.73 - 2.05 - - 5812 3244
Tle 688 822 373 195 0.98,1.22 0.88 - - - 6479  37.99
val 689 818 357 192 0.65,0.77 0.65 - - - 6591 3141
Gly 6% 812 385 - - - - - - - -

Lys n+#l 772 418 170,193 1.50 1.57 2.96 - - 5773 3146
Lys n+2 797 423 169,187 - 1.50 2.97 - - 5679 -

Lys n+3 809 424 181,186 149 1.68 - - - 56.51 -

Lys n+d 819 425 178,185 148 1.69 - 7.12 - 56.18 -

Lys

n+5
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B.2 Chemical shift tables for peptide MPER-H2

Table B.3. 'H and !3C chemical shifts (ppm from DSS) for peptide MPER-H2 in 25 % HFIP, 35 °C,

pH 7.0.

Residue HN Hax Hp Hy HS He H¢ Hn Cax Cp
Asn 671 - 3.71 2.59,2.66 - 6.53,7.24 - - - 53.72  41.51
Trp 672 - 4.46 3.20,329 - 7.09 9.28,745 745,7.15 724 5891 29.01
Phe 673 738 425 2.85 - 7.05 7.29 7.25 - 60.18  38.54
Asp 674 776 4.59 271,276 - - - - - 55.50 40.82
Ile 675 7.80 3.98 1.92 1.30,1.60, 1.01 ~ 0.92 - - - 64.07  38.52
Thr 676 798 4.04 4.21 1.21 - - - - 65.26  69.02
Asn 677 7.83 - 2.72,2.80 - 6.16,7.19 - - - 5534 38.60
Trp 678 796 - 3.38,352 - 7.22 9.23,7.58 7.39,7.03 7.18 5947 29.36
Lys 679 8.00 4.04 1.49,1.77 1.76 0.87,093 - - - 57.65 41.72
Trp 680 7.81  4.25 332,339 - 7.04 921,735 7.40,7.08 7.22 5894 28.68
Tyr 681 738  4.05 2.82,297 - 7.07 6.82 - - 61.04 37.88
Ile 682 790 3.82 1.88 1.17,1.54,0.93  0.82 - - - 64.24  37.70
Lys 683 7.84 3.92 1.84,1.88 1.38, 1.60 1.59 2.85 - - 60.05  32.05
Lys 684 7.64  4.06 1.57,1.73  1.62 0.89 - - - 5812 41.71
Phe 685 8.08 4.16 3.13,329 - 7.15 7.23 7.18 - 61.63 38.77
Ile 686 8.46 3.56 2.01 1.30,1.91,0.93 0.89 - - - 65.08 37.78
Met 687 8.08 4.15 222,241 257,277 - 2.07 - - 5871  32.36
Ile 688 845 375 2.00 1.14,1.81,0.88  0.86 - - - 6522  38.01
Val 689 852 3.2 1.84 0.68, 0.79 - - - - 66.79  31.36
Gly 690 8.28 3.75,3.87 - 1.50, 1.64 - - - - 4697 -

Lys n+tl 788 4.14 1.94,2.07 1.49,1.61 1.71 2.98 - - 58.82 3236
Lys n+2 823 4.11 1.94,2.02 1.51,1.58 1.67 2.96 - - 58.46  32.37
Lys n+3 836 4.19 1.95 1.53,1.59 1.70 - - - 57.59  32.52
Lys n+4 790 425 1.97 - 1.75 3.02 - - 5717  32.63

Lys n+s5 - 4.29 - - 1.75 - - - 5642  32.83
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Table B.4. 'H and '3C chemical shifts (ppm from DSS) for peptide MPER-H2 in 20 mM DPC, 35 °C,
pH 7.0.
* Ambiguous assignment, Lys residue not determined.

Residue HN Hax Hfp Hy HS He HC Hn Cax Cp
Asn 671 - 3.90 2.60 - - - - - 53.66 41.13
Trp 672 - 442 3.18 - 7.38 7.49 747,6.86 7.05 5886 29.48
Phe 673 7.63 449 2.77,2.84 - 6.98 7.17 7.10 - - 38.9
Asp 674 - 448 - - - - - - 57.21
Ile 675 825 3.82 1.90 1.24,1.47,0.85 0.86 - - - 63.09 38.34
Thr 676 820 393 4.17 1.23 - - - - 66.11  68.48
Asn 677 8.12 449 2.73,2.84 - 6.90,7.75 - - - 57.10 -

Trp 678 8.00 - 339,345 - 7.33 7.43 743,687 7.02 - -

Lys 679 8.17 4.08 1.66 1.84 093,098 - - - 58.29  41.69
Trp 680 - 441 3.19 - 7.38 7.50 748,696 7.06 5888 -

Tyr 681 7.66 4.01 3.02,3.19 - 6.84,7.22 6.58,6.74 - - 6191 -

Ile 682 8.14 3.75 2.11 1.20,1.98,0.99  0.97 - - - 65.38  37.77
Lys 683 832 3.83 1.66,1.81  1.33,1.59 1.58 2.84 - - - 31.9
Lys 684 7.68 3.88 1.16,1.59 1.37 0.59,0.73 - - - - 41.33
Phe 685 827 4.09 320,334 - 7.08 7.08 7.04 - 61.76 -

Ile 686 8.41 345 2.00 1.16,1.97,091  0.87 - - - 65.37 37.86
Met 687 8.00 4.07 2.19,227 248,273 - 2.03 - - 58.92 3248
Ile 688 8.18  3.68 1.92 1.13,1.78,0.85 0.82 - - - 6497 37.94
Val 689 8.17 354 1.91 0.75, 0.64 - - - - 66.09 31.42
Gly 690 8.15 3.69,384 - - - - - - - -

Lys n+l 773 417 1.89,1.94 1.53,1.56 1.68 2.95 - - 57.15  32.58
Lys n+2 795 4.19 1.83,1.92 1.49,1.57 1.67 2.94 - - 57.55 326
Lys n+3 - - - - - - - - - -

Lys n+4 - - - - - - - - - -

Lys n+5 - - - - - - - - - 32.99
Lys ® - 4.23 1.80,1.86 1.47,1.68 1.68 2.98 - - 56.70 -
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C.1 Chemical shift tables for peptide PG-T4

Table C.1. 'H and '3C chemical shifts (ppm from DSS) for peptide PG-T4 in H,O/D,0 (9:1 v/v),
5°C,pH 3.5

Residue HN Ha Hp Hy Hb He H¢ Ca Cp
Arg 1 - 405 193 1.69 3.23 7.27 - 55.29 30.37
Gly 2 894 405 - - - - - 44,63 -

Gly 3 853 398 - - - - - 4454 -

Arg 4 844 432 1.75,1.82 1.62 3.19 723 - 55.86  30.60
Leu 5 857 440 147,1.63 1.61 0.85,0.92 - - 54.82  42.00
Thr 6 824 430 4.13 1.14 - - - 61.37 69.75
Tyr 7 841 4.66 2.93,3.03 - 7.09 6.78 - 5747 38.95
Thr 8 825 425 4.08 1.16 - - - 61.41 69.66
Arg 9 847 427 1.75,1.83 1.63 3.20 7.23 - 55.74 30.64
Arg 10 851 424 1.72 1.52,1.59 3.15 717 - 55.86  30.77
Arg 11 852 427 1.68 1.48,1.56 3.13 7.18 - 55.82  30.72
Phe 12 848 471 3.01,3.13 - 7.24 7.33 7.28 5734 39.66
Thr 13 826 433 4.09 1.16 - - - 61.38 69.82
Val 14 841 416 2.07 0.96 - - - 62.03 32.60
Thr 15 8.51 436 4.12 1.18 - - - 61.58 69.58
Val 16 844 412 2.07 0.95 - - - 62.24 32.67
Gly 17 8.66 395 - - - - - 4478 -

[y
> ]

Arg 801 420 1.71,1.86 1.58 3.18 7.24 - 56.65 31.03
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Table C.2. 'H and '3C chemical shifts (ppm from DSS) for eptide PG-T4 in 30 mM DPC H,0/D,0
PP p

(9:1v/v),35°C,pH 3.5

Residue @HN Ha Hf Hy Hb He H¢ Ca Cp
Arg 1 - 409 194,196 1.69 3.22 725 - 55.58 30.61
Gly 2 879 404 - - - - - 45.08 -
Gly 3 834 399 - - - - - 45.09 -
Arg 4 832 437 175,180 1.61 3.17 725 - 56.31 31.29
Leu 5 842 443 1.53,1.65 1.61 0.87,092 - - 55.10 42.62
Thr 6 8.03 438 4.07 .11 - - - 61.78 70.12
Tyr 7 822 4.65 293,300 - 7.05 6.77 - - 39.67
Thr 8 8.00 427 4.09 1.14 - - - - 70.12
Arg 9 831 427 174,186 1.62 3.20 733 - 56.28 31.29
Arg 10 827 419 1.75,1.80 1.59 3.16 724 - 56.31 30.55
Arg 11 8.16 423 1.69,1.73 147 3.11 720 - 56.31 30.61
Phe 12 8.16 476 3.02,3.15 - 7.23 728 7.26 57.61 40.30
Thr 13 8.15 438 4.09 1.13 - - - - 70.05
Val 14 823 426 2.08 094 - - - 6290 33.29
Thr 15 828 450 4.11 1.15 - - - - 70.05
Val 16 8.15 4.21 2.08 093 - - - 61.59 33.31
Gly 17 840 396 - - - - - 45.13 -
Arg 18 785 423 1.70,1.85 1.58 3.17 722 - 56.67 31.42
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C.2 Chemical shift tables for peptide PG-C6C15

Table C.3. 'H and '3C chemical shifts (ppm from DSS) for peptide PG-C6C15 in H,O/D,0 (9:1
v/v) 5°C, pH 3.5

Residue HN Hux Hp Hy Hb He H¢ Co Cp
Arg 1 - 4.10 1.95 1.70 3.23 729 - 55.47 30.57
Gly 2 8.96 4.06 - - - - - 4488 -
Gly 3 8.50 3.99 - - - - - 4477 -
Arg 4 837 4.49 1.69,1.78 1.58 3.14 722 - 55.92 31.59
Leu 5 8.65 4.62 1.56,1.63 1.57 0.84,090 - - 54.59 4343
Cys 6 8.78 541 2.78,2.95 - - - - 56.01 -

Tyr 7 8.96 4.83 2.84,2.97 - 6.80 6.64 - 56.74 -

Thr 8 8.74 4.74 3.95 1.07 - - - 61.44 70.09
Arg 9 8.97 4.30 1.78,1.87 1.27,1.59 3.20 727 - 56.05 31.55
Arg 10 896 3.83 1.96 1.60 3.23 729 - 5746 28.22
Arg 11 8.13 4.05 1.81 1.46 3.14 7.17 - 56.51 31.63
Phe 12 828 493 3.00,3.13 - 7.27 7.35 7.28 57.53 40.69
Thr 13 873 4.73 3.96 1.08 - - - 61.66 70.11
Val 14 8.68 4.19 1.74 0.91 - - - 61.76 31.53
Cys 15 885 5.28 2.86,2.92 - - - - 55.21 -

Val 16 8.83 4.34 2.18 1.01 - - - 61.44 34.10
Gly 17 8.68 3.98,4.08 - - - - - 4480 -

Arg 18 8.01 4.19 1.71,1.84 1.58 3.18 723 - 5742 31.63
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Table C.4. 'H and '3C chemical shifts (ppm from DSS) for peptide PG-C6C15 in 30 mM DPC

H>0/D,0 (9:1 v/v), 35 °C, pH 3.5.
* Ambiguous assignment, values can be exchanged

Residue HN Ha«x Hp Hy Hb He Ca Cp
Arg 1 - 4.09 1.95 1.70 3.22 7.30 5495 30.00
Gly 2 8.82 4.04 - - - - 4451 -

Gly 3 8.31 3.98 - - - - 4445 -
Arg 4 8.05 4.68 1.64,1.72 1.53 3.07 7.13 5751 -
Lew 5 8.67 4.62 1.63 1.59 0.90,093 - 53.64 43.32
Cys 6 833 5.78 2.69,291 - - - - -
Tyr 7 9.22 4.75 2.78,2.85 - 7.02 6.73 56.85 -
Thr 8 791 5.32 3.66 0.98 - - 60.26 70.84
Arg 9 8.72 437 1.70,1.83 1.57,1.64 3.35 7.72 5437 -
Arg 10 9.19 3.81 2.06 1.70 3.26 7.60 5728 27.57
Arg 11 795 4.03 1.86 1.33,1.41 3.12 726 5493 -
Phe 12 8.13 4.86 3.11 - 7.20 7.27 - -
Thr 13 872 5.24 3.70 1.08 - - 61.07 72.09
Val 14 8.87 5.86 - 1.04 - - - 34.40
Cys 15 8.34 5.86 2.70 - - - - -
Val 16 9.00 6.04 « 2.14 0.98 - - - 34.42
Gly 17 857 4.05,4.18 - - - - 44.56 -
Arg 18 796 4.22 1.69,1.83 1.60 3.16 7.36 5627 31.28
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C.3 Chemical shift tables for peptide PG-C8C13

Table C.5. 'H and '*C chemical shifts (ppm from DSS) for peptide PG-C8C13 in H,0/D,0 (9:1
vIv), 5°C, pH 3.5

Residue HN Hux Hp Hy Hb He H¢ Co Cp
Arg 1 - 4.10,4.10 1.95 1.70 3.23 7.28 - 55.49 30.62
Gly 2 8.95 4.05 - - - - - 4488 -

Gly 3 8.52 3.99 - - - - - 4476 -
Arg 4 8.43 4.36 1.74,1.81 1.61 3.19 722 - 56.01 30.99
Cys 5 8.58 4.44 1.49,1.63 1.60 0.85,092 - - 5498 42.61
Thr 6 8.22 449 4.11 1.14 - - - 61.43 70.26
Tyr 7 8.48 4.63 2.97 - 7.06 6.78 - 57.60 39.41
Thr 8 8.57 4.84 3.05 - - - - 55.70 -
Arg 9 8.74 4.36 1.79,1.98 1.64 3.21 7.25 - 56.06 30.49
Arg 10 8.11 4.28 1.82,1.99 1.63 3.26 - - 56.08 -
Arg 11 8.37 4.00 1.70,1.75 1.30,1.43 3.10 7.16 - 57.74 29.73
Phe 12 8.06 4.72 3.04,3.14 - 7.34 723 7.33 5735 39.67
Cys 13 853 4.88 2.96,3.07 - - - - 55.67 -
Val 14 841 420 2.07 0.95 - - - 61.76 33.56
Thr 15 8.53 451 4.11 1.18 - - - 61.76  69.87
Val 16 846 4.18 2.08 0.95 - - - 62.07 33.17
Gly 17 8.64 3.97 - - - - - 4493 -
Arg 18 8.05 4.20 1.72,1.86  1.59 3.18 7.24 - 5727 31.44
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Table C.6. 'H and '3C chemical shifts (ppm from DSS) for peptide PG-C8C13 in 30 mM DPC,

H>0/D,0 (9:1 v/v), 35 °C, pH 3.5

Residue HN Hux Hp Hy Hb He Co CB
Arg 1 - 4.09 1.70,1.96 1.71 3.24 7.28 55.63 30.70
Gly 2 8.82 4.06 - - - 45.09 -

Gly 3 8.39 4.00 - - - 45.06 -
Arg 4 8.10 4.71 1.68,1.72 1.52,1.58 3.10 7.17 5583 -
Cys 5 8.58 4.62 1.57,1.69 1.61 0.91,0.95 - 54.49 4422
Thr 6 821 5.26 3.84 1.14 - 61.55 71.50
Tyr 7 9.01 4.78 2.86 - 7.03 6.74 5751 42.16
Thr 8 8.36 5.63 2.84,292 - - 55.53 -
Arg 9 8.86 4.38 1.69,191 1.60,1.64 3.34 7.68 55.05 32.89
Arg 10 8.00 3.88 1.87 1.42 3.14 7.28 57.94 29.37
Arg 11 8.00 4.13 2.07 1.71 3.28 7.57 5574 28.21
Phe 12 8.00 5.06 3.13 - 7.23 726 - 43.45
Cys 13 - 5.67 - - - 5548 -
Val 14 847 5.02,4.14 2.10 1.06 - - 35.13
Thr 15 859 542 3.86 1.09 - - 71.39
Val 16 8.90 4.76 2.13 0.99 - - 34.43
Gly 17 846 4.07 - - - 45.06 -
Arg 18 791 422 1.68,1.82 1.58 3.15 7.28 57.33 31.96
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D.1 Chemical shift tables for peptide cc-pheromone

Table D.1. 'H and '3C chemical shifts (ppm from DSS) for peptide GIn-Pro trans «-pheromone in
H,O0, 5 °C, pH 5.0.

Residue HN Hax Hp Hy HS He H( Cx
Trp 1 - 4.33 333,339 - 7.24 10.27,7.56 747 56.04
Cys 2 8.67 452 2.75 - - - - 57.96
Thr 3 8.4 4.32 4.14 1.15 - - - 62.05
Trp 4 8.35 4.66 3.24 - 7.24 10.24,7.56 744  57.38
Arg 5 821 4.05 1.45,1.68 1.17,1.23 295 7.04 - 56.05
Gly 6 7.67 3.62,3.80 - - - - - 44.9
Gin 7 8.02 448 1.83,2.02 2.27 6.92,759 - - 53.41
Pro 8 - 4.23 1.55,195 1.94,1.87 3.57,3.73 - - 63.22
Cys 9 8.16 4.39 2.75 - - - - 58.05
Trp 10 777 451 3.13,3.33 - 7.16 10.07,7.62 742 58.49

Table D.2. 'H and '*C chemical shifts (ppm from DSS) for peptide GIn-Pro cis «-pheromone in
H,0, 5 °C, pH 5.0.

Residue HN Hax HpB Hy HS He
Trp 1 - - - - - -
Cys 2 8.65 447 2.73 - - -
Thr 3 835 4.21 - 1.16 - -
Trp 4 8.2 4.64 3.24 - - -
Arg 5 8.02 4.09 1.43,1.67 1.16,1.27 295 7.05
Gly 6 736 346,353 - - - -
GIn 7 793 448 1.80,1.95 225 6.86,7.55 -
Pro 8 4.57 1.77,1.84 - 341,357 -
Cys 9 832 436 2.77 - - -

Trp

=y
=]
~
]

4.46 - - - -
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Table D.3. 'H and '3C chemical shifts (ppm from DSS) for peptide GIn-Pro trans «-pheromone in

30 % TFE, 5 °C, pH 5.0.

Residue HN Hax HB Hy H& He HC Cax
Trp 1 - 4.38 337,343 - 7.26 10.20,7.62 750 56.13
Cys 2 8.68 4.62 2.81 - - - - 57.98
Thr 3 832 453 4.19 1.19 - - - 61.63
Trp 4 834 475 3.28 - 7.26 10.18,7.62 747 57.53
Arg 5 820 4.04 1.48,1.74 1.08,1.20 2.94 7.04 - 56.15
Gly 6 7.66  3.60,3.94 - - - - - 44.97
Gln 7 7.83 458 1.91,2.09 230 - 6.81,7.55 - 53.25
Pro 8 - 432 1.63,1.94 190,199 3.62,3.76 - - 63.33
Cys 9 8.04 450 2.81 - - - - 57.75
Trp 10 7.66 454 3.20,3.37 - 7.18 9.94,7.62 743  58.63

Table D.4. 'H and '*C chemical shifts (ppm from DSS) for peptide GIn-Pro cis «-pheromone in

30 % TFE, 5 °C., pH 5.0

Residue HN Hax Hp Hy HS He
Trp 1 - 4,35 328,334 - 7.23 10.19
Cys 2 8.60 4.63 2.83 - - -
Thr 3 8.18 448 4.20 122 - -
Trp 4 8.19 471 3.34 - - -
Arg 5 793 4.19 - 1.31  3.00 -

Gly 6 740 350,371 - - - -
Gln 7 782 - - - - -
Pro 8 - 431 1.77,1.84 - 341,357 -
Cys 9 8.00 4.50 - - - -

Trp

o
]
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Table D.5. 'H and '3C chemical shifts (ppm from DSS) for peptide reduced Gln-Pro trans o-
pheromone in 20 mM DPC, 25 °C, pH 5.0.

Residue HN H«x Hp Hy HS He HC Hn Ca Cp
Trp 1 - 432 3.42 - 7.39 10.64,7.62 7.45,7.10 7.03 5397 27.05
Cys 2 8.60 4.42 2.70 - - - - - 5598  25.64
Thr 3 825 438 4.10 1.12 - - - - 59.22 6728
Trp 4 8.18  4.69 323,326 - 7.26 10.56,7.57 7.43,7.08 7.02 5475 2731
Arg 5 825 4.11 1.56,1.76  1.241.31 3.02 7.30 - - 5350 28.83
Gly 6 779 3.88,3.67 - - - - - - 4237 -

Gln 7 7.88 454 1.89,2.06 2.29 6.82,7.51 - - - 55.63 2649
Pro 8 - 432 1.68,199 187195 3.60,3.73 - - - 60.54  29.16
Cys 9 8.14 4.42 2.81 - - - - - 5580  25.89
Trp 10  7.60 452 319,333 - 7.22 10.46,7.56  7.42,7.05 698 5565 27.28

Table D.6. 'H and '>C chemical shifts (ppm from DSS) for peptide oxidized Gln-Pro trans -
pheromone in 20 mM DPC, 25 °C, pH 5.0.

Residue HN Hax Hp Hy Hb He HC Hn Cax
Trp 1 - 4.20 3.46,3.50 - 7.47 10.87 7.53,7.14 733 54.76
Cys 2 - 4.14 270,299 - - - - - -
Thr 3 779 4.69 3.76 0.96 - - - - 68.96
Trp 4 9.00 - 3.01,3.15 - 7.14 10.51  7.43,7.04 708 -
Arg 5 8.94 3.60 1.53,1.70  0.53,0.88 2.80 7.23 - - 54.08
Gly 6 8.55 3.53,407 - - - - - - -

Gln 7 7.63 4.88 191,2.16 230,238 6.87,7.53 - - - 53.97
Pro 8 - 4.54 1.87,2.31 198,207 3.62,379 - - - 60.39
Cys 9 775 3.7 2.07,298 - - - - - 65.80

o
]

Trp 724 438 3.15,339 - 7.15 10.44 732,692 7.00 55.54




D.1. Chemical shift tables for peptide «x-pheromone

273

Table D.7.
pheromone in 2 mM Gemini, 25 °C, pH 5.0.

'H and '3C chemical shifts (ppm from DSS) for peptide reduced Gln-Pro trans «-

Residue HN H«x HB Hy Hb& He HC Hn Ca
Trp 1 4.26 3.30,3.36 - 7.28 10.29,7.58 7.46,7.16 7.09 56.18
Cys 2 8.38 449 2.70 - - - - - -
Thr 3 820 431 4.13 1.12 - - - - -
Trp 4 821 4.67 321,324 - 7.22 10.23,7.56  7.44,7.19 7.08 57.06
Arg 5 8.15 412 1.52,1.73 1.29 3.01 - - - 56.22
Gly 6 7.74  3.66,3.86 - - - - - 45.22
GIn 7 792 450 1.84,2.01 227 6.80,7.45 - - - -

Pro 8 4.24 1.60,1.86 192,195 357,371 - - - 63.14
Cys 9 8.01 4.39 2.74 - - - - - 56.11
Trp 10 7.60 4.48 3.14,331 - 7.19 10.11,7.59 742,712 7.04 5894

Table D.8. 'H and '3C chemical shifts (ppm from DSS) for peptide oxidized c-pheromone in 2 mM

Gemini, 35 °C, pH 5.0.

Residue HN Hax HpB Hy HS He H¢ Hn Cax Cp
Trp 1 - 4.16 3.31 - 7.32 10357.58 7.51,7.20 7.11 5637 -
Cys 2 - 4.52 2.76 - - - - - 56.79 -
Thr 3 826 4.56 3.92 1.01 - - - - 61.60 70.97
Trp 4 8.69 4.78 3.16,3.18 - 7.21 10.217.64 7.47,7.18 7.10 57.01 30.07
Arg 5 8.69 3.83 1.50,1.76  0.92,1.14 292 6.95 - - 56.59  28.68
Gly 6 8.06 3.58,4.07 - - - - - - 4537 -

GIn 7 7.59 478 1.93,2.16 232 6.77,7.43 - - - 52.87  29.69
Pro 8 - 443 175,221  197,2.06 3.62,381 - - - 63.14  32.19
Cys 9 7.88  4.15 2.55,3.03 - - - - - 56.65 -

Trp 10 741 446 317,333 - 7.19 10.097.56  7.40,7.07 7.03 5838 30.14
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D.2 Chemical shift tables for peptide scrambled

Table D.9. 'H and '3C chemical shifts (ppm from DSS) for peptide Trp-Pro trans scrambled in H,O,
5°C,pH5.0.

Residue HN Hax HpB Hy HS He H¢ Hn Cax
Trp 1 - 4.19 3.17,3.24 - 6.91 9.82,7.42 7.37,6.85 7.05 5598
Arg 2 8.17 4.21 147,154  1.30 3.00 7.07 - - 55.33
Trp 3 8.16 4.77 3.06,334 - 7.25 10.22,7.68 7.46,7.18 - 55.06
Pro 4 - 4.35 1.93,2.27 2.00,2.03 3.64,3.87 - - - 63.45
Cys 5 8.46 4.39 2.80 - - - - - 58.56
Cys 6 845 4.48 2.87 - - - - - 58.57
Trp 7 827 4.63 3.28 - 7.19 10.14,7.57 745 - 57.68
Gly 8 824 368,384 - - - - - - 45.25
Gln 9 8.13 435 1.94,2.10 2.28 6.90,7.69 - - - 55.66
Thr 10 8.00 4.15 4.24 1.15 - - - - 63.21

Table D.10. 'H and 'C chemical shifts (ppm from DSS) for peptide Trp-Pro cis scrambled in H,O,
5°C,pHS5.0.

Residue HN Hax Hfp Hy H6 He HC Cax
Trp 1 - 4.32 331,337 - 722 10.22,7.54 748 55.64
Arg 2 856 4.39 1.70, 1.77 155 315 7.19 - 55.60
Trp 3 8.58 450 317,322 - 7.30 10.34,759 752 -
Pro 4 - 3.39 1.05,1.66 145,151 321 - - -
Cys 5 8.41 423 2.73 - - - - 56.90
Cys 6 826 432 2.71 - - - - 57.92
Trp 7 8.12 446 3.13,320 - 7.16 10.15,7.49 - 57.58
Gly 8 8.17 3.63,380 - - - - - -
Gln 9 812 - 1.92,2.07 2.26 - - - -

Thr
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Table D.11. 'H and '3C chemical shifts (ppm from DSS) for peptide Trp-Pro trans scrambled in
30 % TFE, 5 °C, pH 5.0.

Residue HN Hax Hp Hy HS He H¢ Hn Cx
Trp 1 - 4.20 321,327 - 6.98 9.53,7.46 7.35,6.88 7.07 56.26
Arg 2 8.07 428 1.53,1.62 137 3.04 7.16 - - 55.54
Trp 3 8.00 4.8l 311,334 - 7.26 10.06,7.65 7.49,7.19 - 55.05
Pro 4 - 4.32 199,222 198 3.57,3.84 - - - 63.63
Cys 5 8.16 4.44 2.84 - - - - - 58.41
Cys 6 829 452 2.92 - - - - - 58.58
Trp 7 8.07 4.66 3.29 - 7.16, 9.97,7.54 7.44,7.11 - 57.72
Gly 8 8.11 374,393 - - - - - - 45.19
Gin 9 8.08 4.40 2.00,2.15 232 6.80,7.68 - - - 55.83
Thr 10 790 422 4.28 .19 - - - - 63.08

Table D.12. 'H and '3C chemical shifts (ppm from DSS) for peptide Trp-Pro cis scrambled in 30 %

TFE, 5 °C, pH 5.0.

Residue HN Hax Hp Hy HS He H¢ Cax
Trp 1 - 4.38 333,338 - 723  10.14,7.56 7.49 56.13
Arg 2 853 445 1.73,1.83  1.61 319 725 - 55.56
Trp 3 8.46 451 3.18,3.24 - 725 10.15,7.57 751 56.21
Pro 4 - 3.38 0.84,1.66 143,151 325 - - 63.01
Cys 5 8.19 42 2.77 - - - - 58.55
Cys 6 8.04 429 2.66,2.71 - - - - 57.94
Trp 7 792 4.55 3.17,3.26 - 7.14  10.01,7.53 744 57.68
Gly 8 8.05 3.69,391 - - - - - -
Gln 9 - - - - - - - -
Thr 10 - - - - - - - -
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Table D.13. 'H and !3C chemical shifts (ppm from DSS) for peptide Trp-Pro trans scrambled in
20 mM DPC, 25 °C, pH 5.0.

Residue HN Hax Hp Hy Hs He HC Hn Ca Cp
Trp 1 - 4.30 326,335 - 7.21 10.17,7.32 724,673 647 5552 2953
Arg 2 835 442 1.67,1.79 152,155 3.14 7.28 - - 55.76  32.63
Trp 3 8.36 441 3.14,336 - 7.42 10.74,7.65  7.50,7.12 7.08 5577  29.60
Pro 4 - 4.40 1.90,2.18  1.90 3.62,397 - - - 63.11  31.99
Cys 5 8.40 442 2.90 - - - - - 58.52  27.85
Cys 6 828 447 2.89 - - - - - 58.53 28.03
Trp 7 8.14 471 321,333 - 7.20 10.44,7.47 7.38,7.02 694 5745 29.64
Gly 8 8.46 391,398 - - - - - - 4531 -

Gln 9 8.19 441 2.01,2.17 236 6.85,7.64 - - - 54.44  29.89
Thr 10 788 4.16 4.24 1.17 - - - - 63.15  70.51
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Table D.14. 'H and '*C chemical shifts (ppm from DSS) for peptide Trp-Pro cis scrambled in 2 mM

Gemini, 25 °C, pH 5.0.

Residue HN Ha Hp Hy HS He HC Cox
Trp 1 - 4.40 - - 725 10.21 746 -
Arg 2 - 4.52 1.70,1.79 154 3.09 - - 55.70
Trp 3 836 4.39 315,320 - 7.30 10.32,7.58 7.50 -

Pro 4 - 4.23 - 1.66 344 - - -
Cys 5 8.19 434 2.76 - - - - 56.21
Cys 6 8.08 4.56 2.72 - - - - 55.86
Trp 7 8.02 4.40 315,325 - 721 10.16,7.55 7.44 -
Gly 8 812 377,386 - - - - - -
GIn 9 8.08 437 1.96,2.12 232 - - - 55.85
Thr 10 784 415 422 1.14 - - - 63.13




278 Appendix: Structure and interactions of the x-mating pheromone from Fusarium oxysporum

D.3 Chemical shift tables for peptide D-Ala'*?

Table D.15. 'H and '*C chemical shifts (ppm from DSS) for peptide GIn-Pro trans D-Ala"? in H,O,
5°C, pH 5.0.

Residue HN Hax Hp Hy HS He H¢ Hn Cax
D-Ala 1 - 4.09 1.53 - - - - - 51.68
D-Ala 2 878 4.43 1.44 - - - - - 52.86
Thr 3 8.40 4.41 4.16 1.13 - - - - 61.43
Trp 4 850 4.65 3.25 - 7.24 10.23,7.61 747 7.19 57.61
Arg 5 837 4.09 1.50,1.71  1.30 3.01 7.10 - - 55.92
Gly 6 744 359,375 - - - - - - 44.89
Gln 7 8.11 451 1.86,2.03 231 6.95,7.62 - - - 53.55
Pro 8 - 4.25 1.64,2.02 191,198 3.60,3.77 - - - 63.35
Cys 9 8.18  4.40 275,281 - - - - - 58.25
Trp 10 776 452 3.15,335 - 7.18 10.11,7.66 746 - 58.52

Table D.16. 'H and '3C chemical shifts (ppm from DSS) for peptide Gln-Pro cis D-Ala!? in H,O,
5°C, pH 5.0.

Residue HN Hax Hfp Hy Hb He H( Cax
D-Ala 1 - - - - - - - -
D-Ala 2 - - - - - - - -
Thr 3 - 4.34 4.21 - - - - 61.63
Trp 4 8.43 4.63 3.27 - - - - -
Arg 5 821 4.12 146,1.67 134 3.04 7.12 - -
Gly 6 7.14 343,348 - - - - - -
GIn 7 7.95 1.82,1.97 229 6.89,7.56 - - -
Pro 8 - 4.60 1.81,2.23 1.88 3.45,3.60 - - -
Cys 9 837 439 2.83,3.02 - - - - -

Trp 10 7.82  4.46 3.13 - 7.16 10.07 744 -
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Table D.17. 'H and '*C chemical shifts (ppm from DSS) for peptide GIn-Pro trans D-Ala'? in 30 %

TFE, 5 °C, pH 5.0.

Residue HN Hax HB Hy HS He HC Hn Ca
D-Ala 1 - 4.11 1.57 - - - - - 48.74
D-Ala 2 871 446 1.47 - - - - - 49.90
Thr 3 8.23 451 4.19 1.16 - - - - 58.19
Trp 4 8.44 471 3.28 - 7.26 10.20,7.64 747,714 721 54.67
Arg 5 835 4.09 1.52,1.76  1.25,1.31 3.02 7.10 - - 52.97
Gly 6 730 3.55,3.83 - - - - - - 4191
Gln 7 796  4.56 1.92,2.07 231,235 6.83,7.57 - - - 50.43
Pro 8 - 4.28 1.66,2.01 1.93,2.01 3.64,3.78 - - - 60.40
Cys 9 795 449 2.82 - - - - - 54.93
Trp 10 7.60 4.56 3.21,338 - 7.19 10.00, 7.66  7.46 721 5554

Table D.18. 'H and '3C chemical shifts (ppm from DSS) for peptide GIn-Pro cis D-Ala!? in 30 %

TFE, 5 °C, pH 5.0.

Residue HN Hax Hp Hy HS He H¢ Cax
D-Ala 1 - - - - - - - -
D-Ala 2 - 4.37 - - - - - 50.51
Thr 3 8.25 441 4.28 1.18 - - - 58.31
Trp 4 829 4.68 3.32 - 7.25 10.17 747 -
Arg 5 8.16 4.18 1.51,1.74  1.37 3.04 7.16 - 52.70
Gly 6 7.06 345,360 - - - - - -
GIn 7 7.83 435 1.83,2.00 2.3l 6.79,7.49 - - -

Pro 8 - 4.64 1.99,2.12  1.84,191 3.48,3.61 - - 59.79
Cys 9 822 446 2.86 - - - - -
Trp 10 7.67 - 321,339 - 7.18 9.96 744 -
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D.4 Chemical shift tables for peptide D-Ala®’

Table D.19. 'H and '3C chemical shifts (ppm from DSS) for peptide dAla-Pro trans D-Ala®’ in
H,O0, 5 °C, pH 5.0.

Residue HN Ha Hp Hy HS He HC Cax
Trp 1 - 431 331,336 - 7.23 10.27,7.56 747  56.19
Cys 2 8.65 444 267 - - - - 58.09
Thr 3 838 421 421 117 - - - 62.42
Trp 4 8.08 4.63 3.25,331 - 7.24 10.19,7.54 745 57.47
Arg 5 7.85 412 144,162 1.19 295 7.08 - 56.13
D-Ala 6 782 417 1.28 - - - - 52.02
D-Ala 7 8.35 457 1.31 - - - - 50.60
Pro 8 - 430 1.68,2.03 191 3.56,371 - - 63.22
Cys 9 8.15 427 2.68 - - - - 58.45
Trp 10 7.61 445 3.14,329 - 7.14 10.08 743 5847

Table D.20. 'H and !3C chemical shifts (ppm from DSS) for peptide dAla-Pro cis D-Ala®’ in H,O,
5°C, pH 5.0.

Residue HN Hax HpB Hy Hé He HC Cax

Trp 1 - 430 3.31,3.35 - 7.22 10.24 745 -

Cys 2 8.61 440 2.57,2.64 - - - - 58.06
Thr 3 833 418 - 1.12 - - - 62.42
Trp 4 794 463 3.22,3.26 - 7.20 10.20,741 743 -

Arg 5 8.00 424 1.53,1.69 1.30 3.02 7.11 - 55.97
D-Ala 6 8.12 427 130 - - - - 51.66
D-Ala 7 8.44 377 0.88 - - - - 50.51
Pro 8 - 470  1.75,2.09 1.75,1.82 3.37,346 - - -

Cys 9 8.09 443 "2.55284" - - - - 58.88

Trp

—_
S

7.88 443 "3.043.34" - 7.17 10.00,7.63  7.38 -
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Table D.21. 'H and '3C chemical shifts (ppm from DSS) for peptide dAla-Pro trans D-Ala%7 in

30 % TFE, 5 °C, pH 5.0.

Residue HN Ha HB Hy HS He HC Cax
Trp 1 - 431  3.29,338 - 7.24 10.20,7.60 7.48 56.26
Cys 2 857 447 264,270 - - - - 58.04
Thr 3 834 427 427 1.19 - - - 62.56
Trp 4 783 467 3.29,338 - 7.25 10.12,7.57 747 57.54
Arg 5 7.66 419 144,169 1.20 2.96 7.09 - 55.99
D-Ala 6 7.69 426 132 - - - - 51.97
D-Ala 7 816 455 128 - - - - 50.46
Pro 8 - 427 170,196 1.88,191 3.48,371 - - 63.26
Cys 9 793 436 274 - - - - 58.24
Trp 10 751 452 320,333 - 7.15 9.95,7.61 742  58.46

Table D.22. 'H and !3C chemical shifts (ppm from DSS) for peptide dAla-Pro cis D-Ala®” in 30 %

TFE, 5 °C, pH 5.0.

Residue HN Ha Hp Hy HS He H¢ Cax
Trp 1 - - - - - - - -
Cys 2 - 446 2.61 - - - - -
Thr 3 8.3 425 - 1.16 - - - 62.58
Trp 4 774 466 328,337 - - 7.55 - -
Arg 5 776 427 146,172 124 299 7.10 - 55.88
D-Ala 6 7.84 431 136 - - - - 51.82
D-Ala 7 8.2 4.09 1.02 - - - - 50.19
Pro 8 - 473 174,202 1.76 340,348 - - -

Cys 9 797 447 259,285 - - - - -
Trp 10 7.68 448 3.14,336 - 7.16 991,7.60 740 58.76
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