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Summary

Neurotrophins (NTs) are growth factors that regulate key functions of the nervous system. This is
achieved through binding to four cell surface receptors. The capacity of NTs to modulate different
functions of the nervous system has made them appealing as therapeutics for neurodegenerative
disorders. However, due to their large size, administration to patients requires invasive methodologies.
As a result, small molecule NT mimetics that can bind to NT receptors have emerged as a solution. In
this thesis, | have performed computer-aided drug design of novel small-molecule NT mimetics that act
as NT receptor agonists. Specifically, | tested with molecular docking the potential binding sites of the
lead steroidal compound BNN-27, which is a known TrkA agonist and computationally evaluated several
BNN-27 derivatives with the goal to prioritize some of them for organic synthesis. | also performed
virtual screening of 9200 compounds synthesized at University of Caen (UNICAEN), from which |
identified several fragments that could be used as substituents of BNN-27. From those, eight fragments
were determined as TrkA binders via STD-NMR. | performed a further optimization of the best-scoring
fragment and proposed the six most promising compounds for organic synthesis. | also performed
extensive mechanistic studies of BNN-27 analogues that were identified experimentally as TrkA and TrkB
NT receptor agonists. | showed via Molecular Dynamics (MD) simulations that the compounds inserted
readily in the membrane, which suggested that the molecules might bind to the transmembrane (TM)
domain of the NT receptors. Consequently, | used docking and MD simulations to probe for small
molecule binding in the TM domain of TrkA and compared with calculations done on TrkB. The
simulations showed non-specific transient interactions between the compounds and the TM helices of
both TrkA and TrkB, while the simulations that started with the compounds at the interface of the TM
helices showed dissociation of the small molecules and diffusion in the membrane. This suggests that
additional experimental data would be needed to shed light into the NT mimetic mechanism.
Additionally to the small-molecule modeling, | performed mechanistic studies of the p75 NT receptor. |
performed simulations of the glycosylated extracellular (EC) domain of the p75 receptor, which showed
the glycan shielding of the protein is minimal, and instead the glycans might interfere with the binding
kinetics of the NTs to the p75 receptor, which is known to be different than for the rest of the NT
receptors. Then, | studied the dimerization of the TM helices of p75 with coarse-grained MD simulations.
A range of interhelical crossing angles was observed which probably corresponds to the scissors-like

movement that is expected to happen upon receptor activation. Finally, | modeled for the first time the



full-length homodimeric structure of the p75 receptor with its glycans present and a NT bound. | inserted
the whole structure in a neuronal-like membrane and simulated it. The simulations showed that the EC
domains of p75 approach and lie on the membrane, while the intracellular (IC) domains also come close
and interact with the membrane. Interestingly, in some replica simulations the two death domains,
which are initially in contact in a presumably inactive state, dissociate from each other, an event
expected to occur upon p75 activation. This is accompanied by a shorter distance between the TM helix
C-termini. Thus, in this thesis, a potential activation event of the p75 receptor is presented for the first
time in atomic detail, with an allosteric signal propagated through the TM helices to the IC domains. The
neuronal membrane also seems to be involved in the observed activation events. Overall, this thesis
suggests some novel NT mimetics and reveals the dynamics of the p75 NT receptor in a membrane,

which can guide future studies of these systems for the treatment of neurodegenerative disorders.



Zusammenfassung

Neurotrophine (NTs) sind Wachstumsfaktoren, die wichtige Funktionen des Nervensystems regulieren.
Dies wird durch die Bindung an vier Zelloberflaichenrezeptoren erreicht. Die Fahigkeit der NTs,
verschiedene Funktionen des Nervensystems zu regulieren, hat sie als Therapeutika fir
neurodegenerative Erkrankungen interessant gemacht. Aufgrund ihrer GrofRe erfordert die
Verabreichung an Patienten jedoch invasive Methoden. Daher haben sich NT-Mimetika in Form kleiner
Molekile, die an NT-Rezeptoren binden kénnen, als Losung erwiesen. In dieser Arbeit habe ich ein
computergestitztes Wirkstoffdesign flir neuartige niedermolekulare NT-Mimetika durchgefiihrt, die als
NT-Rezeptor-Agonisten wirken. Insbesondere habe ich mit molekularem Docking die potenziellen
Bindungsstellen der fihrenden Steroidverbindung BNN-27 getestet, die ein bekannter TrkA-Agonist ist,
und mehrere BNN-27-Derivate rechnerisch ausgewertet mit dem Ziel, einige von ihnen fir die
organische Synthese zu priorisieren. Auflerdem fiihrte ich ein virtuelles Screening von 9200
Verbindungen durch, die an der Universitdat Caen (UNICAEN) synthetisiert wurden, und identifizierte
mehrere Fragmente, die als Substituenten von BNN-27 verwendet werden kénnten. Davon wurden acht
Fragmente mittels STD-NMR als TrkA-Binder bestimmt. Ich fihrte eine weitere Optimierung des
Fragments mit der besten Bewertung durch und schlug die sechs vielversprechendsten Verbindungen
fir die organische Synthese vor. AuBerdem filihrte ich umfangreiche mechanistische Studien an BNN-27-
Analoga durch, die experimentell als TrkA- und TrkB-NT-Rezeptor-Agonisten identifiziert wurden. Mit
Hilfe von Molekulardynamiksimulationen (MD) konnte ich zeigen, dass sich die Verbindungen leicht in
die Membran einfligen, was darauf hindeutet, dass die Molekiile an die Transmembrandomane (TM)
der NT-Rezeptoren binden kénnten. Daraufhin habe ich mit Hilfe von Docking- und MD-Simulationen die
Bindung kleiner Molekiile in der TM-Domane von TrkA untersucht und mit Berechnungen an TrkB
verglichen. Die Simulationen zeigten unspezifische, voriibergehende Wechselwirkungen zwischen den
Verbindungen und den TM-Helices sowohl von TrkA als auch von TrkB, wahrend die Simulationen, die
mit den Verbindungen an der Schnittstelle der TM-Helices begannen, eine Dissoziation der kleinen
Molekile und eine Diffusion in der Membran zeigten. Dies deutet darauf hin, dass zusatzliche
experimentelle Daten benétigt werden, um den NT-mimetischen Mechanismus zu erhellen. Zusatzlich
zur Modellierung der kleinen Molekiile habe ich mechanistische Studien des p75-NT-Rezeptors
durchgefihrt. Ich fiihrte Simulationen der glykosylierten extrazellularen (EC) Domane des p75-Rezeptors

durch, die zeigten, dass die Glykanabschirmung des Proteins minimal ist, und dass die Glykane



stattdessen die Bindungskinetik der NTs an den p75-Rezeptor stéren konnten, die sich bekanntermalien
von der der lbrigen NT-Rezeptoren unterscheidet. AnschlieBend habe ich die Dimerisierung der TM-
Helices von p75 mit grobkérnigen MD-Simulationen untersucht. Es wurde eine Reihe von interhelikalen
Kreuzungswinkeln beobachtet, die wahrscheinlich der scherenartigen Bewegung entsprechen, die bei
der Aktivierung des Rezeptors erwartet wird. SchlieBlich habe ich zum ersten Mal die homodimere
Struktur des p75-Rezeptors in voller Linge modelliert, wobei die Glykane vorhanden sind und ein NT
gebunden ist. Ich fligte die gesamte Struktur in eine neuronendhnliche Membran ein und simulierte sie.
Die Simulationen zeigten, dass die EC-Domanen von p75 sich der Membran nahern und auf ihr liegen,
wahrend die intrazelluldren (IC) Doméanen ebenfalls in die Nahe der Membran kommen und mit ihr
interagieren. Interessanterweise dissoziieren die beiden Todesdomanen, die sich in einem vermutlich
inaktiven Zustand zunachst beriihren, in einigen Nachbildungssimulationen voneinander, was bei einer
Aktivierung von p75 zu erwarten ist. Dies geht mit einem kirzeren Abstand zwischen den C-Termini der
TM-Helix einher. In dieser Arbeit wird also zum ersten Mal ein potenzielles Aktivierungsereignis des p75-
Rezeptors im atomaren Detail dargestellt, bei dem ein allosterisches Signal durch die TM-Helixen zu den
IC-Domadnen weitergeleitet wird. Auch die neuronale Membran scheint an den beobachteten
Aktivierungsvorgangen beteiligt zu sein. Insgesamt schlagt diese Arbeit einige neuartige NT-Mimetika
vor und zeigt die Dynamik des p75-NT-Rezeptors in einer Membran auf, was fiir kiinftige Studien dieser

Systeme zur Behandlung neurodegenerativer Erkrankungen von Nutzen sein kann.



1 Introduction

1.1 Neurotrophins: regulators of Neurotrophin receptors

Neurotrophins (NTs) are a family of functionally and structurally related proteins of the central and
peripheral nervous systems (CNS, PNS), which are secreted from neurons, glia and various tissues of the
nervous system. Although these factors were initially described as promoting survival and outgrowth of
developing neurons to guarantee appropriate innervation of target tissues, now it is well known that
they also partake in different stages of the maintenance of the nervous system® as well as the regulation
of neuronal function and apoptosis.™ In mammals, four NTs have been identified: the Nerve Growth
Factor (NGF), the Brain-Derived Neurotrophic Factor (BDNF), the neurotrophin-3 (NT-3) and the
neurotrophin-4/5 (NT-4/5).

The four NTs are initially produced as pre-proproteins, which are converted to pro-neurotrophins,
after cleavage of an N-terminal signal peptide. Pro-NTs are further processed by proteases to afford the

mature, homodimeric NTs, with a size of 12—13 kDa and monomer length of 118-129 amino acids.>3

The NGF is the member of the family that spearheaded the research around NTs. It was discovered
to be responsible for the survival and maturation of developing sensory and sympathetic neurons in the
PNS.>® NGF was found to promote the survival of some but not all sensory neurons,! which eventually
led to the discovery of the rest neurotrophic factors.” BDNF was discovered as a trophic factor for
placode-derived sensory neurons.® Later NT-3 and NT-4/5 were found to be expressed mainly in the

brain.> 13

The discovery of NGF led to the investigation of the receptors that mediate its actions through
studies in sympathetic neurons'* and PC12 cells.>® Initially, the p75 receptor was identified by two
independent laboratories,'”'8 and was thought as the only receptor of NGF. However, it was found later
that the family of the Tropomyosin Receptor Kinases (Trk), TrkA, TrkB and TrkC, which are receptor
tyrosine kinases, also bind NGF and the other neurotrophins.’®>?! Nowadays, it is known that each NT
binds preferentially to a certain Trk receptor: NGF binds to TrkA, BDNF and NT-4/5 both bind to TrkB,
and NT-3 binds to TrkC. Based on the cellular context, these interactions can activate different signaling

pathways.??
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1.2 The p75 pan-neurotrophin receptor

All pro-NTs and NTs can bind to the p75 receptor, but only mature neurotrophins bind to a specific
Trk receptor each. Neurotrophins bind to p75 with similar affinities of about 10° M but with somewhat
different kinetics.?! The interactions of NTs with their receptors can affect neuronal survival and
differentiation, neurite outgrowth, and synaptic plasticity.?? Next, | focus on reviewing the structure,
signaling mechanisms and functional consequences of the signaling of NT receptors on the CNS and PNS.
Special focus is put on the p75 receptor, since this is the receptor which | studied mechanistically in this

thesis.

In addition to their physiological role, NTs have also been associated with neurological disorders,
such as Alzheimer’s disease, Parkinson’s disease, epilepsy, and cancers of the CNS, etc. The investigation
of the molecular mechanisms of NTs may lead to solutions that will help in the treatment of human

nervous system diseases.

1.2 The p75 pan-neurotrophin receptor

The p75 receptor is a Type | transmembrane glycoprotein receptor which means that its N-terminus
is outside the cell while the C-terminus is inside. p75 has a molecular weight of 75 kDa. Although it was
originally characterized as the NGF receptor, today p75 is classified as the 16! member of the Tumour
Necrosis Factor Receptor Superfamily (TNFRSF).22> Members of TNFRSF participate in several biological
responses ranging from cell death to cell survival. The superfamily is divided in two major groups on the
grounds of the presence or not of a specific domain in the intracellular region called the death domain.
Receptors without a death domain are called survival receptors and include TNFR2, RANK, TACI, and
others. Receptors containing a death domain are called death receptors and include TNFR1, Fas, p75 and
others.?* Members of the TNFR superfamily do not have enzymatic activity, i.e. they are non-catalytic
receptors. Instead, activation takes place by recruiting signaling adaptor proteins to the intracellular

regions.?

Since the p75 receptor lacks a catalytic domain, it was thought at first to function as a binding partner
for TrkA, facilitating the association with NGF and inducing activation of TrkA.?® However, there were
several indications that p75 serves other purposes. The receptor is expressed widely in developing
peripheral neurons, and within the CNS.?? It is expressed in a variety of cell types as neural stem cells,

astrocytes, oligodendrocyte precursors, Schwann cells and glia.»?728 p75 is also expressed in several non-
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1 Introduction

neural tissues during development, such as kidney and muscle.?/?° In addition, the upregulation of p75
in injury suggests its functional role in such conditions®® Finally, there are particular amino acid
sequences of the intracellular domain of p75, that are highly conserved across species.3'3? Further study
of p75 has revealed that it regulates an array of cellular responses, including cell survival, cell cycle,
neurite outgrowth, myelination, synaptic function,! but also cell death and apoptosis in the absence of

Trk receptors.33

The signaling that is facilitated by p75 depends on both the cellular context as well as the presence
of different co-receptors and ligands, with which complexes are formed, as in the cases of sortilin/pro-
NGF in cell death3* or TrkA/NGF in survival.>®> The p75 receptor also experiences Receptor
Intramembrane Proteolysis (RIP). As a result, the intracellular domain (ICD) of p75, which has signaling

properties of its own, is released.3®

1.3 Structural and functional profile of neurotrophins and

their receptors

Structure of neurotrophins

Neurotrophins share approximately 50% sequence similarity, and form non-covalently bound
homodimers with highly homologous structure. However, even though they generally exist as
homodimers, at least some NT monomers are able to form heterodimers with other NT monomers.! The
structures of NGF, NT-3, and NT-4 homodimers and of NT-3/BDNF and NT-4/BDNF heterodimers have

been solved, showcasing this.3-

As soon as the biologically active forms of NTs are secreted in the extracellular space, these stable
homodimers are formed and operate as signal-inducing molecules. Interestingly, secreted forms of pro-
NTs can exhibit opposing biological effects compared to those mediated by mature NTs.*? This suggests

that proteolytic processing of pro-NTs controls the direct downstream signalling effect.*3

Neurotrophins contain a tertiary fold structure known as “cystine-knot” (Figure 1.1), which consists
of three disulphide bonds between cysteines. The cystine-knot fold superfamily has the feature of two

pairs of antiparallel B-strands bundled through these three disulfide bridges.**
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1.3 Structural and functional profile of
neurotrophins and their receptors

The X-ray crystal structure of NGF was first solved in the 90s.37*> The NGF monomer comprises seven
B-strands, creating three antiparallel pairs of B-strands (Figure 1.1). The central hydrophobic core of the
NGF monomer is formed by the cystine-knot motif i.e., the two pairs of twisted, antiparallel B-strands
(labeled B1—PB4). A reverse turn (loop lll) is on one side of this region, and three B-hairpin loops (loops |,
[, and IV) are on the other side. The cystine-knot motif and hydrogen bonds among side chains create

the hydrophobic core and lead to the final three dimensional structure of NGF and neurotrophins.3”4

NGF is a non-covalent head-to-head homodimer. The main core of each monomer consists of -
strands that maintain its conformation. The residues that form the B-strands constitute the hydrophobic
core and are highly conserved, while the loops are highly variable. Two parallel NGF homodimers interact
through hydrophobic interactions, which leads to a high association constant for the two homodimers.
Distinctive features of NGF are its long, disordered loops (I, Il, lll, and 1V) (Figure 1.1), important for
binding to NT receptors. Variable regions are located in the three B-hairpin loops I, Il and IV, and the

reverse turn loop I11.4
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1 Introduction

Loop Il

Figure 1.1: X-ray structure of NGF (PDB ID: 2IFG)* in cartoon representation with molecular surface. The
two NGF monomers are shown in magenta and purple colors, and the position of the loops, the

hydrophobic core and the cystine-knot are marked.

Structure of neurotrophin receptors

There are two groups of receptors to which NTs bind, the Tropomyosin receptor kinase receptors
(Trks) and the p75 NT receptor (p75), with different signalling pathways occurring, that lead to different
physiological responses.?® Both the Trks and the p75 receptors are type | single-pass transmembrane
glycoproteins of 140 and 75 kDa, respectively. They both have an extracellular (EC), a transmembrane
(TM) and an intracellular (IC) domain(Figure 1.2). The Trk receptors are receptor tyrosine kinases (RTKs),
which means that they have a kinase domain in their IC segment with phosphocatalytic activity. The p75
receptor is a Tumour Necrosis Factor Receptor (TNFR) and it instead has a death domain intracellularly

with no catalytic activity.*#>0
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1.3 Structural and functional profile of
neurotrophins and their receptors

e ,Yl'm’ Bound NT

SOLLLD

1 Membrane £k
DB A G G e e e © ) C (LY B R e
TM helix

domain

Trk receptors p75 receptor

\ \- Survival /

Diffe rentlatlon\ Apoptosis

Synaptic plasticity

Figure 1.2: Full-length structural representation of the Trk (left) and p75 (right) receptors with NTs
bound.>! The structured parts of the receptors as well as the NTs are shown in cartoon representation
with molecular surface. The EC segment of Trk receptors comprises five domains (D1-D5), while that of
p75 four cysteine-rich domains (CRD1-CRD4). Both possess an a-helical TM domain. The IC segment of
Trk contains a kinase domain, while that of p75 a death domain. Upon NT binding, the receptors are
activated, leading to a diverse set of signaling cascades. In this figure | created the schematic structure

of p75.

The EC domain of the Trks comprises an N-terminus signal peptide, which is 32 amino acids long and
is cleaved, and five structured subdomains. Starting from the N-terminus, there are three grouped
subdomains, D1-D3, with D1 and D3 being cysteine-rich regions, while D2 — which is located between

the other two —is a leucine-rich repeat (Figure 1.2 and Figure 1.3). After the D1-D3 group, there are two
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immunoglobulin (IgG)-like subdomains, D4 (Ig-C1) and D5 (Ig-C2) (Figure 1.2 and Figure 1.3). The
subdomains of the structured EC segment of the Trks are glycosylated (Figure 1.3). The NT binds in the
homodimeric state of the receptor, and specifically in the D5 domain (Figure 1.2 and Figure 1.3). After
the D5 domain, there is a disordered linker connecting the structured EC part with the TM a-helix (Figure
1.2). Another disordered linker — the juxta-membrane (JM) domain — connects the TM domain with the

IC kinase domain.

TrkA-EC

D4
(1g-C1)

Figure 1.3: Crystal structure of the TrkA-EC homodimer bound to NGF (PDB ID: 2IFG)* depicted in
cartoon representation with molecular surface. The two TrkA monomers are shown in green and orange
colors, while the two NGF monomers in magenta and purple. Also shown are the solved N-glycans of the
structure, in stick and 3D-Symbol Nomenclature For Glycans (3D-SNFG) representations. The blue cubes

and green spheres correspond to N-acetyl glucosamine (GlcNac) and mannose (Man), respectively.

The p75 receptor is also composed of a 28-amino acid signal peptide, which is cleaved, followed by

four cysteine-rich domains (CRD1-CRD4) (Figure 1.2), a structure common in the TNFR family.>> The
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extracellular region of p75 is almost identical in all the three known crystal structures of p75-EC
complexed with NGF, NT-3 and pro-NGF (p75-EC:NGF,>3>* p75-EC:NT-3,> and p75-EC:pro-NGF>®) (Figure
1.4). The p75-ECis made up of all four CRDs, in an elongated structure (Figure 1.2 and Figure 1.4). Twelve
pairs of disulfide bonds (“disulfide ladder”) are evenly spaced along the p75-EC inducing a rigid structure

in the EC domain rather than a flexible one, despite the presence of several loops (Figure 1.5).2>%

Figure 1.4: Crystal structures of p75 bound to different NTs. (A) NGF homodimer (magenta-purple) in
complex with the full extracellular p75-EC monomer (green) (PDB ID: 15G1).>® (B) NT-3 homodimer
(magenta-purple) in complex with the p75-EC homodimer (green-orange) (PDB ID: 3BUK).>> (C) Pro-NGF
homodimer (magenta-purple) in complex with the full extracellular p75-EC monomer (green) (PDB ID:
31J2).°¢ All proteins are depicted in cartoon representation with molecular surface. The N-glycan from
the 3BUK structure is shown in stick and 3D-Symbol Nomenclature For Glycans (3D-SNFG)
representations. Only the first sugar is solved shown as a blue cube corresponding to N-acetyl

glucosamine (GIcNAc).
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Figure 1.5: “Disulfide ladder” in the EC domain of p75. Crystal structure of p75-EC in green carton
representation with the twelve disulfide bonds in light green ball and stick representation (PDB ID:

15G1).53

Because of the dimeric nature of NTs, and the 2:2 stoichiometry of p75-EC:NT-3, and p75-EC:pro-NGF
complexes observed by X-ray crystallography,>>°® it is proposed that the p75-homodimer probably
represents the active form of the receptor, despite the existence of a crystal structure of monomeric
p75-EC bound to NGF.>3 The identification of a constitutively formed disulfide-linked p75-homodimer in
the absence of NTs was an important step in that direction.>” Full-length p75 homodimers disulfide-
linked through the highly conserved Cys 257 (rat numbering) in the TM domain were reported in
2009.°7°8 In 2016, the NMR structure of the p75-TM helical homodimer was solved.>® The structure

shows that the TM domain of p75 forms covalent dimers bonded at the Cys 257 (Figure 1.6).
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Disulfide
bond

Membrane

Figure 1.6: Disulfide-linked p75-TM homodimer. NMR structure (PDB ID: 2MIC)>° of the TM a-helices of
the p75 homodimer in cartoon representation (green-orange) and the disulfide bond at C257 in ball and

stick representation. The TM region is demarcated with dashed lines.

The p75-IC domain is composed of two different regions. A flexible, intrinsically disordered region of
about 60 residues presenting no secondary structure, called the juxta-membrane domain (JM), and a
region that comprises the death domain (DD).2>*® The relaxation kinetics of the entire p75-IC was
determined and found that p75-JM is flexible even when linked to the TM and DD domains.?>® No
interaction between the p75-JM and the p75-DD was found. Nevertheless, the p75-JM domain contains
several motifs that mediate downstream signaling through binding with adaptor proteins like, NRIF,%?

SC-1,52 TRAF4,%3 and TRAF6.%

A 29-amino acid linker in the p75-JM, called the Chopper domain, has been found to induce rapid cell
death.32 When the Chopper domain binds to the plasma membrane by a lipid anchor, it can induce cell
death activity. Cys 279 of p75-JM is post-translationally modified by palmitoylation, and this cysteine
may be responsible for the recruitment of a cell death-inducing machinery, if the Chopper domain
remains membrane bound or in certain cholesterol- and sphingolipid-rich microdomains known as lipid

rafts.6®
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The most interesting structure of p75-IC domain is the type Il death domain (p75-DD). The first
structure determined was that of rat p75-DD, as a monomer in pure water by NMR spectroscopy.®® It is
composed of six antiparallel a-helices labeled al through a6, including a helical Greek-key motif, anN-

terminal 310 helix and a C-terminal tail of seven amino acids (Figure 1.7).%¢

al| |[a4]| |Ja3] |a2| |ab5

a Helix <7 3,, Helix

Figure 1.7: Structure of the p75 death domain. (A) Topology of monomeric p75-DD. (B) Solution NMR
structure of the monomeric rat p75-DD (PDB ID: 1NGR).%¢

The structure of the rat p75-DD was the second one solved after Fas-DD, confirming that in the DD
superfamily, the 3D folding of the DD is more conserved than its protein sequence.? In contrast to Fas-
DD, which was able to self-associate under near-physiological conditions,®” no self-association of the
p75-DD was observed under the same conditions.?>%® Although the structure of the p75-JM domain is
completely flexible and disordered in vitro, an asymmetric non-bonded p75-DD dimer®® and a symmetric
non-bonded self-associated dimer®® were observed in crystals and in a buffer solution containing
phosphate ions (pH 8.0) respectively. In 2015, the NMR structure and the binding interface of the dimer
of p75-DD was revealed.” It was confirmed that phosphate ions are necessary at pH 6.9 for the p75-DD
dimer to be formed and not when other buffered molecules were present, suggesting that phosphate
ions may stabilize the dimer structure.’® The structure of the symmetric p75-DD homodimer reveals the

existence of low-affinity interactions involving residues in helix a3 and the al-02 and a3—a4 loops.?>7°
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The DDs in the p75-DD homodimer use the residues in the a3 helix, making this complex a new type of

homotypic interaction compared to the other members of the DD superfamily.*®¢”

Glycosylation of neurotrophin receptors

The NT receptors are glycoproteins, which means that they have covalently attached sugar moieties,
called glycans. Two types of glycans exist: N-glycans, which bind to the side-chain N atom of asparagines,
and O-glycans, which bind to the side-chain O atom of serines or threonines.” In most cases, N-glycans
can be found in Asn-X-Ser/Thr sequences (with “X” denoting any amino acid except Pro), although not
all such Asn residues are N-glycosylated.”* On the other hand, no specific sequences for O-glycans have
been identified, but instead there is a preference for certain residues such as Pro that has been observed
near the serines/threonines to which the O-glycans bind.”! There are three types of N-glycans in
eukaryotic cells: (1) oligomannose, (2) complex and (3) hybrid. All three types share a common core
sequence, Manal-3(Manal-6)ManB1-4GIcNAcB1-4GIcNAcB1-Asn-X-Ser/Thr, and differ on how they
extend it: in oligomannose the core is extended by additional Man residues bound to the ones of the
core; in the complex type by a Fuc bound to the first GIcNac and “antennae” initiated by GIcNAc bound
to the Man of the core; and in the hybrid type by additional Man residues bound to the Man of the

Manal-6 arm of the core and one or two GlcNAc-initiated antennae at the Manal-3 arm (Figure 1.8).
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Oligomannose Complex

Asn Asn Asn

Figure 1.8: Structures of the three types of N-glycans in Symbol Nomenclature for Glycans (SNFG)
representation, with their common core enclosed in a dashed-line box.”* The numbers in each glycosidic
bond signify the atoms of the two sugars forming it, while the letters A and B the configuration (alpha
or beta, respectively) of the anomeric carbon. The blue boxes correspond to N-acetyl-glucosamine (Glc-
NAc), the green circles to mannose (Man), the yellow circles to galactose (Gal), the purple rhombus to
sialic acid (Neu5Ac) and the red triangle to fucose monosaccharides (Fuc). Figure adapted from Christina

Athanasiou.”?

The p75 neurotrophin receptor has been identified to have both N- and O- glycosylation
oligosaccharides in its extracellular (EC) segments, with a single N-glycan close at the very N-terminal
Cysteine-rich domain (Asn 60) and several O-glycans (the exact number is not known) at the linker
connecting the EC and transmembrane (TM) domains.”>®% In contrast, the Trk receptors are known to
have multiple N-glycosylation sites at their EC domains without O-glycans present.*7478 The EC domain
of TrkA has 13 putative sites, with only 9 of them being actually glycosylated,®° and 6 of them determined

in an x-ray structure of TrkA.*” TrkB has 12 putative sites with only 10 positions being actually
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glycosylated and known.”*”8 There is also evidence of glycosylation presence in the pro-domain of pro-
neurotrophins.81-83 The single N-glycosylation of p75 has a complex glycan type,”® while its O-glycans in
the linker were found to contain sialic acids and have this core: GalB1-3GalNAc-O-Ser/Thr.8* The exact
role of the N-glycosylation in p57 is not clear, as its deletion does not have any effect on receptor cell
partitioning as found for TrkA.”>8 On the other hand, the O-glycosylation has been suggested to help
with the proper folding on the EC linker’®8* and the apical sorting of p75.”>~"” The exact glycan types on

TrkA and TrkB are not known, except for the existence of sialic acid.8>8¢

Structure-function relationship of the p75 receptor

The p75 receptor is responsible for inducing signal transduction through binding directly with
extracellular ligands including all neurotrophins,”®>>°> pro-neurotrophins,”® amyloid-beta (AB)
peptide,®”87.88 or indirectly with members of a subclass of myelin-derived growth inhibitory proteins like
MAG (Myelin-Associated Glycoprotein), Nogo-A and OMgp (Oligodendrocyte myelin glycoprotein).*>8°
Also, p75 can function together with the TrkA, TrkB and TrkC neurotrophin receptors.29°2 The two types
of receptors can signal synergistically, independently or antagonistically to each other in different

cellular contexts.t”%3

p75-TrkA complex formation increases affinity of TrkA for NGF

p75 signaling is mostly mediated by ligand binding, but other structural factors can also influence
these signals. Trk receptors and p75 bind NTs with similar affinity (K¢ = 10° M).?* However, in sensory
neurons and PC12 cells that express endogenously both receptors, p75 is acting as a co-receptor for
Trks.3> The affinity of NGF for TrkA has been shown to increase in the presence of p75, leading to high-
affinity binding sites for NGF (K4 = 10 M) and enhanced specificity of Trks for cognate NTs.3>% This
interaction of Trks with p75 increases their affinity for NTs while at the same time it can lead to reduced
ligand-dependent Trk internalization and degradation.’®®” The co-expression of TrkA and p75 and their
synergistic association is able to modulate TrkA to obtain increased sensitivity to lower concentrations
of NGF.3>%8 This function of p75 is very important for developing neurons where limited amounts of
neurotrophins are present and could be the leading idea in the design of therapeutic molecules targeting
diseases where TrkA expression is limited.?>®° It has been reported that co-expression of p75 also

increases the affinity and specificity of TrkB for BDNF, in A293 cells.?®100
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After decades of research, it is now clear that p75’s ability to increase the affinity of Trks with NTs
can impact cell fate in vivo. Nevertheless, the mechanism of Trk—=NT interaction modulation by p75
remains unknown. The significance of this interaction in development, cell maintenance, and the
response to disease where NTs or Trk receptor expression is altered, make it important to understand

how high-affinity binding sites are achieved.?

p75 receptor undergoes Regulated Intramembrane Proteolysis (RIP)

The p75 receptor belongs to a group of proteins which includes among others amyloid precursor
protein, Notch, and ErbB4 receptor tyrosine-protein kinase, that undergo RIP (Regulated Intramembrane
Proteolysis).810%102 R|p s 3 two-step procedure yielding two soluble fragments: the cleaved EC domain
of p75 and a cytosolic fragment corresponding to the IC domain. First, the a-secretase TACE/ADAM17
(tumor necrosis factor-a converting enzyme/a-disintegrin and metallopeptidase domain) cleaves within
the EC linker between the EC and TM domains, thereby shedding the p75-EC and yielding a C-terminal
fragment tethered to the cell membrane.0271% The second step involves presenilin-dependent y-
secretase cleavage within the TM domain and release of the soluble p75-IC fragment into the
cytoplasm.?193 After three decades of studying the process, it is well understood that each cleaved
fragment serves a distinct functional purpose, with the p75-IC acquiring signaling capacity in relation

with the ligand and co-receptor interactions.

RIP of p75 enhances TrkA receptor high-affinity binding for NGF

Several studies have demonstrated that p75 receptor RIP enhances Trk signaling.1®-208 The IC
domain fragment is the modulating factor that stimulates functional outcomes associated with TrkA
high-affinity binding mode for NGF.1% On the other hand, PC12 cell assays have shown reduced NGF
affinity and shorter neurite outgrowth function upon NGF stimulation at the presence of a p75 mutant,

which is unable to undergo RIP, compared to wild type.?332

Particularly, several studies indicate that the p75-TM and the chopper domain of p75-IC appear to
be both sufficient and necessary to mediate high-affinity TrkA/p75 receptor complex
formation.?36>105106 |t is recognized that both pro-neurotrophins and mature neurotrophins increase

p75 subsequent processing by a-secretase TACE/ADAM17 and y-secretase.107-112
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Implication of ligand binding in stoichiometry and activation of p75

Despite the vast number of structural and biochemical studies, a globally accepted mechanism for
p75 activation by ligands is still a matter of discussion. The question of stoichiometry of the p75 receptor
still remains a matter of debate. The association of p75 with its ligands is still elusive, since monomeric,
dimeric, and trimeric structures have been reported complexed with its cognate ligands. Isolated p75
exists mainly as a monomer up to 2.5 mM,%® in pure water or a non-phosphate buffer.>”6670.113 |t can
also exist in monomeric and dimeric forms in phosphate buffer with weak affinity (Kg = 50 puM).%®
However, the homodimerization affinity of the real system anchored in the cell membrane can differ.®’
Even before the p75 receptor was identified, NGF was known to be a non-covalent dimer in a complex
with other proteins.!'411> Cross-linking experiments suggested later that a dimer of p75 is associated
with a dimer of NGF.18116 Based on crystallographic studies it was shown that the cysteine-rich repeats

CRD2, CRD3, and CRD4 of p75-EC constitute the binding sites of cognate ligands.>3>>

On the cell surface, p75 exists as a homodimer that binds NTs in a 2:2 stoichiometry, as revealed by
the crystal structures of p75-EC bound to NT-3 and pro-NGF.>>>® However, p75 was shown to be also
able to bind NGF in a 1:2 stoichiometry.>® Although this 1:2 stoichiometry between ligand-receptor
complex has been proposed to be the outcome of using non-glycosylated p75 in that study,>” it was also
shown that glycosylated p75 can form both an asymmetrical and a symmetrical receptor-ligand
complex.®® Thus, it was proposed that asymmetrical ligand binding may be an intermediate step towards
a symmetrical 2:2 receptor/ligand complex.>®'*” However, it remains still unclear whether the

asymmetric complex possesses the ability to signal.1’

As described above, the cross-talk between the p75 and TrkA receptors creates high-affinity binding
sites for NTs. Initially it was proposed that NGF dimer binds a p75/TrkA high affinity site complex-
formation.>> However, the proposed ternary complex between NGF, TrkA, and p75 has never been
observed via structural biology techniques. In addition, NGF and NT-3 have antiparallel orientations in
the available crystal structures of the NGF/TrkA-EC,*’ and NT-3/p75-EC> binary complexes. Comparison
of the 2:2 NT-3/p75-EC complex structure and the crystal structure of NGF/TrkA-EC complex, shows that
there are mutually exclusive binding sites on the ligand dimer.>® It is therefore impossible for a
p75/NT/TrkA ternary complex to form high-affinity binding sites or even an instantaneous intermediate
binding state through interactions between EC domains of the receptors. This brings into the question:
how a ternary complex could assemble.*” The findings suggest that the p75 ligand-binding site on TrkA

can potentially lead to an altered conformation of TrkA in the presence of fragmented p75.%
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Concerning the activation of p75 leading to recruitment of downstream signaling effectors, it has
been suggested that in the absence of ligands, and even before receptor activation by NTs or other signal
stimulating ligands, the p75-DD could form a rather stable dimer through weak homotypic interactions
in cellular context.””’%18 This homodimerization affinity of the p75-DD could prevent exposure of
binding regions for signaling proteins prior to receptor activation in response to extracellular signals. The
disulfide bond at the TM helices was considered the determinant factor for functional p75-DD.>°
Without the formation of this disulfide bond, p75-DD may be independent of p75-TM movements,

leading to lack of response to NGF stimulation, after binding to the EC domain.

It was proposed that the p75-TM dimer is formed via a conserved cysteine residue in the TM domain
(Cys 256 in human numbering, corresponding to residues Cys 257 in rat and Cys 259 in mouse
sequences), which plays the role of a scissor’s fulcrum, facilitating a pivotal conformational change
propagated from the p75-EC domain to the IC domain upon ligand binding.>” Mutating the Cys 256 has
been shown to abolish NT-mediated apoptosis by p75 in neurons and a mouse model.*° FRET assays
also showed that the IC domains of p75 dissociate upon NGF binding, which is not possible in the C256A
(C257A in the study that used the rat p75) mutant.>” This suggested that the disulfide bond in the highly
conserved cysteine residue functions as the pin in the scissors. When the disulfide bond is deleted,
relative movements at one end cannot be propagated to the other. However, unlike normal scissors, it
was suggested that as the EC domains come closer together, the IC domains separate, like a ““snail-tong”

utensil.’

Upon ligand binding, like NGF, the putative p75-EC dimer undergoes conformational changes from
an open to a closed state,”>>” which propagate to the TM and IC domains, leading to IC domain
separation and exposure of regions for binding of DD-interacting proteins.>” The p75-DD can partake in
and regulate different signaling cascades by interacting with different molecules intracellularly.®’ This
model of allosteric regulation of the p75-DD is proposed for different cellular contexts, including neuron
and cancer cells,®” even though it has been challenged by the flexibility of the p75-JM and Chopper
domains.®® According to this report, it is unclear how the flexible p75-JM region can allow propagation

of conformational changes from the p75-EC to the IC domain.>”-¢’

In a recent study an alternative model for receptor activation was proposed. In this study, upon NGF
stimulation, p75 monomers preferentially concentrate into membrane microdomains, like lipid rafts,
with Cys 256 and Gly 265 residues (human numbering) playing a crucial role in this

compartmentalization.!*3 Also, in another recent study it was claimed that the ““snail-tong”” model is not
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supported by experimental data, as there is no interaction between the DDs of p75 in any cellular context
and the model should be revised.!'® Another model of functioning p75 was proposed suggesting that
p75 dimerization requires a “helper” protein, with ligand binding leading to “helper” release, allowing
p75 dimer to interact with IC-interacting proteins.!' Although members of the TNFR family usually
initiate downstream transduction signalling through trimerization and higher-order oligomerization, it
seems that experimental data remains inconclusive regarding the role of p75-DD self-association for

receptor function.'*®

It is possible that the p75 function is a multivariable problem. Different cell context imposes a
different functional behavior of p75. Cellular types are differentiated in terms of lipid composition,
glycosylation profile, existing adaptor proteins and chaperone proteins. p75 has been found in
association with different plasma membrane proteins like Sortilin, LINGO1 protein, Nogo-R1 receptor
not to mention the Trk receptors family and their ligands and adaptor proteins. All these variables taken
into account affect p75 stoichiometry, adapted conformation, and signaling profile. It is known that
conformational alterations can change receptor’s localization,>” and ligand binding.>® Another important
variable is the expression level of p75. The receptor is up-regulated in many cell types after injury or

disease and its expression is triggered by inflammation or tissue damage.

p75-DD heterotypic complexes with signal effectors

The p75 receptor does not possess any catalytic activity, however there are several protein-binding
sites in the p75-1C domain, which are implicated in the initiation of signaling through p75.12-122 The p75-
DD is the main feature involved in contacts with interactor molecules. Nevertheless, there are also
several motifs within the p75-IC domain, which are mostly related to the chopper domain, able to

mediate downstream signaling through binding with adaptor proteins.'?3

In 2015, two complex structures of p75-DD with Rho-GDI (for the RhoA pathway), and RIP2-CARD
(for the NF-kB pathway) were disclosed.”® Structural calculations in the complex structure of p75-
DD/Rho-GDI suggest that Rho-GDI could potentially bind the small GTP-binding protein RhoA forming a
trimeric complex of p75-DD/Rho-GDI/RhoA in solution due to non-competing binding sites of the p75-
DD and RhoA on the Rho-GDI surface.?”7% The second structure of the p75-DD/RIP2-CARD complex
provided a structural mechanism for the p75-mediated NF-«B pathway through RIP2-CARD, and it is the

first described heterotypic complex between different proteins of the DD family.6”7°
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After these two described complexes, in recent years a variety of adaptors have been identified that
interact with p75-DD and lead to signaling in different cell types. These adaptors include TRADD (TNF
receptor associated death domain), p45 (also known as neurotrophin receptor homologue 2: NRH2, or
neurotrophin receptor alike DD protein: NRADD), calmodulin, p38B2 a mitogen-activated protein kinase
(MAPK), BEX3 (brain expressed X-linked protein 3, also known as p75-associated cell death executor:
NADE), NRIF (neurotrophin receptor interacting factor), RanBPM (ran-binding protein microtubule-
organizing center) and others.®” However, the structures of the complexes between these adaptors and
the p75-DD are for most of them still not solved. Thus, p75-DD functions as an intracellular interaction

and signaling hub for the modulation of different downstream signaling regulators.

In a more recent study the structure of p75-DD bound to TRADD-DD has been reported.'?* In this
study, the DD interaction interface between the p75-DD and TRADD-DD is mainly formed by helices al,
a6, and the a3-a4 loop of the p75-DD, and by helix a5, and the a2-a3, and a4-a5 loops (a characteristic
B-hairpin motif), of the TRADD-DD.*?* TRADD is a multi-functional adaptor protein, consisting of two
domains connected by a long linker peptide.t”12>126 |t has multiple interacting proteins and is involved
in different and divergent signaling pathways, including NF-kB mediated survival pathway,?* but also

apoptosis through mitogen-activated protein kinase (MAPK) activation.?7128

Interaction of p75 with Sortilin, LINGO proteins and Nogo receptor

Sortilin is a multitask protein implicated in the physiology of the nervous system,3* but also in
neurodegenerative disorders and colorectal and other cancers.'?® Sortilin has been shown to associate
with p75 and induce neuronal apoptosis through binding with pro-NGF,'3° and pro-BDNF.'3%132 The
structure of the ternary complex p75/pro-NTs/Sortilin is not completely solved. In 2012, part of the
interface between p75 and Sortilin to a few residues within their EC domains were reported.3® Previously

it was established that pro-NGF binds both Sortilin and the mature form of p75-EC in a 1:2:1 complex.>®

Neural axons of the central nervous system are unable to regenerate upon injury due to the repulsive
action of myelin inhibitors, such as MAG, Nogo-A and the OMgp.?° These inhibitors bind and signal
through a receptor/co-receptor complex that comprises the Nogo-R1 receptor, the LINGO-1 trans-
membrane protein and p75. The stimulated complex is triggering intracellular downstream signaling that
inhibits re-growth of axons.'33 A structure of p75 in complex with NgR1 or LINGO-1 has not been

reported yet.
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Neurotrophin receptor function in lipid rafts

NT receptors have been detected to localize to membrane compartments on the cell surface that
are ordered and have higher concentrations of cholesterol and sphingolipids. These compartments have
been called in the literature lipid rafts.'34138 The p75 receptor partitions in lipid rafts, which is modulated
by the cAMP-dependent protein kinase A (PKA).13° Also, the shedding mechanism of p75 is affected by

its localization in raft domains.140

For the TrkA receptor, it has been shown that translocation to lipid rafts enabled by association with
flotillin and the adapter protein c-Cbl-associated protein (CAP), is necessary for the activation of the ERK
sugnaling mechanism.'*! Deletion of the interacting domains of CAP does not allow TrkA translocation
to rafts and consequently ERK activation. Caveolin proteins that are localized in lipid raft domains have
been aslo identified to regulate NGF activity by partitioning the TrkA and p75 NT receptors together with

other membrane proteins related to NT signaling.*?

Binding of BDNF to TrkB leads to transolation if the latter to lipid rafts, an effect that can be hindered
by TrkB kinase inhibitors.1*3 Rafts also regulate TrkB signalling related to neurotransmitter release and
synaptic response to tetanus.*® Hypoxic conditions can distort TrkB presence in lipid rafts, which can

ben restrored by vitamin E uptake.'#

Spingolipids whose concentration is higher in lipid raft microdomains have been found to associate
with and activate the NT receptors. The GM1 ganglioside can bind to and activate the TrkA receptor,4>~
147 which leads to enhanced NGF-mediated TrkA phosphorylation and promotes neurofilament
expression and neurite outgrowth.'*® Ceramide lipids can also activate TrkA and enhance its
dimerization.'#® Also, upon impaired GM1 production ion cells, TrkA localization in the cell membrane is
hindered.'*° Regarding the interaction of GM1 with TrkA, it has been found that GM1 can only recognize
the glycosylated form of TrkA'>! and that the sugar moieties of GM1 are needed for TrkA-mediated
neurodifferentiation.'>? Activation of the TrkB receptor by GM1 has been also reported and associated
with neuroprotection.?®? It has been also suggested that activation of NT receptors by GM1 is due to

increased NT expression and release.**
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1.4 Neurotrophin signaling through p75

Investigation of the signaling mechanisms of the p75 receptor has been proven a challenging
task.8212! p75 has two main functions: it modulates signaling of Trks and other receptors and initiates

autonomous signaling cascades that regulate survival or apoptosis.t%

It plays an important role in the
regulation of cell death during neuronal development and in the responsive mechanism to nervous
system injury. Depending on the cellular context, p75 signaling also modulates myelination by Schwann
cells, synaptic plasticity, neurite growth, cell-cycle regulation, long-term potentiation (LTP) in

hippocampal neurons, and modulates the invasiveness of tumor cells.'??

During development, p75 is widely expressed throughout the CNS, though it is down-regulated after
developmental completion. In the adults, it is found only in a few neuronal populations in the brain.
Stimuli of p75, such as NTs, are important for development as they regulate neuronal growth,

differentiation and death.8°

Evidently, p75 participates to multiple signaling complexes. It associates with several co-receptors,
including the Trk receptors, Sortilin, Nogo-receptor, LINGO-1 and others, while mediating the response
to multiple ligands, including NTs, pro-NTs, MAG (myelin-associated glycoprotein), NogoA, OMgp
(oligodendrocyte myelin glycoprotein) and others. However, the mechanisms by which p75 facilitates

the downstream responses are still not completely understood.

As described above a number of adaptor proteins have been identified to bind to the p75-IC domain,
including NRIF (neurotrophin receptor-interacting factor), TRAF6 (TNFa receptor-associated factor 6),
Rho-GDI, NADE (p75-associated death executor), TRADD (TNF receptor associated death domain),
NRAGE (the neurotrophin receptor interacting melanoma associated antigen homolog), RIP2 (receptor-

interacting factor 2), the actin bundling protein Fascin in melanoma cells, and several others.'>>

p75 facilitates survival independently or by modulating Trk receptor signhaling

As discussed before, p75 interacts with the Trks through the cytosolic and transmembrane domains.
To facilitate this function, p75 adopts the role of a co-receptor that improves Trk affinity and specificity
for NTs. Specifically, the high-affinity binding site is generated by a complex of TrkA and p75, and the
presence of p75 enhances ligand specificity as well as the binding affinity of NGF for TrkA.3> When this

high-affinity binding complex is formed it ultimately enhances TrkA tyrosine-kinase signaling.
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1.4 Neurotrophin signaling through p75

Subsequent studies have shown that p75 can also restrict the binding affinity of TrkA for NT-3, and it
relaxes the specificity of TrkC for NT-3.2 Induction of p75-expression in sympathetic neurons can reduce

axonal growth by NT-3 and promote neuronal survival and differentiation induced by NGF.1%¢

Trk—p75 receptor complexes have different signaling capabilities than those of Trk dimers alone. TrkA
can activate the ERK/MAPK pathway in the absence of p75, but both receptors are required for PI3K/Akt
pathway activation. This might explain why TrkA dimer activation alone is able to assist neurite
outgrowth, whereas p75 presence is necessary for complete outgrowth and long-term survival.’>” There
have been several alternatives proposed regarding the mechanism of modulation of Trk activity by

p75.2

In certain cases, and predominantly during development, p75 can also independently induce
survival. NGF binding to p75 has been shown to promote survival of developing neocortical sub-plate
neurons,® sensory neurons,*>? and cultured Schwann cells.*® The activation of the transcription factor,
NF-kB, is one of the best-characterized anti-apoptotic signaling pathways. This involves the recruitment
of RIP2 and TRAF6 adaptor proteins, or TRADD interactor, to the p75-IC domain after NT binding leading
to activation of NF-kB, a factor that controls DNA transcription promoting cell survival and synaptic

plasticity.121161

p75 displays a pro-apoptotic function in the absence of Trks

In the absence of the Trk receptors, NTs activate cascades regulating apoptosis, via the p75 receptor.
The ability of p75 to promote cell death has been illustrated initially in transgenic animal models as have
been thoroughly reviewed in the literature.100121,155.162 Nowadays, it is well-established that, in response

to ligand binding, p75 induces programmed cell death in a wide variety of neuronal and non-neuronal

125 166

cell types,'?> including sympathetic neurons,'®31%* motor neurons,'®> hippocampal neurons,

oligodendrocytes,'®” Schwann cells,'%® and other types of cells.16%170

Based on several studies, the p75 receptor has been recognized as a critical regulator of
developmental apoptosis, as have been demonstrated in basal forebrain,'’* superior cervical ganglion,63
and spinal cord.'”? This apoptotic role of p75 during development has been well characterized in
sympathetic neurons.2?>'63 However, p75 is down-regulated during the adulthood when it is found only

in a few neuronal populations in the CNS.
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Since p75 has no enzymatic activity, it requires the recruitment of IC adaptors that link the receptor
to downstream apoptotic cascades. For this purpose, the p75-DD contains several potential motifs for

interactions with signaling adaptors.

p75 induces cell death through activation of the mitochondrial cascade

The apoptotic cascade of p75 involves the release of cytochrome ¢ from mitochondria and activation
of the intrinsic caspase cascade. The triggering event of this pathway involves the activation of the stress
kinase JNK (c-Jun N-terminal kinase). Like many members of the TNF receptor superfamily, p75 activates

JNK, a signal necessary for p75-induced apoptosis.

Ligand binding to p75 leads to activation of Rac, which is an activator of JNK.}”3 Several p75-
interacting adaptor proteins have been proposed to link p75 with Rac and consequently to JNK
activation: such as NRAGE, TRAF6, and NRIF.1’* Genetic deletion of these proteins prevented p75 from

activating JNK, showing their contribution to this pathway.'”>

It has been shown that JNK activation can induce cell death via mechanisms that can depend or not
on transcription. JNK activates the transcription factor c-Jun through phosphorylation. Further
downstream events include activation of both p53 and p73,Y7 resulting in transcriptional up-regulation
of an array of genes encoding pro-apoptotic factors, including Bad and Bim, and mitochondrial
translocation of Bax."Y’” This event leads to release of mitochondrial cytochrome ¢ and activation of
caspases 9, 6 and 3.121178-181 Fyrthermore, JNK directly phosphorylates a number of proteins belonging
to the Bcl-2 family, which inhibits pro-survival members — such as Bcl-2 itself®2 — and activates pro-death
members — such as Bim!® and Bad.'® The end result is the mitochondrial release of cytochrome ¢ and

the caspase-dependent apoptosis.'®>

Another mechanism that has been implicated in p75 regulation of JNK activation, involves the
production of the lipid signaling molecule ceramide. Ligand binding to p75 has been shown to trigger
the activation of acidic sphingomyelinase, which results in generation of ceramide.'® A known
downstream effect of elevated levels of ceramide is that of JNK activation.>*¥” It has been shown that
ceramide couples p75 to JNK phosphorylation. In a study where cultures of hippocampal neurons were
used, activation of p75 led to upregulation of ceramide, stimulation of JNK, and cell death.'*® Several
other IC adaptors are known to bind p75 and mediate its apoptotic signaling, such as NADE!®® and

Necdin.1%0
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1.4 Neurotrophin signaling through p75

p75 undergoing regulated intramembrane proteolysis (RIP) induces apoptosis

p75 is distinguished from other members of the TNFR superfamily as it undergoes RIP (Regulated
Intramembrane Proteolysis), a mechanism first described in HEK293 cells transfected with the
receptor.03191 As described TACE/ADAM17, first cleaves the EC region of p75 producing a 24 kDa
membrane-bound C-terminal fragment (CTF).1%? After the release of the soluble EC domain, the rest of
p75-CTF is further cleaved in the JM region by the y-secretase complex, releasing a 19 kDa IC
segment.”%193 TACE/ADAM17 acts on the receptor before p75 cleavage by y-secretase, as TACE inhibition
can prevent y-secretase induced receptor cleavage.'9>'9 RIP of p75 is based on a ligand-dependent
mechanism as shown in sympathetic neurons,!!?1%* Schwann cells,’%® and cerebellar neurons.'®

Nevertheless, it is uncertain, whether ligand-binding activation of p75 always leads to RIP.

Release of the p75-IC domain facilitates transport to the nucleus of associated factors such as NRIF,
an event required for p75-mediated apoptotic signaling. RIP of p75 is a possible mechanism of NRIF
translocation from the surface-bound p75-IC domain to the nucleus, as it was demonstrated in
sympathetic neurons.’® NRIF translocation to the nucleus is dependent on TRAF6-mediated
ubiquitination. TRAF6 ubiquitinates NRIF after p75 ligand binding, while blocking ubiquitination of NRIF
leads to inhibition of p75-mediated apoptosis.’®® The fact that p75 cleavage is required for NRIF
ubiquitination, suggests that p75 proteolysis facilitates: (1) NRIF/TRAF6 interactions leading to
ubiquitination of NRIF, necessary for nucleus entrance; and (2) the oligomerization of TRAF6, which

promotes JNK activation.

In some cell types, p75-CTF alone can induce cell death.! As reported before, overexpression of p75-
CTF is able to promote apoptosis of dorsal root ganglion neurons (DRG).3%° It was demonstrated that
overexpression of the p75 chopper domain promotes apoptosis through an increase in PIP2
(phosphatidylinositol 4,5-bisphosphate). PIP2 then activates GIRK (G-protein-coupled inwardly rectifying
potassium) channels, causing a reduction of internal potassium that eventually initiates the APAF1-

dependent cell death pathway.12117.123

Although cell death regulation seems to be partially dependent on p75 RIP, the ability of the receptor
to regulate neurogenesis and neural progenitor cell migration, also appears to be dependent on p75-
RIP.17 In peripheral tissues, p75 has been demonstrated to be tumorigenic, and to promote metastasis,
specifically following intramembrane cleavage.'® Nevertheless, in other cases p75 acts as a tumor

suppressor by mediating cell death in cancer cells.*®®
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pro-NT binding to p75/Sortilin complex induce cell death

Several studies have shown that pro-NTs, which do not activate the Trks,**° bind with high affinity to
p75 and can initiate apoptosis even when Trks are present. Thus, it is well-established that pro-NTs can
act as agonists of p75 signaling.30131,200.201 pro-NT apoptosis happens though their binding to a complex
of p75 with its co-receptor Sortilin.3**31 Sortilin, which is a member of the Vps10p family, comprising

also SorLA, SorCS-1, SorCS-2, and SorCS-3, is a type | TM receptor with multiple functions.?%?

Pro-NTs bind to Sortilin and p75 with their pro-domain and mature domain, respectively, therefore
enabling the association of these two receptors acting as a cross-linker, creating a ternary complex which
leads to initiation of programmed cell death.341%0.131 |n yjvo studies with animal models have shown that
Sortilin is necessary for retinal ganglion neuron death from p75.34293.204 However, Sortilin may not be
necessary for p75-mediated cell death occurring during the developmental time period of these
neurons. But loss of Sortilin does delay age-related degeneration of these neurons.?%® This suggests that

pro-NTs play a role in the aging of sympathetic neurons, but are not involved in early development.

The emerging question is: what is the purpose of a receptor that promotes neuronal survival in
response to NT binding (Trk), and another receptor that initiates neuronal death in response to pro-NTs
(p75)? Binding of NTs to the Trk receptors sustains survival during development, and also regulates
neuronal function during adulthood. On the other hand, pro-NTs induce apoptosis through p75 during
injury or disease; when expression of p75 is increased. Thus, NTs being present during normal
development, seem to promote physiological function and survival of the nervous system, but under
pathological conditions, increase of pro-NTs and expression of p75 stimulate a signaling pathway that

leads to cell death.

The signaling pathways activated by the p75/Sortilin complex are still not known. Sortilin might
facilitate pro-NT binding to p75, or it can aid other proteins to regulate or activate p75 signaling
pathways. NRIF has been implicated upon pro-NGF stimulation.® It has been shown that Sortilin
mediates the internalization of pro-NGF and it is possible to facilitate p75 retrograde signaling through
incorporation of the receptor to “signaling endosomes”.3* p75 has been found in internalized
endosomes associated with NRAGE and necdin.??> Recently it has been proposed that Sortilin modulates

pro-BDNF activation of p75 leading to neuronal apoptosis through the mitochondria-caspase cascade.?%
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1.5 p75 in neurodegeneration

Signaling of p75/Nogo-R/LINGO-1 complex restricts axonal regeneration

The formation of the complex between p75 and the Nogo-R (glycophosphatidylinositol-linked)
receptor, a protein with no IC domain, is different from that of p75 and Sortilin.2°”2°¢ Nogo-R binds
MBGIs (myelin-based growth inhibitors), including Nogo-A, MAG (myelin-associated glycoprotein), and
OMgp (oligodendrocyte myelin glycoprotein).®° These interactions promote the association of the

Nogo-R with p75 and another TM protein termed LINGO-1.2%°

Whereas pro-NGF simultaneously engages Sortilin and p75 for signaling, MBGIs bind to Nogo-R only.
When pro-NGF binds p75, the latter then binds to the guanine-nucleotide-exchange protein Kalirin9,
and to Rho-GDI (the Rho guanine dissociation inhibitor), relieving the small GTP-binding protein RhoA
from its inhibition, resulting to its activation. This activation cascade is distinct from that in pro-apoptotic
stimulation.?% This signaling pathway requires cleavage of the p75, although it is not clear how receptor
processing facilitates the cascade. The formation of this complex and the activation of RhoA causes
reorganization of the actin-cytoskeleton, promotes growth cone collapse of injured neurons and restricts

axonal regeneration and axonal growth.74211

1.5 p75 in neurodegeneration

Neurological disorders are complex diseases, with multiple risk factors, causes, treatments and
outcomes. They present many molecular and morphological alterations suggestive of impairment in
cellular plasticity and pliability. Aging has been associated with many neurodegenerative diseases,
including Huntington’s disease (HD), Parkinson’s disease (PD), Alzheimer’s disease (AD), Amyotrophic
lateral sclerosis (ALS). In the past decades, substantial demographic change has been observed
particularly in the western world. The aged population is increasing with an accelerating rate, driven by

a decline in birth rates and astonishing improvement in life expectancy.?*?

Neurotrophins regulate growth, survival, differentiation of neurons and the creation of connections
with other neurons or axon regeneration after nerve injury, maintaining this way the structures and
functions of the CNS.2%3%'4 Imbalance in the expression and function of NTs and their receptors is
regarded as a main contributor involved in many neurological disease pathogenesis, including the above
mentioned neurodegenerative diseases, but also cerebrovascular diseases such as stroke.?1>21¢ Despite

the efforts that have been made to develop drugs for the treatment of nervous system disorders, no
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significantly effective drug is available partly due to poor knowledge of their pathogenic mechanisms at

molecular level.21”

As previously discussed, p75 has been implicated in contradictory tasks such as cell death and
survival depending on its interactions with other proteins and the cell type.?'® p75 plays a key role in the
development of the CNS and in the pathogenesis of several neurological diseases,?'%2%° cerebrovascular

221

insufficiency,??! and neuropsychiatric disorders,???> by regulating axonal degeneration, neuronal death,

synapse damage, and tau hyperphosphorylation.

p75 and Alzheimer’s disease (AD)

AD is a complex CNS neurodegenerative disease with pathological changes of cortical and
hippocampal neurons, amyloid B-protein (AB) aggregation-formed plaques, and tau protein hyper-
phosphorylation-induced neurofibrillary tangles, which is clinically shown by deficits in learning and
cognitive function, especially memory.??> The expression of p75 is increased in the cortex??* and
hippocampus??> of AD patients. AB in addition to NTs and pro-NTs is a p75 ligand,??® and neurotoxic AR
oligomers can directly interact with the p75-EC domain.®8 Significant evidence demonstrated the roles
of p75 in the regulation of neurotoxicity and the production, deposition and elimination of senile plaques
in AD.27227 The p75-EC domain has been detected in the serum and cerebral spinal fluid of AD patients,

proving that p75-EC can be used as a specific biomarker monitoring AD progression.?%®

It is suggested that p75 may have a double effect on AB metabolism: p75 signaling can increase the
production of AB, which may exacerbate AD pathology; in contrast, shed p75-EC domain can bind AB,
reducing its ability to aggregate and be deposited in the brain. In the absence of p75, the end result is
the increase of AB deposition and AD pathology, suggesting that it is the effect of the shed p75-EC
domain that is the strongest of the two, and also that the clearance of AP plays a big role in the

development of AD. The above adds to the evidence that p75 constitutes a valid target to combat AD.?%°

p75 and amyotrophic lateral sclerosis (ALS)

ALS is a chronic gradually paralyzing and fatal neurodegenerative disorder,?3° which can involve
various neurons from upper motor neurons (brain, brainstem and spinal cord) to lower motor neurons

(cranial nuclei, anterior horn cells of the spinal cord) and lower motor neuron-innervated muscles of the
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trunk, head, face, and extremities.?”?31 The p75 has been involved in cell autonomous or non-
autonomous aspects of ALS.232 Motor neuron death has been triggered by astrocytes in the spinal cord
of SOD1 mice, via p75 signaling.?3® Additional studies are needed to investigate the possible role of p75

in the cognitive impairments associated with ALS.?Y’

p75 and Parkinson’s disease (PD)

Parkinson’s Disease (PD) is a neurodegenerative disease with clinical symptoms including static
tremor, bradykinesia, myotonia and postural gait disorders accompanied by non-motor symptoms such
as depression, constipation and sleep disorders.?!”224 Degeneration and death of dopaminergic neurons
which lead to decrease of dopamine, is one of the main characteristics of PD.234 The specific underlying
mechanisms leading to degeneration and death of dopaminergic neurons remain unclear.?!’ Genetic
susceptibility, environment, ageing and oxidative stress are potential reasons. p75 specifically has been
found to be implicated in the neuronal death of dopaminergic neurons, as well as in the pathogenesis

and progression of PD. 217:235

p75 and Huntington’s disease (HD)

HD is an neurodegenerative disorder that causes the progressive degeneration of nerve cells in the
brain.230.23¢ patients suffering from HD exhibit clinical symptoms such as deficits in learning and memory
and motor symptoms.?” Memory-dysfunction processes in multiple brain regions are found to
contribute to HD memory impairments.?3%238 Data from several studies demonstrate p75 as a negative

regulator of memory impairments and synaptic dysfunction associated with HD.239,236,239

p75 and cerebrovascular diseases

Hypoxic—ischaemic (HI) brain injury can be caused after cardiac arrest or acute hypotension. It is a
significant cause of mortality in adults as well as in newborns.?!” Upregulation of p75 in cholinergic
interneurons in mouse striatum after focal cerebral ischemia, is found to exert a neuroprotective effect
in adult rat models of middle cerebral artery occlusion. 217:24° This highlights the role of p75 in HI brain

injury and stroke. In another study, blocking p75 and its related Nogo co-receptor promotes neuronal

37



1 Introduction

survival in mouse models.?3%241 Several other studies propose the significant role of p75 and of

neurotrophins in cerebrovascular disease pathology.?4%243

p75 and spinal cord injury (SCI)

The lack of effective therapies for SCI, stresses the need for novel targets for therapeutic
intervention. Myelinating oligodendrocytes have been identified as a target that can improve functional
recovery after SCI, since increasing survival of oligodendrocytes could potentially spare many more
axons.?** The p75 is a crucial factor for the death of oligodendrocytes following spinal cord injury, a
mechanism mainly mediated by pro-NGF.3° In response to myelin inhibitory molecules, p75 was shown
to act as a co-receptor for NgR and thereby activate RhoA.2%2'7 Studies have focused on the

development of small molecules that cross rapidly the blood—brain barrier, to specifically block

p75 _245,246

p75 and Schizophrenia

Schizophrenia is a mental disease manifested by hallucinations, delusions and disordered thought,
as well as impairment in cognitive functions such as attention and memory.?4”:248 BDNF signaling has
been suggested to contribute to the pathophysiology of schizophrenia.?3° A study has shown that a large
proportion of schizophrenia patients had the V66M polymorphism in pro-BDNF, a polymorphism known
to affect BDNF secretion and short-term episodic memory located at hippocampus.?*°20 Pro-BDNF is
known to interact with p75 and to facilitate Long-Term Depression (LTD) and Long-Term Potentiation
(LTP). Previous work has emphasized that the interactions between BDNF and p75, as well as p75 and
Lingo-1, are critical for modulating learning and cognitive function which are attenuated in

schizophrenia. 247,251,252

1.6 Neurotrophin mimetics

The ability of NTs to affect the survival or apoptosis of neuronal cells, as well as their reduced
expression in some neurological conditions, makes them potentially interesting molecules for the

treatment of neurodegenerative diseases.?>>2>> Attempts to use them as therapeutics have shown
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and mimetics

difficulty of NTs to cross the blood-brain barrier (BBB) and target the diseased tissues, while they can
only be administered with invasive procedures and cause side effects.?>672%> To remedy this, small
molecule NT mimetics that can elicit similar to NT function, have been explored as an alternative and

are discussed here.

Previous studies have investigated the ability of small molecules to bind to p75 receptor and initiate
p75-related signaling. Specifically, compounds EVT901, LM22A-24, LM11A-31 and THX-B have been
shown to bind p75 and decrease cell death of different types of neurons.?42266:267 Also, compound
BNN27 has been also detected to activate p75 and hinder neuronal apoptosis.?® The latter, as well as
its natural analogue dehydroepiandrosterone (DHEA) are TrkA agonists and can rescue neuronal cells
avoiding hyperalgia.?®®27% Analogues of BNN27, ENT-A010 and ENT-A013, have been identified within
the EuroNeurotrophin consortium as selective agonists of TrkA,?’%?72 while ENT-A011 is a selective
agonist of TrkB.?”> BNN20 has anti-apoptotic, antioxidant, and anti-inflammatory effects via TrkB
signaling.?’* Other agonists of TrkA, the gambogic amide, MT2, talaumidin, the peptidomimetic D3 and
Carvacrol (CARV) can rescue neuronal cells from apoptosis, enhance survival and neurite
outgrowth.269275-27% Agonists of TrkB, such as a peptide mimicking BDNF, the dipeptide GSB-106,
compounds LM22A-4, deoxygedunin and 7,8-dihydroxyflavone (7,8-DHF), have been also shown
promote neuronal survival, promote axon regeneration and prevent cell death in neurodegenerative

disease models.280-286

1.7 Computational approaches on neurotrophins and

mimetics

The elucidation of the activation mechanism of NT receptors remains challenging, despite the wealth
of experimental data available regarding the functions and roles of receptor sub-domains. The
complexity arises partly due to the inherent localization of these transmembrane receptors within
membrane compartments, posing limitations for study using conventional structural biology techniques.
Moreover, the intricate nature of their signaling cascades, spanning both survival and apoptotic
pathways, presents obstacles in fully comprehending their precise responses to external stimuli.
Similarly, the mechanisms underlying the activation or modulation of NT receptors by existing NT

mimetics remain poorly understood. Consequently, the ongoing debate pertains not only to the mode

39



1 Introduction

of action, whether they function as direct or indirect modulators of neurotrophin receptors, but also to

their precise effects.?®’

Computational methodologies are frequently employed to elucidate processes that are challenging
to explore experimentally, primarily due to constraints in spatial and temporal observations. Among the
prevalent computational techniques utilized for investigating biomolecules and their dynamic behaviors,
Molecular Dynamics (MD) simulations hold prominence. In a study examining the stability of complexes,
MD simulations were applied to model the binding of TrkA-D5 in complex with peptide mimetics of the
N-terminal loop of NGF, which act as TrkA agonists.?®® The simulations highlighted specific peptide
residues forming salt bridges with TrkA, implicating their role in the binding process.?8 Additionally, all-
atom simulations of the TrkA-D5/NGF complex, coupled with Poisson-Boltzmann electrostatic
calculations, revealed the presence of water-mediated hydrogen bonds between NGF and TrkA,

potentially influencing the overall dynamics of the complex.?8°

MD simulations of the N-terminal region of the TrkA-JM in proximity to a membrane demonstrated
the penetration of three residues into the membrane, in a conformation of this disordered region that
was stabilized through interactions with PIP; lipids.?®° The resulting reduction in the flexibility of the JM
domain suggests a potential role in TrkA activation. MD simulations together with free energy
calculations have been also performed to investigate the mechanisms underlying allosteric TrkA-kinase
inhibitor binding.?°* Simulations were also applied to find possible ATP-binding sites in the TrkA-NGF and
p75-NGF complexes.??? Simulations of the TrkA and p75 TM domains revealed that p75 binding to TrkA
leaves TrkA-TM residues exposed for engagement in the active state of TrkA-TM, suggesting a possible

mechanism for the high-affinity binding sites of NGF in TrkA in the presence of p75.2°3

MD simulations have shown that the TrkB-TM homodimer can be stabilized at a 20% membrane
cholesterol concentration. Conversely, lower and higher cholesterol concentrations led to unstable
arrangements.?®* Another MD simulation study by the same researchers disclosed that cholesterol might
be possible to bind to the reversed cholesterol-recognition amino acid consensus (CARC) motif of TrkB-
TM.?°> Experimental verification of cholesterol binding was established through mutagenesis studies.?®*
Docking of antidepressant (fluoxetine) and psychedelic drugs to TrkB-TM determined specific amino
acids as crucial for binding, and these findings were experimentally validated with point mutagenesis.?*
Simulations of the TrkB-TM/fluoxetine complex within membranes demonstrated that fluoxetine can

stabilize the helices in a configuration that does not depend on cholesterol levels.?* In another study, it
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was reported that psychedelic drugs can also bind to the TrkB-TM domain, on distinct but partially

overlapping sites from the antidepressant drugs.>®®

In addition to MD simulations, various other computational techniques have been employed for the
investigation of NTs and NT receptors. Normal mode and dynamical network analysis on the TrkA-
D5/NGF-R221W complex showed that the point mutation on NGF can attenuate the collective motions
and diminish the coupling of the complex.?®” Such alterations may contribute to the observed reduction
in signal transduction associated with nociception. Quantum mechanical calculations suggested that the
N-terminal TrkA-EC can bind a zinc ion.?°® Additionally, metadynamics simulations were utilized to
reconstruct the free energy surface of the TrkA-EC/NGF complex.?®8 Finally, molecular docking and MD
simulations have been used to investigate the binding of DHEA and BNN-27 small molecules to TrkA and

p75_268,270

1.8 Scope of the thesis

As mentioned before neurotrophin mimetics can offer a solution to the poor pharmacological profile
of NTs and be used as a treatment for neurological disorders. The EuroNeurotrophin ITN project,?® in
the context of which this thesis has been carried out, was focused on the molecular modeling and
computer-aided design of small organic molecule NT mimetics. This thesis contains the computer-aided
drug design work on the DHEA-analogues that were tested in the consortium. This will be presented in
chapter 3, right after the introduction of the introduction of the methods that | employed in the thesis
in chapter 2. Chapter 3 also contains the screening of small-molecule fragments from the UNICAEN
library of molecules, as well as mechanistic studies of the compounds and their interaction with the NT
receptors and the cell membrane. Since the molecular basis of NT receptor activation is still unknown,
computational studies were performed within the EuroNeurotrophin consortium to elucidate the
receptor activation, which can further guide small-molecule design targeting specific mechanisms. In
this thesis, the p75 NT receptor has been investigated. Chapter 4 will present the glycosylation effects
on p75-EC domain, while chapter 5 will present the homodimerization states of p75-TM helical domains
in micelles and bilayers. Finally, chapter 6 will present the modeling of the full-length glycosylated p75
structure bound to a NT and its simulation in a complex neuronal membrane model. Conclusions about

the NT mimetics and the mechanism of action of the p75 receptor will be finally discussed.
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2.1 Introduction to molecular modeling

The term molecular modeling pertains to the construction of models and usage of computation to
study the structure and function of molecular systems. Even though simple molecular modeling studies
can be performed without the usage of computer, on small systems, state of the art computational
methodologies have allowed for the study of much larger and complex systems. Molecules consists of
atoms which are further split in electrons and nuclei. The explicit incorporation of electrons in
mathematical models is dealt by quantum mechanical methods, which are limited though by the size of
the molecular system that can be used in calculations. An alternative solution to this is the usage of
molecular mechanics, which assumes that the energy of a system is a function of nuclei only. This
becomes possible from the Born-Oppenheimer approximation, which explains that electron motion can
follow the change of nuclear positions, due to the much smaller mass of electrons. Thus, each atom is
depicted as a point charge centered at the atomic nucleus position. The interactions between atoms are
modeled by a set of simple functions and parameters, such as Coulomb’s law for the electrostatic
interactions. These functions and parameters consist the force field and will be explained in more detail

in the next section.300-304

2.2 Potential energy surface and force fields

The energy of a molecular system is described by the potential energy surface (PES) which
dependents on all the possible atomic arrangements in a system. The PES can be broken down to several
functional forms that describe the various types of interactions between two atoms. These functional
forms comprise constants which change based on the atom pair, and the whole set of constants consists
a molecular mechanics force field. The PES functional forms, also call force field terms, consist of bonded
and non-bonded terms based on whether they describe the interaction between covalently attached or
not atoms, respectively (Figure 2.1). The bonded terms contain the stretching of bonds, the angle

bending, the rotation around single bonds, called torsion, as well as the out of plane movement of one
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atom out four bonded atoms, called improper torsion (Figure 2.1 A-D). The non-bonded terms are used

for the description of the electrostatic and van der Waals interactions (Figure 2.1 E-F).
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Figure 2.1: Set of most commonly used mathematical models to describe the interactions among atoms in

molecular force fields. The functions can describe bonded (A)-(D) and non-bonded interactions (E)-(F). Figure

adapted from Christina Athanasiou.”?

The movement of the stretching of a bond between two atoms can be described mathematically by

the simple model of a harmonic potential, or otherwise Hooke’s law which can reasonably describe the
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behavior of the bond energy close to the equilibrium bond length (Figure 2.1 A). The bending of an angle
among three atoms and the improper torsions of four atoms in the same plane can also be described by
a harmonic potential (Figure 2.1 B,D). The dihedral torsions, i.e. the rotation around a bond can be
described by a cosine function due to its periodic nature (Figure 2.1 C). Finally, the non-bonded terms of
electrostatic and van der Waals interactions are modeled by Coulomb’s law and the Lennard-Jones

potential (Figure 2.1 E,F).

A major advantage of molecular mechanics force fields is their additive behavior, i.e. the possibility
to develop parameters for molecules or part of molecules separately and then use them in combination
on complex systems consisting of multiple molecules. This has allowed the modeling of more and more
complex molecular systems with a variety of chemical components. This can lead to quite large systems
with many degrees of freedom to be calculated corresponding to the interactions between all the
particles in the system. Most force fields describe the interactions between atomic particles, and thus
they are called atomistic, or all-atom, force fields. However, the calculation of all the interactions among
atoms in a large molecular system can be computationally intensive reaching the limits of the available
computational resources at a researcher’s disposal. A solution to this can be offered by the so called
coarse grained (CG) force fields, which model several atoms together as a single particle. This reduces
the number of particles in a system and thus the degrees of freedom allowing for the modeling of larger
systems or simulation of longer timescales. A deeper explanation of how simulation methods work will

follow in the next sections.

One of the most widely used CG biomolecular force fields is the Martini force field. This was originally
developed for lipids and thus membrane systems, but was soon expanded for the modeling of other
biomolecules, such as proteins, DNA, RNA, sugars, even small molecule therapeutics.3>731° The Martini
force field usually models four heavy atoms as a single bead, allowing this way a significant reduction of
the number of atoms in a system. One of its many applications has been the study of transmembrane
helix dynamics from cell surface receptors in multiple lipid environments, such as micelles and
membranes.31131> Therefore, it was chosen also for the study of the transmembrane domain of p75 NT
receptor in this thesis. At the time that the simulations of this thesis were performed the Martini 2.2
was the latest version of the force field.3'® However, in the meantime of the PhD, a new version came
out, the Martini 3, with improved parameters for bead interactions as well as some advanced features,
such as the possibility to model hydrogen bonds.3'” One of the caveats of Martini 3, as described in a

collaborative manuscript, was an imbalance in the protein-water Lennard-Jones interactions which does
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not allow transmembrane helices to be incorporated in the lipid environment of self-assembled micelles
and membranes. We solved this issue by a down-scaling factor of 0.1 of the Lennard-Jones interactions
between protein and water.3!8 This allowed us to use it for the simulation of the transmembrane helices
of NT receptors.>* However, in this thesis | will be focusing only in the simulations with Martini 2.2, which

| have performed.

After having discussed the different terms of force fields and the different levels of representation
that they can offer, the next step is to explain how force fields can used in molecular dynamics (MD)
simulations. The various steps and main methodological concepts of MD simulations will be presented

in the subsequent sections.

2.3 Energy minimization

The PES of a molecular system consists of several hills and valleys. When performing molecular
mechanics calculations in a molecular system, an important first step is bringing the system at a
minimum point in the potential energy surface, i.e. at the bottom of a valley. This makes the system
stable and any movement away from the minimum leads to configurations of higher potential energy.
For location of minima in the PES, also called stationary point, energy minimization algorithms are used
which are able to minimize the potential energy function. In molecular mechanics that deal with large
atoms, calculation of the PES is very challenging as it depends on a high number of variables, which are
the Cartesian coordinates of all the atoms, or more generally particles, in a system. On the other hand,
calculating the potential energy at a single point is simple. Thus energy minimization algorithms work by
iteratively evaluating the potential energy at different points of the PES, by moving the system by specific
steps. The mode of movement in the PES can differ among the various energy minimization algorithms.
Also, due to the high number of variables, numerical rather than analytical methods are used, which

modify the atomic coordinates to produce lower energy configurations until a minimum is reached.

Two commonly used algorithms, which are also employed in this thesis, are the steepest descent and
the conjugate gradient methods. The steepest descent method works by calculating the potential energy
at the initial point, and at points away from it by a small step and moves the system in the direction
where the energy decreases by the maximum. Thus it moves downhill from the steepest path. A

limitation of steepest descent is that each step is orthogonal to the previous, even if it is not the optimum
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route to the minimum, which has as a consequence to take a lot of time to converge to the minimum
once it is close to it. On the other hand, the conjugate gradient method is able to take successive steps
that are “conjugate”, and so not in right angles to each other, avoiding this way the oscillatory movement
that steepest descent demonstrates in long narrow valleys. It is common to combine the two algorithms,
starting with a steepest descent calculation to move fast close to the minimum, and the use conjugate

gradient to converge to it.

2.4 Molecular dynamics simulations

Energy minimization methods that were just discussed allow the generation of single configurations
of a system of minimum energy. This can be potentially used for the estimation of thermodynamic
properties through statistical mechanics methods, given that all the energy minima in the PES of a
system can be identified. This is very difficult, if not impossible for the large biomolecular systems of
interest. Simulation methods can enable the study of such systems by considering only a small unit of
the real system which is replicated. The simulation of such units of the system can allow the calculation
of structural ensembles and thermodynamic properties. Also, the time dependent behavior of a system
can be examined to obtain transitions from one configuration to another. The latter is possible with
molecular dynamics (MD) simulations, which have been employed in the current thesis and will be

discussed here.

As explained earlier, the potential energy of a system can calculated with a force field, giving the
energy experienced by each atom or particle. This has as a consequence the action of a force on every
particle which can be calculated by differentiating the potential energy on that particle with respect to
the Cartesian coordinates of the particle. From the Newton’s second law, the acceleration can be
calculated from the force with second-order ordinary differential equation. Solving that equation can
afford the new coordinates of the particle and the trajectory at which the system evolves with time. The
integration of the second-order ordinary differential equations for each particle is done numerically and

two common algorithms that are used for such purpose are the leapfrog and the Verlet.

In the leapfrog algorithm the velocities are first calculated at t+At/2, where At is the integration time
step, usually equivalent to one or two femtoseconds. The initial velocities are then used to calculate the

positions of the particles at t+At. Therefore, this algorithm gives velocities that leap over the positions
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and positons that leap over the velocities. The Verlet algorithm takes the position and acceleration at
time t as well as the position at time t-At to calculate the new position at t+At. This way the Verlet

algorithm provides the positions, velocities and accelerations simultaneously at each time step.

When running an MD simulation several steps need to take place. First, the appropriate force field
for a particular system needs to be chosen. Then, an initial model, i.e. the initial coordinates of all the
atoms, of the system has to be created with a configuration which is close to state of interest, e.g. active
or inactive state of a protein. An energy minimization step is then conducted to bring the system to a
local minimum and thus start the simulation from a stable configuration. Subsequently, an equilibration
phase takes place, which might consist of several steps, where the system is gradually heated to room
or physiological temperature for biomolecular systems, and is allowed to relax in the statistical ensemble
of choice. It is common for the heating step to be done in the NVT ensemble, where the number of
particles (N), the volume (V) and the temperature (T) remain constant, and then switch to the NPT
ensemble, where the number of particles (N), the pressure (P) and the temperature (T) are constant.
Several thermodynamic and structural properties are usually monitored during equilibration to ensure
stability. Next, the production phase is performed, for biomolecular systems most often in the NPT
ensemble, and the dynamical behavior of the system is then analyzed at the time intervals, or frames,
in which the system coordinates are saved. An initial first analysis is to examine how much the system
changes during the production simulation from the initial configuration, or if any unexpected events
take place. Finally, thermodynamic or structural properties of interest are calculated to answer specific

biological or chemical questions.

Accurate calculation of thermodynamic properties, such as the free energy, requires adequate
sampling of all configurations in the phase space. Ideally, in MD simulations all these configurations
could be sampled, but instead mostly lower energy states are visited leading to poor convergence of the
simulations and inaccurate calculation of the thermodynamic properties. A way to increase sampling in
conventional MD simulations is to increase the simulation time or run multiple replica simulations
starting from different initial velocities or even configurations of the system. This can require significant
computational resources and still might not guarantee increased sampling. A solution to this if offered
by enhanced sampling methods which increase the energy of the system of bias it to visit regions of the

phase space of higher energy.

Metadynamics is one of the most commonly used enhanced sampling methods and it works by

depositing energy in the form of Gaussian potentials at specific reaction coordinates, or collective
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variables (CVs), that constitute the slow degrees of freedom of the system.3'° This way the slow motions
can be sampled at shorter simulation times as the system is forced to explore them, reducing the
simulation time, or simply making it possible to sample configurations that otherwise would be
energetically inaccessible. Metadynamics gives also a direct way to calculate the free energy alonga CV,
as this corresponds to opposite of the sum of Gaussian potentials deposited during the simulation. It is
also possible to assess convergence, as eventually the system appears to oscillate at the space of the
biasing CV and demonstrate a diffusive behavior, i.e. sampling of all physically possible CV values,
indicative of convergence. There is also the possibility to calculate the free energy as a function of other
variables than the biasing CV, after taking into account the bias potential that was used to access the

different variable values, through a method known as reweighting.

One limitation of the conventional metadynamics methodology is the difficulty to reach convergence
as, once diffusion over CV space is achieved, it keeps depositing Gaussian potentials which lead to wrong
free energy estimation. A solution to this was offered by well-tempered metadynamics,?*° which has
been also used in this thesis. In this metadynamics variant, the height of the Gaussian potentials
decreases in regions of the CV space that have been already sampled. Once the height is very small, this
is an indication of convergence and the simulation can be stopped. As it will be explained in chapter 5,
in this thesis, well-tempered metadynamics has been used with the coarse grained Martini force field to
study the dimerization free energy of the p75 transmembrane domain, as shown previously for the

Epidermal Growth Factor Receptor (EGFR).314

2.5 Molecular docking

In chapter 3 of this thesis, | have performed structure-based design of small molecule neurotrophin
mimetics. For this purpose, a first step was to predict the small molecule - receptor complexes. This task
is usually tackled computationally with molecular docking. This is a technique that, given a specific
protein structure and a binding site on it, it creates conformations, or poses, of a ligand attached to the
binding site, also called pocket. This is achieved by a series of steps that sample multiple orientations
and conformations of the ligand in the protein pocket and then scores each one of the ligand
configurations with a scoring energy function. The molecular docking tool that | used in this thesis is the
Glide tool of the Schrodinger Suite.322-324 This docking algorithm treats the protein as a rigid body and

the ligand as flexible allowing rotations around rotatable bonds. The geometrical and physical properties
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of the protein binding site, such as the position of the hydrogen bond donors and acceptors, are
represented by a 3-dimensional grid, and the ligand shape and size are compared to that grid. The
different ligand poses are generated and filtered through a series of hierarchical steps. These are
different for the standard precision (SP) and the extra precision (XP) protocols of Glide, with the first one
employing an approximate positioning of the whole ligand structure in the pocket, while the second one
positioning first the more rigid parts of the ligand, such as rings, and then growing it bond-by-bond. The
two protocols also differ in their scoring functions, with the XP docking score penalizing mismatches in
the ligand-receptor complementarity. After the generation of the initial poses, the ligand-receptor
complexes are first scored with the OPLS-AA force field,3?> and then energy minimized with the OPLS4
force field.3?® Finally, the poses are scored with the Glide docking score, which has several terms
describing ligand-protein interactions, such as hydrogen bonds, electrostatic and can der Waals

interactions, while it also takes into account desolvation effects.
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mimetics

3.1 Introduction to neurotrophin mimetics

Neurodegenerative diseases (ND), like Alzheimer’s Disease (AD) and Parkinson’s Disease (PD), are
prevalent in developed societies worldwide, without any existing cure. To combat this type of disease,
neurotrophins (NT) — growth factor proteins which partake in different aspects of survival, development
and function of neurons — have been tested as treatment of NDs, since low levels of NTs have been
observed in some of them. Studies have shown NTs to be able to prevent or slow the progression of
NDs,2>372>5 which has led to the proposal of NTs as therapeutic agents. However the administration of
NTs is restricted by their poor pharmacokinetic properties, their inability to penetrate the blood-brain
barrier (BBB) — due to their size — and to selectively target the affected neurons.?®! To circumvent this,
their administration has been performed via invasive procedures, such as intracerebroventricular (ICV)
injection,?*®?%2 3 practice which has been reported to cause side effects; most notably

pain,2°6:257,259,260,263-265 The gforementioned issues render the use of NTs as drugs prohibitive.

An alternative approach, which could address the shortcomings of NTs, is the development of small
organic molecules that act as neurotrophin mimetics and potentiators, with favorable pharmacokinetic
properties, i.e. the ability to penetrate the BBB and selectively target the proteins of interest, as well as
ease of administration — all mainly due to their smaller size. Scientists from the EuroNeurotrophin (ENT)
consortium have previously developed an agonist of TrkA and p75 NT receptors, called BNN-27, which
is a C17-spiroepoxyl derivative of dehydroepiandrosterone (DHEA), and is able to promote neuronal
survival.?%8-270 The EuroNeurotrophin consortium focused on the development of novel derivatives of
BNN-27, with the aim of achieving selectivity towards the NT receptors and improved potency and

metabolic profile.

To aid in this goal, | performed molecular docking and physicochemical property prediction for the
compounds designed by my collaborators, as well as designed novel compounds of my own, starting

from a library provided by Prof. Christophe Rochais from the University of Caen Normandie (UNICAEN).
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Furthermore, | investigated the mechanism of action of the steroidal derivatives through Molecular

Dynamics (MD) simulations for the proposed binding sites and for possible membrane penetration.

3.2 Methodology

Lead compound binding site validation

Before starting the docking studies of BNN-27%%° analogues, | needed to replicate the proposed
binding poses of BNN-27 in TrkA.2’° | used molecular docking to place BNN-27 in the two proposed
binding sites in TrkA, sites 1a and 1b (Figure 3.2)?’° | employed the Protein Preparation Wizard tool
(Schrédinger, LLC)3?’” to prepare the protein structure prior to docking. The protein preparation
procedure assigns bond orders, adds missing hydrogens, and creates disulfide bonds. Moreover, it
performs and optimizes the hydrogen bond assignment. This optimization is done by re-orienting
hydroxyl and thiol groups, waters, asparagines, glutamines and histidines, and by selecting the most
fitting protonation state for histidines, aspartic acids and glutamic acids, and the most fitting tautomeric
states for histidines (for a given pH value). Lastly, it removes unimportant waters (waters that do not
form many hydrogen bonds with the protein and/or the ligand), and performs a restrained energy

minimization of the structure.

Since the proposed binding sites are located in the interface of TrkA-D5 and NGF complex, | used the
crystal structure of the human TrkA-D5:NGF complex (PDB ID: IWWW). | prepared the structure using
the aforementioned procedure, and | removed all waters. For the identification of possible binding sites,
| used the SiteMap tool (Schrédinger, LLC).32832° SiteMap uses a grid-based method over the whole
protein structure, and identifies empty space near the protein surface that can be a cavity. Afterwards,
it characterizes the areas of these sites as hydrophobic or hydrophilic. In order to perform docking, a
grid box needs to be generated over an area of the protein, to specify the binding site for docking. Since
there is no native ligand bound in the crystal structures used, and because the sites identified by SiteMap
tend to be large, | set up manually multiple different binding sites and sizes of them, by setting the

Cartesian coordinates of the center each time.

| generated the grid box with the Glide software321:330 and set the size so that ligands with length up
to 20 A can be docked, while an inner box for the placement of the center of the ligand had the default

side length of 10 Ain x, y, z (except in cases where mentioned). While the receptor is kept frozen during

51



3 Computational studies of neurotrophin mimetics

docking, rotation of all hydroxyl and thiol groups inside the grid box was allowed. | performed docking
with the 3 different docking protocols provided by Glide (Schrédinger Suite): SP (single precision),321,330
XP (extra precision),3?® and IFD (induced-fit docking).3317333 SP places the molecule as a whole in the
binding site, while trying to optimize its position and energy score by performing translations and
rotations of the whole molecule and of individual atoms. XP anchors the parts of the molecule with fewer
degrees of freedom (e.g. individual rings or ring systems) to the specified binding site, and then builds
the rest of the molecule rotatable bond by rotatable bond, while trying to optimize its position and
energy score. IFD performs a softened-potential docking (van der Waals radii scaling) first, then adjusts
the backbone and residue side chains of the protein, to accommodate the ligand pose, and then
performs a final, regular docking to the adjusted binding site of the protein. The ligand sampling for all
docking runs was flexible (changes in ligand conformation are allowed), and the force field used was
OPLS3e. For site 1a, | performed multiple docking runs using different setups of the binding site and the
protocols SP, XP or IFD, as can be seen in Table 3.1. For site 1b, the grid box was centered based on the

pocket predicted by SiteMap, and the protocol followed was XP.

Table 3.1: Parameters for various docking runs in site 1a of IWWW. (*) | set the grid box around selected
residues: Tyr79, Thr81, Thr83, His84, Arg103 (NGF chain V), Ser19 (NGF chain W), His297, His298, Trp299,
Asn349, GIn350 (TrkA-D5 chain X).

Inner box
Docking run No.  Grid box center coordinates (A) dimensions (A) Glide protocol
1 (18,0, 5,0, 0,0) 10x10x10 SP
2 (18,0,-2,0,0,0) 10x10x10 SP
3 * 10x10x10 SP
4 * 10x10x10 XP
5 (17,5,-4,0,2,5) 15x10x11 SP
6 (17,5,-4,0,2,5) 15x10x11 XP
7 (17,5,-4,0,2,5) 8x7x9 SP
8 (17,5,-4,0,2,5) 8x7x9 XP
9 (24,0, 0,0, 15,5) 10x9x13 SP (symmetric 1a)
10 (24,0, 0,0, 15,5) 10x9x13 XP (symmetric 1a)
11 * 10x10x10 IFD (no side-chain trimming)
12 N 10x10x10 IFD (wi.th sifie—chain
trimming)

| also tested the binding of BNN-27 to TrkB, to validate the low affinity with this target, as BNN-27

cannot activate the TrkB receptor. For the docking of BNN-27 to TrkB, | used the 1HCF crystal structure,
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which comprises the D5 domain of the extracellular part of TrkB receptor bound to NT-4 neurotrophin.
First, | performed protein preparation again with the Protein Preparation Wizard tool. Then, | performed
grid generation at sites 1a and 1b with the Glide software, where the binding pocket was specified and
hydroxyl and thiol groups of the receptor in the pocket area were allowed to rotate. The binding pocket
was defined by the center of mass of the residues that are given in the publication that describes binding
sites 1a and 1b in TrkA.?’% | determined the corresponding residues in the TrkB structure by alignment
of TrkB to the TrkA crystal structure. The residue matching between TrkA and TrkB is presented in Table
3.2. Then, | prepared BNN27 with the LigPrep33433> tool of Schrédinger, and performed docking to 1HCF

crystal structure with the Glide tool.

Table 3.2: Identification of residues in sites 1a and 1b in the TrkB structure from superposition on TrkA.

Site 1a Site 1a Site 1b Site 1b
1IWWW (TrkA — NGF) 1HCF (TrkB — NT-4) | 1IWWW (TrkA — NGF) 1HCF (TrkB — NT-4)
Thr81 Lys91 lle31 Leu33

His84 GIn94 Argl03 Arglil4
Trp299 Trp301 Val321 lle323
Leu348 Leu348 Asn323 Asn325
Asn349 Asp349 Asn355 Asn355

Glu350 Asn350 - -

Steroid analogues with three-membered-17-spirocyclic substituents

| created a virtual library of 78 BNN-27 analogues with three-membered-17-spiro substitutions,
designed for future synthesis by NHRF. | prepared the library with LigPrep, generating the E and Z
isomers and the two different stereochemistries of the cyclopropyl moiety. | analyzed all ligands with
QikProp33® to compute their absorption, distribution, metabolism and excretion (ADME) properties

(Table 3.3).

Table 3.3: Recommended QikProp property ranges for drug-like molecules.33® Dipole: computed dipole
moment of the molecule; donorHB: estimated number of hydrogen bonds that would be donated by the
solute to water molecules in an aqueous solution (values are averages taken over a number of
configurations, so they can be non-integer); acceptorHB: estimated number of hydrogen bonds that
would be accepted by the solute from water molecules in an aqueous solution (values are averages

taken over a number of configurations, so they can be non-integer); QPlogPo/w: predicted
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octanol/water partition coefficient; QPlogHERG: predicted ICso value for blockage of HERG K* channels;
QPPCaco: predicted apparent Caco-2 cell permeability in nm/sec (Caco-2 cells are a model for the gut-
blood barrier — QikProp predictions are for non-active transport); QPlogBB: predicted brain/blood
partition coefficient (QikProp predictions are for orally delivered drugs so, for example, dopamine and
serotonin are CNS negative because they are too polar to cross the blood-brain barrier); QPPMDCK:
predicted apparent MDCK cell permeability in nm/sec (MDCK cells are considered to be a good mimic
for the blood-brain barrier — QikProp predictions are for non-active transport); # metabolites: number

of likely metabolic reactions.?

QikProp Range Value
Dipole 1.0-125
DonorHB 0.0-6.0
AcceptorHB 2.0-20.0
QPlogPo/w -2-6.5
QPlogHERG <-5
< 25 poor
QPPCaco > 500 great
QPlogBB -3-1.2
< 25 poor
QPPMDCK > 500 great
# metabolites 1-8

| docked the library of molecules to the following crystal structures: the TrkA-D5 receptor
homodimer in complex with NGF homodimer (PDB: 1IWWW),337 and TrkB-D5 receptor homodimer
bound to NT-4 homodimer (PDB: 1HCF).338 | prepared all structures with the Protein Preparation Wizard
of Schrodinger. | docked the compounds to sites 1a and 1b on the TrkA and TrkB receptors. For docking,
| used the SP and XP protocols of Glide. The best compounds from XP, based on their docking scores,
were subjected to Induced Fit Docking (IFD). IFD allows for some flexibility of the residues in the pocket,
resulting in better accommodation of the ligands. | chose one IFD pose for further analysis in a Molecular
Dynamics (MD) simulation. | used the Desmond33° tool (Schrédinger, LLC) to run the simulation. |

solvated the system consisting of the TrkA:NGF complex with the molecule bound, using the TIP3P water

! The following metabolic reactions contribute to the # metabolites descriptor: 1) aromatic OH oxidation, 2) enol oxidation,
3) benzylic-like H — alcohol, 4) allylic H — alcohol, 5) secondary alcohol — ketone, 6) primary alcohol — acid, 7) tertiary
alcohol El or SN1, 8) amine dealkylation, 9) ether dealkylation, 10) pyridine C2 hydroxylation, 11) aniline NH — NOH or
NCOR, 12) low [P—easily oxidized, 13) alpha hydroxylation of cyclic ether, 14) sulfoxide — sulfone, 15) alpha hydroxylation
of carbonyl, 16) alpha, beta dehydrogenation at carbonyl, 17) thiol SH — SSR, SR, 18) para hydroxylation of aryl, 19) aryl
sulfide — S=0, 20) reduction of aryl nitro to amine, 21) oxidative deamination of primary amine.
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model, in an orthorhombic box with size 10 A from the solute to the end of the box and | added Na* and
Cl ions for neutralization. | ran the simulation in the NPT ensemble for 50 ns at temperature 310 K and
pressure 1.01325 bar. | used the OPLS3e force field. | used the default Nose-Hoover and Martyna-Tobias-

Klein thermostat and barostat, respectively.

Steroid analogues with six-membered-17-spirocyclic substituents

| created a virtual library of 18 BNN27 analogues with six-membered-17-spiro substitutions, designed
for future synthesis by NHRF, and prepared it using LigPrep. This resulted in 24 output molecule
structures. | docked all analogues to the frame at 26 ns of the aforementioned MD simulation of the
TrkA:NGF complex, which has a more spacious binding pocket of site 1b than the initial crystal structure.
| centered the grid box at (18.0,-2.0, 27.0), | set the inner box edge length to 10 Ainallx, y, zdirections,
and selected that rotation of all hydroxyl and thiol groups be allowed. | carried out docking using the SP
and XP protocols of Glide. | selected fifty poses to be sent to post-docking minimization, while a
maximum of five was set to be reported per input ligand. The output poses from the SP run were 110,
while from the XP run were 96. From the poses of the two docking runs, | did not consider for analysis
poses that were outside of the pocket, poses that had exposed methyl groups, and poses that were
inverted (the six-membered-17-spiro substituents were outside the pocket). After visual inspection of
the poses from the two docking runs, | identified four molecules that had plausible binding modes in

both runs and deemed them suitable to be prioritized in organic synthesis.

Fragment compounds

| performed virtual screening of a library of 9200 compounds synthesized in UNICAEN provided to
me as a structure file. The screening involved several steps (Figure 3.1). In the first step | filtered the
molecules for a maximum molecular weight of 300 g/mol. For this | used the Canvas tool (Schrédinger,
LLC),340341 and it resulted in 3656 output molecules. Then, | used LigPrep for the generation of
protonation states at pH =7.0 £ 0.5 and possible stereoisomers, setting a maximum of 100 stereoisomers
per ligand to be produced, which satisfies up to 6 chiral centers. The number of output ligands was
7114. Subsequently, | performed docking of the ligands in site 1b of the crystal structure of the TrkA-
D5:NGF complex (PDB ID: 1IWWW). | set the grid box center coordinates to (x, y, z) = (15, 0, 22) (1IWWW

crystal structure coordinates), which is found in site 1b, and | selected the option of 2 output poses per
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ligand. The number of output poses from this step was 18633. | discarded poses with a docking score
higher than -3 kcal/mol, and this resulted in 8806 poses, which were subjected to a QikProp run for
calculation of physicochemical properties. | applied the following filters to the 8806 poses: (1) logP < 3.5,
(2) number of H bond acceptors greater than 1 but not more than 4, (3) maximum number of rotatable
bonds was set to 4, (4) maximum number of H bond donors was set to 4. As QikProp cannot process
molecules that have Boron, these molecules were not considered for further analysis. This resulted in
3668 poses, from which | kept only the poses that were docked precisely in site 1b, leading to 832 poses.
Subsequently, | performed structural fingerprint similarity and clustering using Canvas. For the
calculation of the fingerprints, | chose the dendritic fingerprint type, as well as the Daylight atom types
and 64-bit precision. For the similarity, | used the Tanimoto index to compare all the poses against
themselves. For the clustering, | used the average linkage method and 179 clusters were created. After
visual inspection of the poses within each cluster, as well as consideration of the docking scores, |

selected 21 molecules as potential hits.

# compounds

9200
MW < 300 g/mol
Canvas 3656
Generation of protonation states
and stereoisomers
LigPrep 7114
Docking in site 1b of TrkA-D5:NGF
complex (P[();IBidleD: 1IWWW)
18633
Docking score < -3 kcal/mol
8806

logP < 3.5,
1 <H bond acceptors < 4
H bond donors < 4

rotatable bonds < 4
QikProp

3668
Keep poses on site 1b
PP : 832
Similarity
clustering

Canvas

Visual
inspection

21 compounds

Figure 3.1: Virtual screening steps of a library of 9200 fragment compounds synthesized in UNICAEN.
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Mechanistic studies

For a set of compounds that were verified experimentally to be active against TrkA and TrkB |
performed an additional, more extensive series of mechanistic studies with MD simulations. The
mechanistic studies were done in collaboration with Christina Athanasiou’? from the Molecular and
Cellular Modeling (MCM) group at the Heidelberg Institute for Theoretical Studies (HITS), who did all the

mechanistic studies on TrkB, while | did the calculations on TrkA.

For this purpose, we started by creating the models of the protein domains where the compounds
were possible to bind. | used the X-ray structure of TrkA-D5 homodimer bound to the NGF homodimer
(PDB ID: 1WWW)33¥7, while for TrkB the TrkB-D5 homodimer bound to the neurotrophin-4/5 (NT-4/5)
homodimer (PDB ID: 1HCF)33% was used by Christina Athanasiou. | modeled the following missing
residues with the AutoModel class of MODELLER v.9.23342: (1) on NGF: S122, P182 —S187, A237 — A241
(residue numbers correspond to the UniProt sequence of human NGF, UniProt ID: P01138), while
Christina Athanasiou modeled the following missing residues: (2) on NT-4/5: : N145 — G150 and G207 —
A210 in chain A and G81 — E84, N145, R209 and A210 in chain B (residue numbers correspond to the
UniProt sequence of human NT-4/5, UniProt ID: P34130), (3) on TrkB-D5 the 1% 3 residues were mutated
from the cloning to the wild-type sequence. On NGF, | built the missing loop P182 — S187 with the known
specific conformation from crystal structures and | used the structure of human NGF from PDB ID: 5)27343
as a template with homology modeling and the AutoModel class of MODELLER v.9.23. Christina
Athanasiou did a similar approach for the N145 — G150 loop on NT-4/5 for which | used the structure of
human NT-4/5 from PDB ID: 1B9834 as a template.

Once | had the protein models without any missing residues or atoms, | prepared them with Protein
Preparation Wizard3*>34¢ of Schrédinger Suite v.2020, which assigns bond orders, adds hydrogens,
creates disulfide bonds, assigns protonation states at pH 7 with PROPKA,3*” optimizes the H-bond
network and performs an energy minimization with the OPLS3e force field348 with restraints on heavy
atoms at mean squared deviation (RMSD) not higher than 0.3 A. For subsequent docking studies, apart
from the TrkA-D5 and TrkB-D5 models, we also used the TrkA and TrkB transmembrane (TM) helical
dimers, which are presented in chapter 4, for molecular dynamics (MD) simulations with the compounds.

Again, | ran simulations with TrkA and Christina Athanasiou ran the simulations with TrkB.
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Molecular docking of experimentally determined BNN-27 analogues

| performed docking calculations of the compounds studied experimentally in the EuroNeurotrophin
consortium to the TrkA receptor with NGF bound. Similar calculations were run for TrkB bound to NT-
4/5 by Christina Athanasiou.’? The first step was to identify possible binding sites in the TrkA-NGF model
structure, for which | used the SiteMap tool3?8349350 of the Schrédinger Suite. Several pockets were
predicted and | chose sites 1a and 1b, as it was previously suggested by STD-NMR that BNN27 binds at
the interface of TrkA and NGF,?’° and the compounds are analogues of BNN27 and are shown in Table
3.4. These compounds were synthesized by Alessia Latorrata, and tested experimentally on functional

and cell assays by Thanasis Rogdakis and Despoina Charou in the EuroNeurotrophin consortium.

Table 3.4: Neurotrophin mimetics discovered by the EuroNeurotrophin consortium. Experimental
validation with functional and cell assays done by Thanasis Rogdakis and Despoina Charou:
phosphorylation of TrkA (pTrkA), AKT (pAKT) and ERK1/2 (pERK1/2) and cell survival in TrkA expressing
cells. Similar for TrkB expressing cells. Data provided by Alessia Latorrata, unpublished except for ENT-

A011%73 and ENT-A013E/Z%72.

TrkA TrkB
Compound code Structure TrkA  pAKT pERK1/2 ' | oreke pakt !
P P P P survival P P survival
BNN-27 yes yes yes yes no no no
ENT-A011%73 no no no no yes yes yes
ENT-A013E/Z?7? yes yes yes yes no no no
ENT-A040 yes yes yes yes no no no
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ENT-A044 no no no no yes yes yes
ENT-A045 no no no no yes yes yes
ENT-A061 no no no no yes yes yes

For the docking calculations, | built grids describing the physicochemical properties of the protein
pockets 1a and 1b in both symmetric sites of the TrkA-NGF dimer. During grid preparation, | defined the
serine, threonine and tyrosine residues to be able to rotate their hydroxyl groups to form H-bonds during
the docking calculations. | built the grids with the Glide tool32%323:3243300f the Schrédinger Suite. Then, |
built the 3D structures of the small molecules in Table 3.4 with Maestro®! and prepared them with the
LigPrep tool3>? of the Schrédinger Suite. | performed docking calculations in both symmetric sites 1a and
1b of the TrkA-NGF dimer with the standard precision (SP) and extra precision (XP) protocols of
Glide321,323324,330 of the Schrédinger Suite. | also performed induced fit docking in site 1a, which is more
confined, with the Induced Fit Docking (IFD) tool331:332:353,354 of the Schrédinger Suite. Similar steps were
done by Christina Athanasiou for the docking of the compounds on the TrkB-NT-4/5 complex. | also
docked compounds ENT-A011, ENT-AO013E/Z and BNN-27 at the interface of the TM helices of TrkA, while

the same was done on TrkB by Christina Athanasiou. | visualized all structures with VMD v.1.9.3.3%°

Molecular dynamics (MD) simulations of experimentally determined BNN-27 analogues

| ran MD simulations of compounds ENT-A011, ENT-A013E/Z and BNN27 bound to TrkA, while the
same was done on TrkB by Christina Athanasiou. Specifically, | simulated the complexes of these
compounds with the TrkA-D5/NGF complex and the TM helices of TrkA, which | created with the
previously mentioned docking calculations. The summary of simulations is shown in Table 3.5. For the
models of the compounds bound in the EC-D5 domain of TrkA, | tested both symmetric sites of 1a and

1b pockets. For the models of the compounds bound in the TM domain of TrkA, | used as starting
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configurations the docked compounds at the interface of the active TrkA-TM helices, while | started
some simulations with 10 compounds placed around the inactive state of the TrkA-TM helices. | did this
because it has been suggested that the drug fluoxetine acts through binding at the interface of the active
state of the TM helices of TrkB,?** while there is no information about how small molecules might bind
in the inactive TM helices of TrkA or TrkB. | also tested the effects of the lipid environment and | tried
both POPC or POPC:cholesterol 6:4 membranes. The exact simulation protocol for the EC domain
simulations is presented in detail in chapter 4, while the simulation protocol for the TM systems is the
same as the one presented in chapter 6 for the full-length p75 system. For each system, 3 replica

simulations of ~300 ns were run. | did all structural visualization with VMD v.1.9.3.3%>

Table 3.5: Summary of simulations with small molecules bound to the EC and TM domains of TrkA and
TrkB. When distance restraints were applied in the TM helices it is denoted as “Dist. Rest.”. For each

system, 3 replica simulations of ~¥300 ns were run.

Domain /
Receptor binding site NT Compound # of Compounds Environment
ENT-AO011
ENT-AO013E
ENT-A013Z
BNN27
NGF ENT-A011 Solution
ENT-AO13E
ENT-A013Z
BNN27
D5 - -
ENT-A011
ENT-AO13E
TM —inactive ENT-A013Z 10
BNN27
cholesterol POPC
ENT-A011
- ENT-AO13E
ENT-A013Z
. BNN27
TM — active 1
ENT-A011
ENT-AO13E
ENT-A013Z
BNN27

TrkB D5 - site 1a | NT4/5 ENT-AO11 2 Solution

D5 —ssite 1a

D5 —site 1b

TrkA

POPC:cholesterol 6:4
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ENT-A013E
ENT-A013Z
BNN27
ENT-A045
ENT-A011
ENT-A011 - IFD
ENT-A013E
ENT-A013Z
BNN27
ENT-A045
D5 - -
ENT-A011
ENT-A013E
TM —inactive ENT-A013Z 10

BNN27
cholesterol POPC
ENT-A011
ENT-AO13E
ENT-A013Z
BNN27
ENT-A011
- ENT-A013E
ENT-A013Z
BNN27
ENT-A011
ENT-A013E
ENT-A013Z

TM — active — BNN27
Dist. Rest. ENT-AO11

ENT-A013E

ENT-A013Z
BNN27

D5 —site 1b

TM — active

POPC:cholesterol 6:4

POPC

POPC:cholesterol 6:4

| also ran MD simulations to investigate the propensity of the compounds to enter the membrane
from the solvent environment. For this purpose, | started the simulations with 10 compounds placed
close to the membrane in the solvent phase and monitored whether the compounds would enter the
membrane spontaneously. The same simulations but with 1 compound molecule close to the membrane
than 10 were ran by Christina Athanasiou. The membrane permeability simulations are summarized in

Table 3.6.
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Table 3.6: Summary of simulations for membrane permeability.

Compound # of Compounds Environment
BNN27
ENT-AO011
ENT-AO013E
ENT-A013Z 1 POPC
cholesterol
DHEA
DHEAS
BNN27
ENT-AO011
ENT-AO13E
ENT-A013Z 1 POPC:cholesterol 6:4
cholesterol
DHEA
DHEAS
BNN27
ENT-AO011
ENT-AO13E 10 POPC
ENT-A013Z
cholesterol
BNN27
ENT-AO011
ENT-A013E 10 POPC:cholesterol 6:4
ENT-A013Z
cholesterol

3.3 Results

Lead compound binding site validation

| performed molecular docking calculations to validate the proposed from the literature binding site
of the lead compound BNN27. It has been suggested that BNN27, which is C17-spiroepoxy derivative of
DHEA and is an agonist of TrkA and p75 receptor, binds at the interface of NGF and TrkA-D5 by Saturation
Transfer Difference Nuclear Magnetic Resonance (STD-NMR) assays.?’ In the same publication, two
potential binding sites, named 1a and 1b, were identified computationally at the interface of NGF and

TrkA-D5. The two sites are shown in Figure 3.2.
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Figure 3.2: Binding sites 1a and 1b at the interface of the D5 domain of TrkA (TrkA-D5) and NGF. TrkA is
shown in gray ribbon representation, while NGF in orange. The surface representation of the two binding

sites showcases the volume of the pockets.

The first step of understanding how BNN27 works upon binding to TrkA would be to identify the
changes that happen during this process, i.e. the interactions formed between ligand and receptor, and
the conformational changes of the ligand and the protein. Thus, a starting point would be to try to
simulate binding of the ligand in the proposed binding sites. Then, by observing the aforementioned
changes, design of optimized analogues can be made possible. For this purpose, | performed
computational docking to investigate the binding of BNN27 to TrkA sites 1a and 1b. For site 1a, |
performed multiple docking calculations using different setups for the binding site and the protocols of
Single Precision (SP) and Extra Precision (XP) of Glide or Induced-Fit Docking (IFD) of the Schrodinger
Suite v.2020.

None of the SP and XP docking runs were able to place BNN27 inside the pocket of site 1a. | tested
this for both symmetric 1a sites in structure IWWW,33¥7 since it is a homodimer. Thus, | concluded that
site 1a in the X-ray structure is not spacious enough for BNN27 to fit in. As a solution to this issue, | used
the IFD protocol, with which | was able to dock BNN27 inside the 1a pocket (Figure 3.3A), with the output
poses seeming plausible and having better docking scores than plain docking. For site 1b, docking was

able to place BNN27 in the site (Figure 3.3B). In both cases, the output pose is similar to the proposed
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ones,?’? however the ligand in both cases is placed in such a way that it has the hydrophobic methyl
groups of the steroidal part exposed to the solvent, which raises entropy-related concerns. Moreover,

the Glide XP docking score of -3.9 kcal/mol that was reported was not satisfying.

The docking poses of BNN27 to TrkB showed a specific binding mode in site 1a (Figure 3.4A), whereas
docking in site 1b resulted in various poses with low docking score (Figure 3.4B). On the other hand,
docking to TrkA showed a more consistent pose of BNN27 to site 1b. This may be an indication that site

1b is a specific binding site of BNN27 to TrkA.

Figure 3.3: Molecular docking of BNN27 to TrkA-D5:NGF complex (PDB ID: 1IWWW). TrkA is shown in

gray ribbon representation, while NGF is blue. (A) Binding pose of BNN27 inside the pocket of site 1a
obtained with IFD. Four hydrogen bonds are formed between BNN27 and receptor (shown as black

dotted lines). (B) Binding pose of BNN27 in site 1b obtained with XP docking.
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Figure 3.4: Molecular docking of BNN27 to TrkB-D5:NT-4/5 complex (PDB ID: 1HCF). (A) Docking poses
of BNN27 to equivalent site 1a on TrkB. The BNN27 in pink tube representation shows the pose inside
site 1a, whereas the rest of the poses in gray show docking poses of lower scores in the entrance of the

pocket. (B) Docking poses of BNN27 in site 1b.

Steroid analogues with three-membered-17-spirocyclic substituents

| created a virtual library of 78 BNN27 analogues with three-membered-17-spiro substitutions, which
contained the already synthesized and tested compounds BNN20, BNN23 and BNN27,%%° as well as
compounds planned to be synthesized by NHRF partner of the EuroNeurotrophin consortium. Out of all
compounds, BNN27 and BNN23 have an epoxide ring C17 substituent, while the rest have a cyclopropyl

ring.

| docked the compounds to sites 1a and 1b of TrkA-D5:NGF, using the SP and XP protocols of Glide,
as well as the IFD to the most promising compounds from XP. The docking scores for the best compounds

are presented in Table 3.7 and their structures in Figure A.1.
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Table 3.7: BNN-27 analogues with three-membered-17-spiro substitutions with the highest SP and XP
docking scores in TrkA-D5:NGF (sorted by XP score).

Compounds SP Docking score (kcal/mol)  XP Docking score (kcal/mol)
ENT-A021_Z -4.895 -4,758
ENT-A031_E -4.914 -4.593
ENT-A030_2Z -4.720 -4.351
ENT-A021_E -4.813 -4.183
ENT-A020_E -5.132 -4.154
ENT-A010 -4.513 -3.922
ENT-A028_Z -4.052 -3.769
ENT-A029_Z -4.459 -3.748
ENT-A027_E -4.864 -3.651
ENT-A040_2Z -3.929 -3.547
BNN27 -4.051 -3.342
ENT-A016_2Z -3.863 -3.327
BNN27-cyclopropyl -3.996 -3.391

| chose compound ENT-A027_E docked to site 1b of TrkA to be simulated with MD, since it showed
good interactions with the residues of the receptor, good XP and IFD scores and good QikProp
properties. During the 50 ns of the simulation, the phenol moiety interacts mostly with the proteins,
while the steroid core remained solvent exposed. A schematic of detailed ligand interactions with the
protein residues during the simulation is shown in Figure 3.5. Interactions that occurred between the
compound and the TrkA and NGF proteins are presented as occupancy percentages. As seen in Figure
3.5, the phenol moiety of the molecule creates the most interactions with the protein and it is the ligand
part that stabilizes the whole molecule in the pocket. Therefore, this phenol group may be employed as

a fragment for future drug design approaches.

Docking to the TrkB receptor with protocols SP and XP did not give conclusive results, with
compounds that had good SP scores, performing poorly in XP. The best poses from XP were subjected

to IFD calculation, but the resulting poses were either too solvent exposed or did not create many

interactions.
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Figure 3.5: Interaction occupancy between compound ENT-A027_E and the TrkA-D5 and NGF proteins

throughout the simulation time. TrkA-D5 is chain Y and NGF is chain W.

Steroid analogues with six-membered-17-spirocyclic substituents

| docked a library of 18 BNN27 analogues to site 1b of the TrkA-D5:NGF complex from the frame at
26 ns of the MD simulation mentioned in the previous section, which is the time when the C17
substituent entered deeper into the pocket and thus the cavity is larger at that frame. | eliminated output
ligand poses from the SP and XP docking that were placed outside of the pocket or had methyl groups
exposed to the solvent from further analysis. Four molecules had favorable poses in both SP and XP

protocols. The 2D structures and their corresponding XP docking scores are presented in Table 3.8.
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Table 3.8: 2D structures of best-scoring compounds with their XP docking scores.

Nr 2D structure XP Docking score (kcal/mol)
B
HO N
1 0’3) 5.6
§OH
HO—_/-—N
2 ofg -6.2
HO
§\NH
o]
3 omg -5.0
o)
9
=N
4 Q -3.8

The four ligands exploit the crevice deep inside the pocket at site 1b, in contrast to other ligands that
were placed in the solvent exposed area of the pocket. All ligands are able to form interactions with NGF
(hydrogen bonds shown in Figure 3.6) and TrkA (mainly van der Waals interactions), thus having the
potential to stabilize the TrkA-NGF complex. | proposed these molecules to be prioritized in subsequent

organic synthesis efforts.
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~" Compound 4

Figure 3.6: Docking poses of the best four compounds. Hydrogen bonds are shown with dashed black
lines. The ligands and representative interacting residues are shown in stick representation. TrkA-D5 is
shown in grey ribbon representation, while the NGF dimer is depicted in orange and yellow ribbon

representations (different color for each NT monomer).

Fragment compounds

| performed virtual screening of a library of 9200 compounds synthesized in UNICAEN. | filtered and
docked the fragments to site 1b of the TrkA-D5:NGF complex and after a series of filters presented in
the methods section, | selected the 21 compounds shown in Table A.1 as potential hits. The binding
poses of these compounds are shown in Figure A.2. | chose the best poses based on their docking scores
and on whether the binding poses were deemed plausible during visual inspection. Also, | considered
desirable the formation of H bonds and other energetically strong interactions during the selection
process, since these interactions will play a key role in the selectivity of the compounds for TrkA. From
those 21 fragment compounds, 11 were tested with STD-NMR by Dr. Maria Zervou, NHRF, Greece for
TrkA-D5 binding, as the rest were either insoluble or not readily available in the UNICAEN library. Out of
the 11 compounds, 8 were identified from STD-NMR as binders of TrkA-D5 (Figure 3.7).
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Figure 3.7: UNICEAN fragments identified by STD-NMR by Dr. Maria Zervou, NHRF, Greece as TrkA-D5
binders. The codes were given to each compound by the UNICAEN partners when the compounds were

sent to be tested by STD-NMR.

From the eight UNICAEN library fragments identified by STD-NMR as TrkA-D5 binders, C178 had the
best docking score (-5.6 kcal/mol), when docked to site 1b of TrkA. The docked pose of C178 shows the
formation of a pi-pi interaction between the hydro-isoquinolinonyl and Phe 317 of TrkA, as well as two
hydrogen bonds with the backbone of Asn 323 of TrkA (Figure 3.8). Additionally, the amine group forms
two hydrogen bonds, one with Asn 355 of TrkA and one with Lys 32 of NGF (Figure 3.8). These strong
interactions help in the stabilization of the pose in the binding site, while also offering potential
selectivity for TrkA. The thienyl, on the other hand, does not contribute any strong interactions, and thus
the pose lacks a stabilizing interaction in the inner part of the binding site. An improved compound would
be one that possesses the hydro-isoquinolinonyl and amine parts of C178, but has a substitute for the
thienyl group, in order to form a strong interaction, thus further stabilizing the pose. It is important,

though, that the strong interactions of C178 are also retained.
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Figure 3.8: Docked pose of C178 in site 1b of TrkA. TrkA is shown in purple, while NGF is shown in yellow
or orange. The ligand is shown with green-colored carbons. The pi-pi interaction with Phe 317 of TrkA is
depicted as a cyan dashed line, while the hydrogen bonds with Asn 323 and Asn 355 of TrkA and Lys 32

of NGF are shown by brown dashed lines.

For the aforementioned reason, | substituted the thienyl part by a diverse set of groups via R-group
enumeration, yielding a set of 226 compounds, which then | docked to site 1b of TrkA. In order to select
compounds with docking score around or better than that of C178, | considered only compounds with a
docking score of -5 kcal/mol or better and also positive predicted logP. Afterwards, | carried out visual
inspection to keep only those that possessed the pi-pi interaction and hydrogen bonds of C178, but also
had strong interactions in the substitute R-group. This resulted in 27 compounds. | docked the selected
compounds to TrkB, in the site that is equivalent to site 1b of TrkA (the two receptors share the same
secondary structure). The goal in this case was to identify compounds that showed docking scores in
TrkB of the same magnitude as that in TrkA, and eliminate them as non-selective. Any compound with a
docking score of -4 kcal/mol or better in TrkB (which translates to 1 kcal/mol or smaller difference from
the docking scores in TrkA, which were -5 kcal/mol or better) was eliminated from the final set of
compounds. The above procedure resulted in six compounds, which | proposed for synthesis as potential

TrkA-specific binders (Figure 3.9).
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Figure 3.9: The 2D structures of C178 and its six proposed optimized derivatives. C178 is shown first,
with cyan-colored carbons. The derivatives are coded as ENT-HOO1 to ENT-HOO6, in the order shown

here.

The six proposed C178 derivatives all have five-membered aromatic rings as their substitute R-group,
which mediate the formation of strong interactions with either TrkA or NGF (Figure 3.10). At the same
time, the strong interactions of C178 with TrkA and NGF are preserved, with the exception of ENT-H002
which lacks only one hydrogen bond, the one with Asn 355 of TrkA. The docking scores are in the range
of -5.2 kcal/mol to -6.3 kcal/mol. Regarding interactions, ENT-HO01, ENT-H002 and ENT-HOO6 form extra
hydrogen bonds with Arg 103 of NGF; ENT-HOO3 forms an extra hydrogen bond with Asn 355 of TrkA;
ENT-HOO4 forms an extra hydrogen bond with Lys 32 of NGF; ENT-HOO5 forms an extra pi-cation
interaction with Arg 103 of NGF.
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Figure 3.10: Docked poses of the six proposed, optimized C178 derivatives in site 1b of TrkA. The order

is the same order as in Figure 3.9. TrkA is shown in blue or purple colors, while NGF in yellow or orange.
The ligands are shown with green-colored carbons. The pi-pi interaction is depicted as a cyan dashed

line; the hydrogen bonds as orange dashed lines; the pi-cation interaction as a green dashed line.

Prediction of the physicochemical properties of the C178 derivatives was also carried out (Table 3.9).
All predicted values are within the recommended range (Table 3.10), except for the predicted
permeability of Caco-2 and MDCK cell lines (models of the gut-blood and blood-brain barriers,

respectively), where the predicted values do not offer a clear answer. This, in combination with the
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QPlogP values, shows that the compounds may be too hydrophilic for passive permeability, requiring

the introduction of more hydrophobic groups in the next steps of optimization.

Table 3.9: XP docking scores and predicted physicochemical properties for C178 and the proposed
derivative compounds. MW (molecular weight —in g/mol); HBd (hydrogen bond donors); HBa (hydrogen
bond acceptors); QPlogP (octanol/water partition coefficient); QPPCaco (permeability of the Caco-2 cell
line, non-active transport — model for the gut-blood barrier —in nm/sec); QPPMDCK (permeability of the
MDCK cell line, non-active transport — model for the blood-brain barrier — in nm/sec); #metab (number

of likely metabolic reactions); QPlogKhsa (binding to human serum albumin).

XP score MW
Compound (kcal/mol) (g/mol) HBd HBa QPlogP QPPCaco QPPMDCK #metab QPlogKhsa

C178 -5.599 258 2.0 4.0 2.2 369 325 5 0.0
ENT-HOO01 -6.315 259 2.0 5.0 1.5 185 185 4 -0.2
ENT-H002 -6.044 242 2.0 6.0 0.9 177 84 3 -0.3
ENT-H003 -5.725 260 2.0 6.0 0.8 99 95 4 -0.3
ENT-HO04 -5.622 242 3.0 5.5 0.6 97 44 4 -0.3
ENT-HOO05 -5.476 258 2.0 4.0 2.2 387 398 5 0.0
ENT-HO06 -5.228 242 3.0 6.0 0.5 114 52 4 -0.4

Table 3.10: Recommended values of the predicted physicochemical properties.

QikProp property Recommended values
Molecular Weight (g/mol) 130-725
Hydrogen-bond donors 0.0-6.0
Hydrogen-bond acceptors 2.0-20.0
QPlogP -2.0-6.5

QPPCaco <25 poor, >500 great

QPPMDCK <25 poor, >500 great

Metabolic reactions 1-8

QPlogKhsa -1.5-1.5

Mechanistic studies

For some of the compounds discovered within the EuroNeurotrophin consortium as agonists of TrkA
and TrkB receptors,?’>273 | performed mechanistic studies involving MD simulations. Specifically, |

docked the compounds in Table 3.4 at the interface of NGF with TrkA-D5, or placed around the TM
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helices of TrkA and | ran membrane permeability MD simulations of 10 compound molecules placed
close to the membrane. The same was done on TrkB and with 1 molecule close to the membrane for the
membrane permeability simulations by Christina Athanasiou. | present here all results for comparison.

A summary of the simulated systems is shown in Figure 3.11.

in site 1b

B 1 x compound 10 x compounds

Figure 3.11: Summary of various systems with compounds. (A) Docked compounds at the interface NGF

with TrkA-D5 and NT-4/5 and TrkB-D5. (B) Membrane permeability systems with 1 or 10 compound
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molecules close to the membrane. (C) TM TrkA and TrkB systems with 1 compound docked at the
interface of the TM helices or 10 compound molecules placed around the TM helices. | ran the
simulations with TrkA and the 10-molecule membrane permeability simulations, while all calculations
with TrkB and the 1-molecule membrane permeability simulations were done by Christina Athanasiou.”?
Figure partially adapted from Rogdakis et al.?’? For this figure, | created subfigure (A) and the 10-

compound part of subfigure (B).

For the systems with EC-D5 domains of TrkA and TrkB and the corresponding compounds that bind
selectively to each receptor, the results are shown in Figure 3.12 and Figure 3.13. The docking poses
show an overall complementarity of the small molecules with the binding sites. The poses in site 1a show
multiple possible binding modes of the steroid moiety, suggesting reduced stability in the binding. The
poses is site 1b are partially exposed to the solvent, with the 3B-hydroxyl pointing to the solvent and the
C17 substituents pointing deep to the protein pocket, providing an explanation for the variety in function
of the different substituents. The docking models for compounds ENT-A013E/Z and ENT-A011 have been

published.?’2273

| also ran MD simulations starting from the docked poses to examine the stability of the models. In
several of these simulations the compounds detached from the binding sites, which means that the
initial models are not stable, or even the selected binding sites at the interface of neurotrophin and
receptor are not the highest-affinity binding sites of the compounds. It might be that there are other
binding pockets with which the compounds have higher affinity and thus can account for the observed

function of the compounds on the receptors, i.e. the activation and phosphorylation of the receptors.
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Figure 3.12: Docked binding modes of ENT-A013E/Z and ENT-A040 compounds bound at the interface
of NGF with TrkA-D5. The poses in both symmetric sites of 1a and 1b are shown. NGF and TrkA-D5 are
shown in green- and blue-ribbon representation, respectively, while the compounds are in orange stick
representation. Figure partially adapted from Rogdakis et al.?’ | have fully created this figure and the

docked poses.
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NT-4/5

S ———
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Figure 3.13: Docked binding modes of ENT-A011, ENT-A044, ENT-A045 and ENT-A061 compounds bound
at the interface of NT-4/5 with TrkB-D5. The poses in both symmetric sites of 1a and 1b are shown. NGF
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and TrkA-D5 are shown in green- and blue-ribbon representation, respectively, while the compounds
are in orange stick representation. The calculations and figure were made by Christina Athanasiou.”?

Figure partially adapted from Charou et al.?’3

Since the docking and MD simulations of the compounds in the EC domains of TrkA and TrkB did not
produce clear results on the compound binding site, together with consideration of the steroid core of
the compounds, similar to that of cholesterol that is naturally found on cell membranes, | decided to
investigate the possibility of the compounds entering in the membrane and interacting with the TM
domain of the receptors. Thus, | placed 10 compound molecules close to POPC or POPC:cholesterol 6:4
membrane bilayers and ran MD simulations to observe whether they would be incorporated in the
membrane environment (Figure 3.14, right). The same simulations but with 1 compound molecule
instead of 10 were ran by Christina Athanasiou (Figure 3.14, left). Both types of simulations showed the
compounds spontaneously entering the membrane bilayer. In the single molecule simulations, the
compounds entered the membrane very fast. Control simulations with cholesterol showed that the
compounds have a tendency to penetrate the membrane faster than cholesterol. The simulations with
10 compound molecules close to the membrane showed that they first create aggregates in the solvent
phase and then they are able to enter the membrane as aggregates. When the aggregates have entered

the membrane phase they dissociate and diffuse in the membrane (Figure 3.14, right).

The propensity of the compounds to readily penetrate the cell membrane suggests that they might
act on the TM domain of the NT receptors. This would be similar to the behavior of the antidepressant
drug fluoxentine as well as psychedelic drugs that were found to bind to the TM domain of TrkB.2942%
To test this hypothesis, | docked single compounds at the interface of the TM helices of TrkA and
simulated them with MD simulations, or | started simulations with 10 compound molecules around the
TM helices of TrkA. The same work was done on TrkB by Christina Athanasiou. The simulations showed
non-specific transient interactions between the compounds and the TM helices of both TrkA and TrkB,
while the simulations that started with the compounds at the interface of the TM helices showed
dissociation of the small molecules and diffusion in the membrane. No particular difference was also
observed between the two membrane models POPC or POPC:cholesterol 6:4, although the second is
more rigid and thus diffusion of the compounds in it was slower. The lack of a clear binding site might
mean that more than one binding sites can act synergistically, or even that the activity of the compounds

is due to an indirect effect through interaction with other types of proteins.
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Figure 3.14: Molecular systems used for the membrane permeability simulations. Left: One molecule is
placed close to the membrane. Right: Ten molecules are placed close to the membrane. The several
steps of compound entrance to the membrane as a monomer or aggregate are shown in superposition.

Figure created by Christina Athanasiou.”?

3.4 Conclusions

The work presented in this chapter entailed the molecular modeling and design of novel NT mimetics
agonists of the NT receptors. First, | focused on the lead steroidal compound BNN27, which is a TrkA
agonist and was previously suggested to bind at the interface of TrkA and NGF, at two potential binding
sites. Here, | also identified the two proposed sites 1a and 1b, and performed molecular docking studies
of BNN27 in both of them. For docking to site 1a, which is more confined, | had to use a docking protocol
which allowed for flexibility of the protein side chains and allowed accommodation of the compound.
For site 1b, standard rigid-protein docking was able to place BNN27 in the pocket. This work set the
docking protocols that | used for the rest of the BNN27 analogues as well. | performed similar docking
studies for the equivalent sites at the interface of TrkB and NT-4/5, which showed variability in the poses
in site 1b. Given that BNN27 activates TrkA and not the TrkB receptor, site 1b might be a specific binding

site of BNN27 to TrkA. This could be tested by site-specific mutagenesis in site 1b and binding assays.

Subsequent work involved the creation of a virtual library of 78 already-planned BNN-27

analogues with three-membered-17-spiro substitutions, which | docked to sites 1a and 1b. | chose one
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of the most promising compounds to perform MD simulations, which revealed that the phenol moiety
of the molecule creates the most interactions with the protein. This work suggested that this phenol
group could be employed as a fragment for future drug design approaches. | also created a virtual library
of 18 already-planned BNN27 analogues with six-membered-17-spiro substitutions, which | docked in a
conformation of TrkA bound to NGF that had a more spacious site 1b. This was important for the bulkier
six membered-17-spiro substitutions, and it allowed for the identification of four ligands that exploited
the crevice deep inside the pocket at site 1b. | suggested all four compounds to be prioritized in

subsequent organic synthesis efforts.

Next, | performed virtual screening of a library of 9200 compounds synthesized in UNICAEN, using a
series of filters, which led to the selection of 21 fragment compounds to be tested experimentally. From
those 21 fragment compounds, 11 were tested with STD-NMR for TrkA-D5 binding, and 8 were identified
as binders. | used the binder with the best docking score, compound C178, as a template to design
derivatives that could introduce stronger interactions with the residues at site 1b of TrkA. Through R-
group enumeration, | designed 226 derivatives, which | subsequently docked to TrkA and TrkB, in order
to identify those that would have potential selectivity for TrkA. This yielded six compounds that |
proposed for synthesis and testing. These compounds form strong interactions with residues of TrkA or
NGF, in site 1b, stabilizing their docked poses. Physicochemical property prediction showed values within
the recommended ranges, however these molecules seem to be too hydrophilic to cross membranes by
themselves. Introduction of hydrophobic groups should be the goal for the optimization of these

compounds, after testing, which was not completed during the course of the current PhD thesis.

Functional studies of TrkA and TrkB receptors that were performed within the EuroNeurotrophin
network, identified some small-molecule TrkA and TrkB agonists. | performed more extensive
mechanistic studies in this set of compounds aiming to understand their selectivity for TrkA and TrkB. |
docked the compounds at sites 1a and 1b of TrkA, Christina Athanasiou did the same for TrkB, and
performed MD simulations, which showed that the compounds can spontaneously dissociate from these

binding sites, indicating weak binding to these sites.

Since the docking and MD simulations of the compounds in the EC domains of TrkA and TrkB did not
produce clear results on the compound binding site, together with consideration of the steroid core of
the compounds, similar to that of cholesterol that is naturally found on cell membranes, | decided to
investigate the possibility of the compounds entering in the membrane and interacting with the TM

domain of the receptors. | performed MD simulations with compounds close to the membrane which

81



3 Computational studies of neurotrophin mimetics

showed spontaneous incorporation of the compounds to the membrane bilayer either as single
molecules or as aggregates which then diffuse within the membrane. Interestingly, control simulations
with cholesterol showed that the compounds have a tendency to penetrate the membrane faster than
cholesterol. This suggests that the compounds can readily penetrate the membrane and potentially
interact with the TM domain of the receptors. A limitation of this work is that the NT receptors are
localized in neuronal membranes which are much more rigid than those simulated here, and thus it
might be more difficult for the compounds to penetrate more rigid membrane. However, this might
mean that they just need more time, as more complex POPC:cholesterol 6:4 membrane simulations also

showed slower entering of the compounds in the membrane.

The propensity of the compounds to readily penetrate the cell membrane suggests that they might
act on the TM domain of the NT receptors. This would be similar to the behavior of the antidepressant
drug fluoxentine as well as psychedelic drugs that were found to bind to the TM domain of TrkB.2942%
To test this hypothesis, | ran MD simulations with the compounds docked or close to the TM domain of
TrkA and the same was done on TrkB by Christina Athanasiou. The simulations showed non-specific
transient interactions between the compounds and the TM helices of both TrkA and TrkB, while the
simulations that started with the compounds at the interface of the TM helices showed dissociation of

the small molecules and diffusion in the membrane.

Overall, the mechanistic studies showed that the investigation of the binding site and mode of action
of neurotrophin mimetics is far from trivial. STD-NMR data suggest binding at the EC domain, however
the currently proposed binding sites lead to unstable binding poses. Furthermore, the propensity of the
compounds to enter the cell membrane suggests possible action through the membrane environment
and the TM domains of the receptors, however no specific binding site on the TM helices was detected
with MD simulations. It might be possible the existence of more than binding site which act
synergistically for the activation of the receptors. Also, accumulation of high compound concentrations
in the cell membrane might alter the microenvironment of the membrane, which in turn leads to
activation of the receptors. In fact it is known that NT receptors translocate to lipid rafts upon
activation, 1321414143 which shows that the lipid background plays a role in receptor function. Finally, the
experimentally observed activity of NT mimetics on NT receptors might be an indirect effect resulting
from binding to other proteins that interact with NT receptors. Consequently, it becomes evident that
further exploration of the interaction between the compounds and receptors is needed to identify the

actual binding site and mode of action of NT mimetics.
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4.1 Neurotrophin receptor glycosylation

A common attribute of cell surface receptors, including single pass transmembrane receptors such
as p75, is the presence of covalently bonded oligosaccharides, often called glycans, in their extracellular
segments. These glycosylation sites are post-translational modifications occurring during the protein
expression and are important for proper protein folding, function as well as cell partitioning. Based on
the amino acid that the glycans are attached, they can be categorized to N- and O- glycans, with

conjugation of the N atom of Asn residues, or the O atom of Ser and Thr residues, respectively.”?

The p75 neurotrophin receptor has been identified to have both N- and O- glycosylation
oligosaccharides in its extracellular (EC) segments, with a single N-glycan close at the very N-terminal
Cysteine-rich domain and several O-glycans (the exact number is not known) at the linker connecting
the EC and transmembrane (TM) domains.”>=8 In contrast, the Trk receptors are known to have multiple
N-glycosylation sites at their EC domains without O-glycans present.*”/4#78 There is also evidence of
glycosylation presence in the pro-domain of pro-neurotrophins.82-82 The single N-glycosylation of p75
has a complex glycan type,”? while its O-glycans in the linker were found to contain sialic acids and have
this core: GalB1-3GalNAc-O-Ser/Thr.2* The exact role of the N-glycosylation in p57 is not clear, as its
deletion does not have any effect on receptor cell partitioning as found for TrkA.”>2 On the other hand,
the O-glycosylation has been suggested to help with the proper folding on the EC linker’®8 and the

apical sorting of p75.7>"7

Experimental structural biology methods, such as x-ray crystallography, often require removal of
glycosylation from the protein structure during sample preparation, to increase resolution, as glycans
are very flexible and have a lot of structural variability and they tend to decrease the X-ray diffraction
quality of the crystals or even hinder crystal formation.3>%3>7 This renders the structural investigation of
glycan effects on protein structure quite challenging. A solution to this can be offered by Molecular
Dynamics (MD) simulations, which allow explicit atomistic modeling of every type of glycan in any
selected glycosylation site and investigation of the dynamical behavior of a protein of interest with
glycans attached to it. Increased spectroscopy data regarding the type and site of glycans have led to

more computational studies taking into account glycosylation in their glycoprotein models.3>8-361 |n this
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chapter, | have modeled and performed MD simulations of the glycosylated and non-glycosylated EC
domains of p75 receptor and compared differences in receptor structure and dynamics due to the

addition of glycans.

4.2 Methodology

Protein & glycosylation modeling

Due to the lack of an experimental structure for the human p75-EC domain, | used the structure of
the Rattus norvegicus (rat) p75-EC, after alignment of its sequence to the human one, which showed a
sequence identity of ca. 92%. | performed the sequence alignment using Clustal Omega 1.2.4362 via
UniProt.363 | selected the crystal structure of the complex of the rat p75-EC domain homodimer and the
human NT-3 homodimer (PDB ID: 3BUK).>> This structure contains the rat p75-EC domain residues 32-
190 (31-189 in human — corresponding to UniProt entries P07174 and P08138, respectively), an N71S
mutation in the rat p75-EC domain, which results in the serine residue present in the human sequence,
and the human NT-3 residues 143-253. It thus comprises (with a few missing residues) the full length of
the structured parts of the p75-EC domain and NT-3. | processed the structure using the Schrodinger
Suite 2020,%°! by mutating the residues that were different in rat to the human ones using Maestro, and
then | prepared the protein (bond order assignment, optimization of hydrogen-bond network, restrained
energy minimization) using the Protein Preparation Wizard.3>! This structure was missing the p75-EC
residues 29-30 and the NT-3 residues 139-142 and 254-257 in each monomer. | modeled these residues
using MODELLER 9.23.3% The resulting model lacked hydrogen atoms, so the protonation states were
predicted using PROPKA 3.4.03% via PDB2PQR 3.4.0.3%® For the simulations, | modeled the p75-EC
domain at three different states: (1) as a homodimer in complex to NT-3, (2) as a monomer in complex

with NT-3 and (3) as a monomer alone.

Regarding the glycosylation of p75, it is known that each monomer has one complex N-glycan of
composition HexsHexNacadHexiNeuAc, (Hex: Hexose, HexNac: N-Acetylhexosamine, NeuAc: N-
acetylneuraminic acid) (Figure 4.1) at Asn 60.73 p75 has also several O-glycosylation sites, which are
located at the linker between the EC and transmembrane (TM) domains.”®”7:367 However, in this chapter

I have only modeled the structured EC domains of p75, so the O-glycosylation is not present. The glycans
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were built using CHARMM-GUI.3%8 | built the three states of p75-EC mentioned above with the presence

or absence of glycans.

Receptor dimer -
NT dimer

p75 monomer

Glycans

NT-3

Receptor monomer —
NT dimer

p75 monomer

—
k)
(

§

Receptor monomer

Glycan type:
1 N-glycan/receptor monomer

Figure 4.1: States of p75-EC simulated in this chapter: (1) p75-EC as a homodimer in complex to NT-3,
(2) as a monomer in complex with NT-3 and (3) as a monomer alone. The proteins, p75-EC and NT-3, are
depicted in green and blue cartoon representations, respectively, while the N-glycan at Asn 60, is shown
in yellow stick representation and in multiple conformations, as sampled from the simulations. The box
at the bottom shows the type of complex N-glycan that was modeled with the shapes and colors

meaning as follows: the blue boxes correspond to the N-acetyl-glucosamine, the green circles to the
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mannose, the yellow circles to the galactose, the purple rhombus to the sialic acid and the red triangle

to the fucose monosaccharides.

Molecular dynamics (MD) simulations

| used CHARMM-GUI to insert the glycoprotein into an orthorhombic simulation box, solvate it in
water with 150 mM NaCl, and prepare it for MD simulation using the CHARMM36m force field and the
GROMACS engine. | repeated this process to build six systems in total: the p75-EC homodimer in complex
with NT-3 with and without glycans, the p75-EC monomer in complex with NT-3 with and without

glycans, and the p75-EC monomer alone with and without glycans (Figure 4.1).

For all simulations, | used the GROMACS v.2020 MD engine,3®® and the CHARMM36m as force
field.3”° The simulation protocol that | followed consisted of a steepest-descent energy minimization, an
NVT and NPT equilibration steps with gradual removal of restraints and one NPT production run. |
performed the NVT equilibration step at 310 K for 500 ps with restraints on protein backbone atoms of
400 kJ/(mol-nm?) force constant and restraints on the protein side chains of 40 kJ/(mol-nm?) force
constant. Then, | ran the NPT equilibration at 310 K and 1 atm for 500 ps with restraints on protein
backbone and side chain of 200 kJ/(mol-nm?) and 20 kJ/(mol-nm?), respectively. Finally, | performed the
production run for 500 ns with the systems totally unrestrained and ran three replica simulations per

system starting from different initial velocities (Table 4.1).

For thermostat and barostat | used the Nosé-Hoover3’*372 and Parrinello-Rahman373374 respectively.
| used a coupling constant of 5 ps and isotropic pressure with 4.5-10 compressibility. | used a 1 fs time
step in the first equilibration step and then 2 fs for the second step, while | saved frames every 100 ps.
For the treatment of the non-bonded electrostatic interactions | chose the Particle Mesh Ewald
(PME)375376 with a cutoff distance at 1.2 nm, while for the calculation of non-bonded van der Waals
interactions | chose a cutoff of 1.2 nm and a switching distance of 1.0 nm. All hydrogen-containing bonds

were fixed with the LINCS algorithm.37”
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Table 4.1: Summary of p75-EC systems that | simulated with or without glycans.

Production
System No Protein Glycosylation  Replicas  Time/Replica (ns)
; p75 EC-dimer, NT-3 dimer T ; ggg
l3l p75 EC-monomer, NT-3 dimer T 2 ?88
Z p75 EC-monomer *_' 2 ?88

Simulation analyses

At the end of each replica simulation | performed a set of post-processing analyses, with the fixing
of periodic effects being with the gmx trjconv tool of GROMACS being the first step. | rendered all protein

structures presented in this thesis with VMD 1.9.3.3%>

Root mean square deviation (RMSD), root mean square fluctuation (RMSF) & radius of gyration (Rg)

| performed RMSD calculations on the protein structures with the MDAnalysis Python library.37837°
Specifically, | calculated the RMSD of each protein backbone during the simulations with respect to the
initial structure, after having aligned first all frames to protein backbone of the first frame. | also
calculated the internal RMSD of each subdomain backbone of p75-EC, after alighment to the backbone
of the same sub-domain at the first frame. | plotted the RMSD values with the Matplotlib Python

library,38 while | calculated and plotted their density distributions with the Seaborn Python library.38!

In order to monitor the fluctuations of the residues during the simulations, | performed RMSF
calculations with MDAnalysis. For this, | aligned first the Ca atoms of the EC domains to an average
structure from the simulations and then | calculated the RMSF of each residue Ca from that average
structure. | also examined the RMSF of the oxygen atoms that are part of the sugar rings in each of the

glycans. | plotted the RMSF values with Matplotlib and Seaborn.

| performed a radius of gyration calculation of the EC domains again with MDAnalysis, after having
aligned each of the systems to the backbone of the p75-EC domains at the first frame of the simulations.

| performed the plotting with Seaborn.
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Solvent accessible surface area (SASA)

| chose to investigate the effect of glycan shielding of the p75-EC domain by performing SASA
calculations with the measure sasa method of VMD 1.9.3.3°> | measured the SASA of the protein with
and without taking into account the presence of the glycans and estimated the difference between the
two. | also performed the calculation with several radii of probe, i.e. 1.4,2,3,4,5,6,7,8,9 and 10 A, to

take into account binding of molecules of various sizes.

| used the measure sasa method to also calculate the interface area between the p75-EC domains
and the NT-3 and examine whether the glycan participates in this interface. For this purpose, | calculated
the SASA of the p75-EC domain with the glycan with and without taking into account the presence of
NT-3. By subtracting the values from the two calculations, | retrieved the SASA of the interface. |
repeated this for the simulations that did not have glycans present and then compared the interface
areas in the presence or absence of the glycan. Higher interface area in the presence of the glycan would

mean that the glycan participates at the interface.

Principal component analysis (PCA)

Upon visualization of the simulation trajectories, | noticed a movement of the D1 domain of p75-EC
with respect to the D2-D4. Therefore, | chose to quantify this intrinsic motion and examine whether it is
influenced by the presence of the glycan by performing a PCA analysis on the D1 domain using
MDAnalysis. For this purpose, | aligned all the simulation frames to the backbone of the D2-D3 domains
and performed the PCA calculation on the coordinates of D1 backbone atoms. | plotted the values of the

15t and 2" principal components with Seaborn.

Distances and angles between domains

For the systems that had the p75-EC homodimers in complex with the NT-3, | examined the distances
between the centers of geometry (COG) of the different sub-domain monomers of p75, i.e. the D1-D1,
D2-D2, D3-D3 and D4-D4 distances. | compared how these distances change in the presence or absence
of the glycans. For this analysis, | used MDAnalysis and the numpy.linalg.norm function of the Numpy

library.38 | also calculated the angles formed by the COGs of the D1-NT-D1, D2-NT-D2, D3-NT-D3 and
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D4-NT-D4 domains. | did this analysis every 100 frames and plotted the results in violin plots with

Seaborn.

Hydrogen bonds & dihedral angles (x1) of the glycan

In order to investigate whether the glycan at Asn 60 engages in any specific interactions, such as
hydrogen bonds (as expected from the multiple H-bond acceptors in sugars), | calculated the H-bonds
that it forms with its surrounding during the simulations with the HydrogenBondAnalysis class of
MDAnalysis. | visualized with Matplotlib the residues that form H-bonds with either of the glycans at the

two symmetric positions for more than 1% of the simulation frames.

| also performed an analysis of the x1 dihedral angle of the Asn 60 that bears the glycan, both in the
replica simulations with and the without the glycan to check the glycan influence at the conformation of
that residue. For this, | used MDAnalysis to calculate the x1 dihedral angle in all frames and plotted the

results with Seaborn.

4.3 Results

As mentioned in the introduction, in this chapter | have modeled and performed MD simulations of
the glycosylated and non-glycosylated EC domains of p75 receptor and compared differences in receptor
structure and dynamics due to the addition of glycans. | modeled and simulated the p75-EC domain in
three states: (1) as a homodimer in complex to NT-3, (2) as a monomer in complex with NT-3 and (3) as
a monomer alone, always with and without glycans. Initial visualization of simulation trajectories
showed that only the N-terminal part of the p75-EC can be shielded by the single N-glycan at Asn 60
position, while it seems to also have minimal interactions with NT-3. The cloud of glycan conformations
appearsto block the entrance at the upper region of the receptor, which might affect NT binding kinetics.
Kinetic studies have shown that NTs dissociate from p75 at different rates, with NGF>NT-3>>BDNF.?2
Additionally, even though the Trks and p75 interact with NTs with similar dissociation constants in the
nanomolar range, the binding kinetics are different, with NGF attaching to and dissociating from the Trks

slower than p75.383
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p75 dimer P75 monomer P75 monomer

Figure 4.2: States of p75-EC simulated in this chapter: (1) p75-EC as a homodimer in complex to NT-3,
(2) as a monomer in complex with NT-3 and (3) as a monomer alone. Only the glycosylated systems are
shown with the multiple glycan conformations from the simulations. The p75-EC and NT-3 are depicted
in green and blue cartoon representations, respectively, while the N-glycan at Asn 60, is shown in yellow

stick representation and in multiple conformations sampled in the simulations.

Figure 4.2 shows that the cloud of glycans and thus glycan conformations are not influenced by the
oligomeric state of the proteins. After visualization, | performed a quantitative analysis of the
simulations. First, | monitored the root mean square deviation (RMSD) of the protein backbone with
respect to the initial structures as a function of time (Figure 4.3). The results do not show any significant
difference between the glycosylated and non-glycosylated systems, with only dimer-dimer and
monomer-dimer systems exhibiting slightly higher peak in the RMSD population values for the
glycosylated states. Interestingly, the systems with the p75-EC as a monomer alone show more
fluctuations in the RMSD values, which suggests that NT might stabilize the EC domain of p75. Overall,
the RMSD values are below 10 A, which indicates deviation from the initial crystal structure, but not

large conformational changes.

For more granularity, | calculated the RMSD values for each of the sub-domain of the p75-EC after
alignment the domain itself, to observe the internal domain deviations from the initial structure (Figure
4.4). The results show low RMSD values for most of the domains, except for the D1 domain, which can
exceed the 5 A in RMSD and it seems to account for the higher that 3 A RMSD values in the full-EC domain

RMSD calculations (Figure 4.3). The D1 domain is located in the N-terminus of the p75-EC segment, and
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it appears to be less stable than the rest of the p75-EC domains. To investigate further the reason for

the high RMSD values in the D1 domain, | took a closer look at the sampled conformations of this domain.

In Figure A.3, | have visualized the differences in the conformation of the D1 domain, which lead to
the high RMSD values. The high RMSD values originate in the N-terminal linker of D1, which is disordered
and seems to be quite flexible. Interestingly, the region of the D1 domain where the N-glycan is attached,
has a more stable conformation, although this also fluctuates. Overall, the rest of the p75-EC domains
have a stable conformation, despite the several disordered regions. This stability is probably conferred

by the 12 disulfide bonds in the EC domain of p75, which form a disulfide bond ladder (Figure 4.5).
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Figure 4.3: Summary of RMSD calculation results for the (A) p75-EC as a homodimer in complex to NT-
3, (B) as a monomer in complex with NT-3 and (C) as a monomer alone, with and without glycans. The
structural representations are the same as in Figure 4.1. The RMSD values are presented as an evolution

with time (middle plots) and as probability densities for all the replicas together in the glycosylated and

non-glycosylated systems (right plots).
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Figure 4.4: Summary of sub-domain RMSD calculation results for the (A) p75-EC as a homodimer in

complex to NT-3, (B) as a monomer in complex with NT-3 and (C) as a monomer alone, with and without
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4 Glycosylation in the p75 receptor

glycans. The RMSD values are presented as an evolution with time for each of the domains, after

alignment to each domain.

Figure 4.5: Disulfide bond ladder in the structure of p75-EC (from PDB ID: 3BUK). The D1-D4 domains
are shown in cartoon representation with the same colors as in Figure 4.4. The disulfide bonds are shown

in licorice representation.

Next, | analyzed the root mean square fluctuation (RMSF), which is a metric showing the average
fluctuation of each of the protein residues during the simulations (Figure 4.6). The results show that the
glycosylated and non-glycosylated systems behave in the same way, as shown before by RMSD. In all
systems, the N-terminal region of the D1 domain displays the highest RMSF values, which corresponds
to the disordered region that was previously shown to change conformation during the simulations in
the RMSD calculations (Figure A.3). Comparison of the RMSF for the several oligomerization states shows
that, for the “p75-EC monomer” system, residues 90-130 from D2 and D3 domain have higher RMSF

values than for the “p75-EC dimer/NT-3 dimer” and “p75-EC monomer/NT-3 dimer” systems. However,
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4.3 Results

there is no difference between the glycosylated or not forms for this system. Another interesting point
is that the glycosylation at Asn 60 does not affect the fluctuations at this residue, as the RMSF values for
the glycosylated or not systems are the same at this residue. This is in agreement with the higher RMSD
values that were calculated for this system (Figure 4.3). In the case of the NT-3, highest RMSF values
occur in the N- and C-terminal regions, which have disordered loops and are very flexible. In addition to
the protein residue RMSF, | also calculated average RMSF values for each of the glycan in the systems
(Figure 4.7). The N-glycan at N60 has RMSF values of ~10-12 A in all oligomerization states of p75-EC,

with a tendency for higher values observed in the “p75-EC monomer/NT-3 dimer” system.
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glycans. The RMSF for each residue was calculated as an average from the three replica simulations and
the standard deviation at each point is shown with shadowed areas. The different domains of p75-EC

are color coded and the glycosylated Asn 60 is indicated with a vertical line.
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Figure 4.7: Distribution of RMSF values for the glycan at N60 in box plots. The RMSF was calculated after
alignment to an average structure of the D1 domain during the simulations. The coordinates of the

oxygen heteroatom at each sugar ring were used for the RMSF calculation.

Next, | investigated the effects of the glycan presence in the surface exposure of the proteins. For
this purpose, | ran accessible surface area (ASA) calculations using probes of varying radii, from 1.4 to 10
A, which corresponds to molecules of different sizes, such as water, small molecules and proteins. This
allows to understand how much of the protein surface is actually accessible to interact with such type
of molecules. As shown in Figure 4.8, the overall protein shielding from the glycan at Asn 60 is not very
high, probably because of the single glycan, which points away from the surface of the protein as
revealed by visualization of the simulation trajectories. Increase of the size of the probe seems to have
a larger effect on the glycan shielding, reaching up to 7% of the protein ASA, which suggests that the

binding of larger proteins rather than small molecules in the area proximal to the glycan may be more
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4 Glycosylation in the p75 receptor

disturbed. The small bars for standard deviation suggest similar configurations and thus agreement

among all replicas.

Subsequently, | calculated the contact area of the p75-EC domains with the bound NT-3 and how this
is changes by the presence of the glycan. This analysis was done only for the systems in which NT-3 was
present, i.e. the “p75-EC dimer/ NT-3 dimer” and “p75-EC monomer/ NT-3 dimer” systems. The results
are presented in Figure 4.9. Comparison of contact area between receptor and NT with and without
taking into consideration the presence of glycans shows exactly the same results. This shows that the N-
glycan does not interact with the NT-3. Comparison of the p75-EC dimer system with the monomer one,
shows that the contact area is slightly smaller in the monomer system, although this difference is
probably not significant. In case this captures a real effect, it could mean that the packing between NT
and receptor is a bit higher in the dimeric system, which might be facilitated through interactions of the
two N-glycans with each other, as will be shown later, at the two N60 residues present in p75-EC

homodimer.
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Figure 4.8: Summary of the accessible surface area (ASA) of the proteins to estimate the shielding by the
glycan at Asn 60. The systems are presented in this order: p75-EC as a homodimer in complex to NT-3,
as a monomer in complex with NT-3 and as a monomer alone. The ASA of the proteins without the

glycans is shown with the green line, while the area that is shielded by the glycans when they are present
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4.3 Results

in shown in yellow. The remaining accessible area that is not shielded by the glycans is shown in light
green and the percentage of the overall surface that is shielded by the glycans in written in the graph
for the different probe radii. | used different probe radii of 1.4 to 10 A to estimate how much of the

protein surface is “seen” by molecules of different sizes, from water to small molecules and proteins.
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Figure 4.9: Calculated contact area between the p75-EC domain with the NT-3 shown as distributions.
Only the systems with (A) p75-EC as a homodimer in complex to NT-3 or (B) as a monomer in complex
with NT-3 were used for this calculation as only in these systems NT-3 was present. In both cases, the
contact area between the two proteins in the presence and absence of the glycan is shown in yellow and

green, respectively.

As a next step, | calculated the radius of gyration of the p75-EC domains for the glycosylated or not
systems (Figure 4.10). Small radius of gyration values indicate a more compact protein structure, while
higher values suggested more extended conformations. The results showed that the glycosylated and
not systems are very similar in terms of radius of gyration distributions. Only in the “p75-EC
monomer/NT-3 dimer” system there is perhaps a difference with slightly higher radius of gyration values
being sampled for the glycosylated systems. The apparent stability in the values of the radius of gyration
suggests rigidity in the structure of the p75-EC domains, which might be due to the disulfide bond ladder

that was previously discussed (Figure 4.5).
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4 Glycosylation in the p75 receptor

Subsequently, | examined the distances between pairwise p75-EC domains and the angles formed
by each of the domain monomers and the NT-3 and checked for any differences between glycosylated
and not systems (Figure 4.11). The average distances of the D1-D1, D2-D2 and D4-D4 domains from the
two p75 monomers are a bit lower for the non-glycosylated systems, while the distance between the
D3-D3 domains is slightly higher for the non-glycosylated system, although this difference is probably
negligible. The angles follow similar patterns to the distances. These results indicate that the two p75-
EC monomers are a bit more distant when the two N-glycans at N60 are present, which might happen

for the two glycans to be accommodated within the two p75-EC monomers.

As a final comparison between the glycosylated and not systems, | performed Principal Component
Analysis (PCA) to investigate the intrinsic motions of the proteins. | specifically calculated the principal
components of the movement of the D1 domain of p75-EC which showed to fluctuate more compared
to the other domains (Figure 4.12). For this, | aligned first the trajectories to the D2-D4 domains.
Comparison of the 15t and 2" principal components for the glycosylated and non-glycosylated systems
shows similar behavior. The “p75-EC monomer” system seems to cover more PC1 space, which might
be due to the increased fluctuations observed before (Figure 4.6). In the way that this PCA analysis was
performed, i.e. separately for each replica simulation, the PC1 and PC2 are not necessarily the same in
all replica simulations. Thus, to compare the PCs between different replicas, | calculated the dot products
between the PCls and PC2s from the various replicas (Figure A.4). The results showed that in some cases
the PCs were pointing towards the same direction (positive dot products) between the glycosylated and
non-glycosylated systems, while in other cases they were pointing in opposite directions (negative dot
products), or were even perpendicular to each other (close to zero dot products). | also examined the
time evolution of the 15t and 2" principal components. The results are shown in Figure A.5. The systems
visit the same PC1-PC2 space at all times of the simulation, which is probably facilitated by the narrow
space that is explored by the system, consistent with the previously discussed rigidity of the p75-EC

domain.
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Figure 4.10: Time evolution and distribution of the radius of gyration values for the systems of p75-EC

as a homodimer in complex to NT-3, as a monomer in complex with NT-3 and as a monomer alone, with
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4 Glycosylation in the p75 receptor

(blue) and without (orange) glycans. For the system of p75-EC as a homodimer in complex to NT-3, the

radius of gyration was calculated for both p75-EC domains separately.
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Figure 4.11: Calculated distributions of the distances and angles between the four p75-EC domains. (A)-
(C) Distances between the COGs of D1-D1, D2-D2, D3-D3 and D4-D4 domains, in the presence (blue) and
absence (orange) of glycans. (E)-(H) Angles defined by the COGs of D1-NT-D1, D2-NT-D2, D3-NT-D3 and
D4-NT-D4 domains.
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Figure 4.13: Percentage of contacts between the glycan at N60 and the protein amino acids in the three
different glycosylated p75 systems. The x-axis shows the exact glycan at N60 from the two p75-EC
monomers (A and B) and the y-axis the percentage of simulation frames that this glycan interacts with

other residues, shown vertically on top of each bar.

Finally, | analyzed the interaction contacts between the glycan at N60 position and the protein amino
acids (Figure 4.13), with a contact occurring when a heavy atom from the glycan is within 4.5 A distance
from a heavy atom in the protein. This analysis shows that the glycan interacts mostly with charged or
polar residues, with the most common contacts being with Ala 59 (possibly due to the proximity to Asn
60 where the glycan is attached), as well as Lys 29 and Glu 30. | also examine the different conformations
of the Asn 60 side chain with and without the glycan attached to it. For this purpose, | calculated the x1
dihedral angle of N60 for the glycosylated and not p75 systems (Figure A.6). However, no difference was

observed for the residue in the presence or not of the glycan.
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4.3 Results

The N-glycan at Asn 60 from one p75-EC monomer seemed to interact also with the same glycan
from the second monomer in several simulation snapshots, with a visualization of this interaction shown
in Figure 4.14. The glycans in this conformation interacting with each other can potentially block the NT
from dissociating from p75, which might affect its binding kinetics. Also, the interacting glycans might

help with the overall avidity of the complex and stabilize it in this dimer of homodimers state.

glycans

Figure 4.14: Interactions between the complex glycans at N60 from the two p75-EC monomers in a
snapshot at 150 ns of the 1° replica. The p75-EC and NT-3 are shown in cartoon representation in green
and blue colors, respectively. The complex glycans at N60 from the two p75-EC monomers, together

with the N60 residue, are shown in licorice representation in dark yellow color.
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4 Glycosylation in the p75 receptor

4.4 Conclusions

In this chapter, | have modelled and simulated the glycosylated and non-glycosylated states of the
extracellular (EC) domain of the p75 receptor, as a homodimer bound to NT-3, as a monomer bound to
NT-3 and as a monomer alone. For the position and type of the single N-glycan present in the p75-EC
structure | used experimental information’®77:3%7 and build the atomistic models. To achieve reliable
statistics from the MD simulations, | ran three replica simulation for each system, with each replica

spanning a 500 ns time window.

From the simulation trajectories it became apparent that only the very N-terminal part of the p75-
EC can be shielded by the single N-glycan at Asn 60 position, while it seems to also have minimal
interactions with NT-3, as revealed also by contact area calculations. The cloud of glycan conformations
appearsto block the entrance at the upper region of the receptor, which might affect NT binding kinetics,
which have been experimentally indicated to be different for the p75 compared to the Trk receptors.383
The glycan shielding of the proteins, as estimated by ASA calculations, was low, probably because of the
single glycan, which points away from the surface of the protein as revealed by visualization of the
simulation trajectories. Bigger sizes of the probe that was used for the ASA calculations seemed to have
a more apparent, but still small, glycan shielding up to 7% of the protein ASA, suggesting that the binding

of larger proteins in the area proximal to the glycan may be more disturbed than that of small molecules.

Analysis of stability of the EC domains of p75 in the various systems, revealed considerably stable
conformations, with the initial crystal structures being preserved during the simulations. This was shown
by various types of analysis, such as RMSD, RMSF, radius of gyration and PCA, and it can possibly be
attributed to the disulfide bond ladder created by 12 disulfide bonds in the p75-EC domain. The only
regions of the p75-EC segment that was relatively flexible in the simulations was the N-terminal region
of the D1 domain, which is disordered. The same analyses also showed that the D2 and D3 domains
fluctuate more in the absence of NT. Additional analysis of the distances between the various p75-EC
domains from the two p75 monomers in the homodimeric state of the receptor, showed that shorter
distances occurred in the non-glycosylated state of the homodimer, which might happen for the two

glycans to be accommodated within the two p75-EC monomers.

Finally, calculations of interaction contacts between the complex N-glycan at Asn 60 and the protein
amino acids revealed interactions mostly with charged or polar residues, with the most common

contacts being with Ala 59 (possibly due to the proximity to Asn 60 where the glycan is attached), as well
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4.4 Conclusions

as Lys 29 and Glu 30. In the homodimeric p75-EC simulations, the glycans from the two monomers
interacted with each other, suggesting a potential blocking of the NT from dissociating from p75, which
might affect its binding kinetics. Also, the interacting glycans might help with the overall avidity of the

complex and stabilize it in this dimer of homodimers state.
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5 Transmembrane p75 dimerization

5.1 Introduction to transmembrane p75 helix dimerization

Signal transduction by p75 is thought to occur through NT binding and exposure of binding sites on
the receptor accessible for binding to other proteins.'>> Although several oligomerization states of p75
have been described in the literature, the model of receptor dimerization for activity prevails.>”-113118,384-
386 |n fact, disulfide-linked receptor dimers pre-exist in the membrane before activation.>” Only when NT
homodimers bind in the extracellular (EC) domains of p75 and induce dimerization of it,15°4>® is the
receptor activated.>” The disulfide bond, which is located at C257 in the transmembrane (TM) domain
of p75, is required for receptor signaling in response to NT binding, allowing the propagation of
conformational changes from the EC to the intracellular (IC) domains.>” The conformational changes that
lead from an inactive to the active state of the receptor have been imitated by cysteine-scanning
mutagenesis, which led to the formation of active disulfide-linked dimers.3®* Cysteine point mutations
were introduced in the EC linker that connects the EC and TM domains. Out of all the tested mutations,
mutants P242C, T248C, T249C and D250C resulted in constitutive receptor activity in the absence of
NT.384

The TM domain of p75 stabilizes the receptor dimers with a disulfide bond between the helix
monomers, at Cys 257 (Figure 5.1A), which is important for NGF signaling.>” The TM dimer structure of
the wild-type (WT) p75, as well as that of the functionally inactive p75-C257A mutant, have been solved
with Nuclear Magnetic Resonance (NMR) in dodecylphosphocholine (DPC) lipid micelles (Figure
5.1B,C).3%” The p75-WT dimer is stabilized by the C257-C257 disulfide bond, but also by van der Waals
interactions of L260, V264, V265 and m-stacking of F273 and W276. The crossing angle is 36°. C257 is at
the interface of the p75-WT dimer even under reducing conditions, and thus in the absence of the
disulfide link, but in this case the free energy of dimerization is -0.9 kcal/mol, which is quite weak.38”

Thus, the disulfide bond seems to be important to stabilize the weak dimer.
The p75-C257A mutant forms dimers through the A252xxxG2%¢ motif on the opposite side of the a-
helix from C257 (Figure 5.1D). This type of motifs are commonly found at the interface of TM helices.388-

390 However, in contrast to similar GxxxG-like motifs that form right-handed dimers, p75-C257A forms a

left-handed arrangement, with crossing angle 66°. Residues A269, Y270 and F273 also participate in the
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interface. The AxxxG motif is not at the interface of the WT p75 dimer in the NMR structure, which
means that it is probably not relevant for receptor function. However, mutagenesis studies showed that
the AxxxG motif is important for intramembrane p75 proteolysis by y-secretase.3®” Chemical crosslinking
experiments revealed that the C257A mutant can still form homodimers in the membrane through non-
covalent interactions.>” Mutation of the Gly 266 from the AxxxG motif to an lle abolishes the dimer
formation in the cell membrane, indicating that the AxxxG motif is indeed at the TM helix interface in
the full-length mutant p75-C257A or at least plays an indirect effect.”” The free energy of dimerization

of the mutant is -1.8 kcal/mol, which is stronger than the non-disulfide linked p75-WT.38’

Fluorescence resonance energy transfer (FRET) experiments showed that NT binding to p75 tagged
with the fluorophores at the C-terminus, i.e. in the death domains, leads to a conformational change of
the receptor that depends on the presence of the disulfide bond at C257.%” Decrease in FRET upon NT
binding indicated dissociation of the death domains, and it is proposed that p75 undergoes a scissors-

like movement in which the C257-C257 bond plays the role of the fulcrum.>’

All these experimental data demonstrate the key role of the TM domain of p75 receptor for its
function, and thus in this chapter of the thesis, | have studied the dynamics of the WT and C257A p75
homodimers in lipid micelles and bilayers, using coarse-grained and atomistic, unbiased and enhanced
sampling molecular dynamics (MD) simulations. The main goal was to investigate the conformation
landscape of the TM helices of p75 WT and C257A mutant, and their potential implications in receptor

signaling. Part of this work has been published in a preprint article at the time of writing the thesis.>!
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Figure 5.1: Overview of simulated protein structures. (A) Sequence of the p75-TM receptor used in the
simulations. The TM helical part from the p75 NMR structures (PDB IDs: 2MIC and 2MJO)3#7 is shown
with the dashed lines. Also shown are the N- and C-terminal loops solved in the NMR structures. The Cys
257 residue in p75, which is mutated to Ala in the NMR structure of p75 (PDB ID: 2MJO), is underlined
and colored orange. Mutated residues in the NMR sequence with respect to the human p75 are colored
blue. Residues from the GxxxG-like motifs are depicted in magenta. (B-C) Cartoon representations of the
(B) p75-WT (PDB ID: 2MIC) and (C) p75-C257A (PDB ID: 2MJO) NMR structures. The GxxxG-like motifs

and C257A are shown in magenta and orange licorice representation, respectively. (D) Alignment of p75-
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WT and p75-C257A TM NMR structures on one of the two helices for comparison. Figure partially

adapted from Athanasiou et al.>! In this figure, | created subfigures (B), (C), and (D).

5.2 Methodology

Coarse-grained (CG) simulations

| simulated the TM sequences of the p75-WT (Figure 5.1A) and the p75-C257A mutant. As initial
models for the simulations, | used the NMR structures of the p75-WT and p75-C257A TM homodimers,
with PDB IDs 2MIC and 2MJO,3®#” respectively (Figure 5.1B,C,D).

| performed coarse-grained (CG) molecular dynamics (MD) simulations using the Martini 2.2309310
force field, of the p75-WT and p75-C257A TM homodimers (Systems 1-2, Table 5.1) in self-assembled
dodecyl-phosphocholine (DPC) micelles (Figure 5.2). This micellar environment corresponds to the
conditions in which the two NMR structures were solved. | performed all-atom to coarse grained
conversion with the martinize.py script. To enforce the helical secondary structure of the TM helices and
allow at the same time the N-terminal and C-terminal linkers to be flexible, | applied an elastic network
model on the TM helices during the simulations. | chose an elastic force constant of 500 kJ/(mol-nm2)
and a distance cutoff range of 5-9 A for the harmonic restraints of the elastic network. | built the
simulation box by placing the TM helices together with 100 DPC lipids at random initial positions. This
was chosen from the detergent-to-protein molar ratio (DPR) of 50:1 used for determining the NMR
structures of p75-TM.3#¥7 | solvated the simulation box with a ration 9:1 of the non-polarizable water
model (NPW) and the anti-freeze water type (WF). For system neutralization, | added Na+ and Cl- ions

for a final ionic strength of 150 mM.
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5 Transmembrane p75 dimerization

Table 5.1: Overview of simulations | performed for the p75-TM systems. | conducted simulations for the
p75-WT and p75-C257A TM dimers. The simulation types are all-atom (AA), coarse-grained (CG) and

coarse-grained metadynamics (CG-MetaD) simulations.

System No. Protein Lipid environment Simulation Replicas Time/Replica

type (ps)

1 p75-WT TM DPC micelle CG 10 20

2 p75-C257A TM DPC micelle CG 10 20

3 p75-WT TM DPC micelle AA 3 0.5

4 p75-C257A TM DPC micelle AA 3 0.5

5 p75-C257A TM POPC bilayer AA 1 0.45

6 p75-C257A TM neuronal bilayer AA 1 0.19

7 p75-C257A TM POPC bilayer CG-MetaD 1 144

90°

Figure 5.2: p75-TM domain dimer in a DPC micelle in CG representation. The DPC lipids are shown in CG

grey licorice representation, whereas the p75-TM dimer is shown in magenta.

For all simulations, | used the GROMACS v.2020 MD engine3®® and | followed an equilibration
protocol consisting of a steepest-descent energy minimization and a NPT equilibration for 2 us with
restraints in the backbone of the helices of 4000 kJ/(mol-nm?) force constant. These constraints keep
the initial arrangement of the helices, which corresponds to the NMR structures 2MIC and 2MJO,3®” and
allows the self-assembly of the DPC lipids in micellar forms around the helices. | monitored the self-
assembly of the micelles with the radius of gyration of the lipids (Figure A.7). | performed the NPT

equilibration simulations at 310 K and 1 bar with the velocity rescale thermostat3°! and the Berendsen
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barostat3®? with a coupling constant of 4 ps and isotropic pressure coupling with 4.5-10® bar?
compressibility. For Coulomb and van der Waals interactions, | used a 1.1 nm cutoff distance. |
performed a total of 20 replica equilibration simulations for both p75-WT and p75-C257A systems,
starting from different velocities and lipid positions. Then, | chose 10 replicas that had formed micelles

and | progressed them to production simulations (Figure A.7).

| ran NPT production simulations for 20 ps each (Systems 1-2, Table 5.1) at 310 K and 1 bar with the
velocity rescale thermostat with a coupling constant of 1 ps, and the Parrinello-Rahman barostat,373374
with a coupling constant of 12 ps and isotropic pressure coupling with 3-10** bar compressibility. For
Coulomb and van der Waals interactions, | used a 1.2 nm cutoff distance. For all CG simulations, | used

a 20 fs time step.

Atomistic simulations in micelles

To assess the effectiveness of the CG simulation sampling, | ran also some test all-atom (AA) MD
simulations of the p75-WT and p75-C257A systems in DPC micelles (Systems 3-4, Table 5.1). | ran 3
replica AA simulations, and as starting configurations | used the last frames from 3 CG replicas by back-
mapping to AA level, using a CG-to-AA map created by Christina Athanasiou in the MCM group of HITS
gGmbH (

Figure A.8) and the backward.py script.3%® As for the CG simulations, | performed the AA simulations

also with the GROMACS v.2020.3%° For all AA simulations | used the CHARMM?36m force field.370

| followed an equilibration protocol consisting of a steepest-descent energy minimization, one NVT
and three NPT equilibration steps, for 200 ps and 1 ns respectively. | employed a gradual removal of
restraints from force constant of 4000 kJ/(mol-nm?) to 1000 kJ/(mol-nm?) for the backbone and from
2000 kJ/(mol-nm?) to 500 kJ/(mol-nm?) for the side chains. | used the Berendsen3®? thermostat for all
equilibration steps, except for the last for which | used the Nosé-Hoover thermostat.3’%372 Similarly, |
used the Berendsen barostat for all equilibration steps, except for the last for which | used the Parrinello-
Rahman barostat.373374 As time steps, | used 1 fs for the 15t equilibration step and 2 fs for the subsequent
ones. | chose a coupling constant of 5 ps and isotropic pressure coupling with 4.5-10° bar?
compressibility. For Coulomb interactions, | employed the Particle Mesh Ewald (PME)37>376 summation
for the treatment of long range electrostatics with a cutoff distance of 1.2 nm, and for van der Waals

interactions | used a force-switch function, that changes the shape of the force between the range of
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5 Transmembrane p75 dimerization

1.0 and 1.2 nm. | used the Linear Constraint Solver (LINCS) algorithm3’” to fix the length of bonds with
hydrogens. After the equilibration, | performed 3 production replica simulations of 500 ns (Systems 3-4,

Table 5.1) using the same parameters as for the last equilibration step, although without any restraints.

Atomistic simulations in membranes

Additionally to the AA simulations in DPC micelles, | also ran some test simulations in membranes to
investigate the influence of the lipid environment in the p75-C257A TM dimer stability. As membranes |
used a pure 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane and a complex
neuronal bilayer (Systems 5-6, Table 5.1). | will describe in more detail the exact neuronal membrane
composition in Chapter 6. For the building of the TM systems in the membranes | used the Membrane
Builder of CHARMM-GUI,3** with which | also added NaCl at neutralization and ionic strength 150 mM.
Again, | used GROMACS v.2020 for all simulations and the CHARMM36m force field. | ran several
equilibration steps for proper membrane behavior, consisting of two energy minimizations with steepest
descent and conjugate gradient, one NVT equilibration at 310 K for 200 ps with 1 fs time step, and 4 NPT
equilibrations at 310K, 1 bar for 1, 2, 4 and 5 ns each. In all equilibration steps, | used restraints on heavy
atoms that were gradually decreased in the various steps, from 4000 kJ/(mol nm?) to 1000 kJ/(mol nm?).
The detailed equilibration protocol of atomistic membranes can be found in Chapter 6. During
equilibration | used the Berendsen thermostat and barostat, with a 5 ps coupling constant, semi-
isotropic pressure coupling and 4.5-107 bar* compressibility. For Coulomb interactions, | employed the
Particle Mesh Ewald (PME)37>376 summation for the treatment of long range electrostatics with a cutoff
distance of 1.2 nm, and for van der Waals interactions | used a force-switch function, that changes the
shape of the force between the range of 1.0 and 1.2 nm. | used the Linear Constraint Solver (LINCS)
algorithm?3”7 to fix the length of bonds with hydrogens. At the end of the equilibration protocol, | ran a
production simulation for 450 and 190 ns for the POPC and neuronal membranes, respectively (Systems
3-4, Table 5.1). For production | used the same parameters as for the last equilibration step except for
the thermostat and barostat which were the Nosé-Hoover?’t372 and Parrinello-Rahman,373374

respectively.
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Coarse-grained metadynamics (CG-MetaD) simulations

To estimate the dimerization free energy of the TM helices of p75-C257A, | ran well-tempered
metadynamics32? in the CG level with Martini 2.2 and in a POPC membrane. | used the insane script3%
to put the protein in POPC bilayer and ran the same equilibration protocol presented before for the CG
simulations. For the CG-MetaD simulation | used GROMACS v.2020 patched with Plumed v.2.7.3% | used
the interhelical distance as the collective variable (CV) (Figure 5.3A), a Gaussian potential of width 0.05
nm, initial height 0.05 kJ/mol that decreases over time, deposition steps 5000 and f=10 bias factor.
Similar MetaD parameters were shown before successful in estimating the dimerization free energy of
the EGFR TM helices.3!* | used the same MD parameters as for the unbiased CG simulations discussed
before, with the exception of the semi-isotropic pressure coupling for the membrane system. | ran the

CG-MetaD simulation for 144 ps.

Figure 5.3: Order parameters of TM helices. (A) Interhelical distance (d) used as collective variable (CV)
in the CG-MetaD simulation. For the definition of the distance | chose the centers of geometry (COG) of
the backbone beads (middle purple spheres). (B) Interhelical crossing angle (Q) defined by COGs of the

helix backbone particles and the COGs of the N-terminal halves of the helices.
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Analysis of simulations

At the end of each replica simulation | performed a set of post-processing analyses, with the fixing
of periodic effects being with the gmx trjconv tool of GROMACS being the first step. For the multiple
replica simulations in CG level, | concatenated all replica trajectories in a single trajectory and analyzed
it as one to consider the whole of the TM arrangements sampled in the simulations. | also performed a
rigid-body alignment to the backbone of one of the helices in the 1%t frame of the simulations. | rendered

all protein structures presented in this thesis with VMD 1.9.3.3>

Geometric helix parameters

For the analysis of the helical arrangements during the simulations | used six geometric parameters:
(1) the interhelical distance (d) defined by the centers of geometry (COG) of the backbone beads (Figure
5.3A), (2) the interhelical crossing angle (Q) defined as a dihedral by COGs of the helix backbone particles
and the COGs of the N-terminal halves of the helices (Figure 5.3B), (3), (4) the rotation around the axis
of each helix, mentioned later as phase and position, defined as a dihedral by the COG of the N-terminal
half of one of the helices, the COGs of the backbone particles of the two helices and the COG of Ala 262
which is part of the AxxxG motif in p75, and finally (5), (6) the distance between the N- and C-termini of
the helices. | calculated these parameters in all simulation frames using the MDAnalysis3’%37° and the
numpy.linalg.norm function of the Numpy library.38? | visualized the geometric parameter distributions
during the simulations with Kernel Density Estimation (KDE) plots using the seaborn.kdeplot function of

Seaborn.38!

TM helix contact analysis

| analyzed the contacts between all the residues of the TM helices by defining a contact when two
CG particles are within 6 A distance. For the calculation | used MDAnalysis and the Pandas3%7-3% and

Matplotlib3& python libraries for data manipulation and visualization.

CG-MetaD analysis

| performed a series of evaluation analyses of the CG-MetaD simulation to assess its convergence.

Specifically, | monitored the time evolution of the CV and the Gaussian height to ensure a diffusive
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behavior of the CV and a reducing height over time. Additionally, | monitored the time evolution of the
free energy surface as a function of the CV which should converge to a specific profile and not change
much with time. | also calculated the dimerization free energy over time which should reach a plateau
or fluctuate around a specific value with time. For the dimerization free energy | defined the bound and
unbound states with d < 1.5 nm and d > 1.5 nm, respectively. Finally, | performed calculation of the free
energy error with block analysis, which should reach a plateau as the block size increases. | calculated
the error every 10 blocks. | ran all these analyses with Plumed. As an analysis of the CG-MetaD
simulation, | estimated the free energy surface as a function of the six geometric parameters mentioned
before, by applying a reweighting protocol that gives the Boltzmann distribution of variables different
from the biased CV. | calculated the histograms of the reweighted variables and their conversion to free

energy with Plumed.

5.3 Results

The p75 receptor is found in a disulfide-linked homodimeric state in the cell membrane prior to
activation.>” The disulfide bond is positioned in the TM helices which are covalently bound at C257, as
determined in the NMR structure of p75-WT TM dimer.3®’ This disulfide bond is necessary for NT-
induced receptor activation.>” Thus, a conformational change in the TM helices is expected to take place
during receptor activation. The existence of the disulfide bond, which holds the helices tightly bound,
does not make obvious what this conformational change is. This, in combination with the existence of a
totally different arrangement of the TM helices when the disulfide bond is missing, as in the case of the
p75-C257A mutant,®®” render further investigation of the p75 TM domain dynamics important. For this
reason, | performed Molecular Dynamics (MD) simulations of the p75-WT and p75-C257A TM dimers to

investigate any differences in their dynamical behavior.

| decided to perform coarse-grained (CG) MD simulations with the Martini force field, which has been
previously used in multiple studies of biomolecular system simulations and has successfully captured
the configurations of TM helical dimers from different proteins.31%313-3153% |n CG force fields multiple
atoms are represented as one bead, with the Martini force field modeling four heavy atoms as one bead.
This reduces significantly the size of the simulated systems and allows for longer simulation times and

thus better sampling.
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| simulated the NMR structures of p75-WT and p75-C257A mutant TM helical homodimers in self-
assembled dodecyl-phosphocholine (DPC) micelles. | chose DPC micelles as this is the lipid environment
used for the NMR structures.3®’ | performed 10 simulation replicas of 20 ps each for each of the systems.
| evaluated the various arrangements of the helices in the simulation with Kernel Density Estimates (KDE)
of six order parameter distributions. These parameters have been found adequate to describe the
various TM arrangements. The parameters were 1) the interhelical distance (d) defined by the centers
of geometry (COG) of the backbone beads, (2) the interhelical crossing angle (Q), (3), (4) the rotation
around the axis of each helix, mentioned as phase and position, and finally (5), (6) the distance between
the N- and C-termini of the helices. The results are shown in Figure 5.4 and Figure 5.6 for p75-WT and
p75-C257A, respectively.

During the CG simulations of p75-WT (Figure 5.4) the helices were covalently bonded with the
disulfide linkage at C257. This reduces the degrees of freedom of the arrangements that can be adopted
by the helices, especially the rotation around them. This is revealed by the root mean squared deviation
(RMSD) and crossing angle calculations in Figure A.9 which are stable during the simulations. This is also
evident by the very narrow, single maximum that was explored in the phase-position space (Figure 5.4
phase-position heatmap). The d-Q heatmap also shows that only one maximum was sampled, but in this
case a bit more exploration is observed, with the interhelical distance taking values between 7.5 and 9.5
A and the crossing angle ranging from -45° to -30°, corresponding to right-handed helical arrangements
as the NMR structure. The NMR arrangement is at the center of the maximum, which shows that it
corresponds to a stable configuration. Visual comparison of the NMR structure with the simulation
arrangements (Figure 5.4 figures within heatmaps) shows that, during the simulations, arrangements
similar to the NMR structure were sampled, with some rotation around the disulfide bond giving smaller
or larger Q values, corresponding to a scissors-like movement. This leads to variations in the N-ter and
C-ter interhelical distances as well, which range at 14-21 A and 9-13 A, respectively. This movement
especially in the C-ter helical distance might be important for transferring the activation signal

intracellularly.
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Figure 5.4: Analysis of p75-WT TM homodimer arrangements from CG simulations. Density distribution
plots are shown for the six geometric parameters that | chose to describe the TM helix arrangements:
interhelical distance, crossing angle (Q), phase and position, and N- and C-termini distance. Negative
crossing angle values correspond to right-handed helical arrangements (“R”). The NMR structure is
shown in the orange cross. Within the heatmaps, the helical arrangements that correspond to the
maxima are visualized as follows: after alignment of the helical dimer to the 1%t helix of the NMR
structure, the 1°t helix backbone is visualized in white licorice representation, the 2" helix backbone of
the NMR is shown in orange licorice representation, and the 2™ helix backbone from the simulation

snapshots that correspond to the maximum is shown in purple dot representation.

Subsequently, | analyzed the residues of the TM helices that are found at the interface in the
maximum that occurred in the d-Q heatmap (Figure 5.4). For this, | extracted the simulation frames that
correspond to this maximum and ran a contact analysis between the two helices (Figure 5.5). | calculated
the interactions between the two helices as contacts, with a contact defined by two CG beads from two
residues being at 6 A or less distance. The results are shown in Figure 5.5, and they revealed mostly

homotypic interactions between the helix monomers, i.e. interactions involving the same residue from
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the two helices, which coincide with the residues that participate in the NMR interface (Figure 5.5,
underlined residues). This is in agreement with the heatmaps in Figure 5.4, which showed that the NMR

interface was preserved during the simulations.
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Figure 5.5: Contact analysis of p75-WT TM helices. Left: p75-WT TM NMR structure (PDB ID: 2MIC) in CG
representation. Interface residues are shown in green, while the GxxxG-like motif is indicated with
bracket. Right: | analyzed the helical arrangements from the maximum in the d-Q heatmap (Figure 5.4)
for their contacts. The contact map between the helix residues presents the occupancy during the ten
replica simulations. The highest interacting residues are underlined in the sequences, while the residues
at the p75-WT NMR interface are colored green. A visualization of the simulation arrangements (purple)

is shown in alignment to the 1%t frame (white, orange), i.e. the NMR structure.
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Figure 5.6: Analysis of p75-C257A TM homodimer arrangements from CG simulations. Density
distribution plots are shown for the six geometric parameters that | chose to describe the TM helix
arrangements: interhelical distance, crossing angle (Q), phase and position, and N- and C-termini
distance. Negative crossing angle values correspond to right-handed helical arrangements (“R”) and
positive values to left-handed helical arrangements (“L”). The NMR structure is shown in the orange
cross. Within the heatmaps, the helical arrangements that correspond to the maxima are visualized as
follows: after alignment of the helical dimer to the 1% helix of the NMR structure, the 15 helix backbone
is visualized in white licorice representation, the 2" helix backbone of the NMR is shown in orange
licorice representation, and the 2™ helix backbone from the simulation snapshots that correspond to

the maximum is shown in purple dot representation.

| did the same analysis calculations for the p75-C257A TM dimer in the CG simulations. The RMSD
and crossing angle calculations indicate some deviation from the initial NMR structure (Figure A.10). |
also analyzed the order parameters with 2D heatmaps (Figure 5.6) as for p75-WT. The d-Q heatmap
shows that two maxima were sampled with interhelical distances around 5.5 and 7.5 A and negative and

positive crossing angles, corresponding to right- and left-handed helical arrangements of ca. -30° and
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30° crossing angles, respectively. Interestingly, the NMR arrangement is not located in any of the two
maxima in this 2D space. This means that the system deviated from the NMR structure, which occurs as
unstable during the CG simulations. In the phase-position space only one maximum occurred, which
apparently encompasses the arrangements from both maxima in the d-Q heatmap. Close to 0° values in
phase and position indicate that the A262, which is part of the AxxxG motif, is found at the interface of
the helices. The N-ter and C-ter interhelical distance heatmap shows smaller distance compared to the
NMR structure, which suggests more parallel helices. As for the d-Q heatmap, the NMR arrangement is

not located at any maximum in the phase-position or the N-ter and C-ter interhelical distance heatmaps.

| performed the same contact map analysis for the two p75-C257A maxima in the d-Q heatmap, as |
did for p75-WT. The results are presented in Figure 5.7. | post-processed the frames from each of the
two maxima in the d-Q plot. In the 1t and most populated maximum, the helices interact through the
A?52xxxG2%® motif as in the case of the p75-C257A mutant NMR structure. Residues from the whole length
of the TM helices were shown to participate at the interface of the helices, which suggests a more
parallel arrangement compared to the NMR structure, which was also suggested by the smaller crossing
angle and N-ter and C-ter interhelical distances in Figure 5.6. Next, | analyzed the arrangements that
correspond to the 2" maximum in the d-Q 2D heatmap, which involve left-handed helical arrangements
in contrast to the right-handed NMR structure. The contact analysis showed that the A2%2xxxG2%® motif
of the p75-C257A mutant NMR structure is preserved in this maximum as well, while interactions in the
whole length of the helices suggest a parallel helix configuration. Overall, even though the exact
arrangement of the helices in the p75-C257A NMR structure was not preserved during the CG
simulations, the two new arrangements that occurred bear the A252xxxG?%¢ motif at their interface, as
the NMR structure. However, since this mutant cannot have functional activity, this motif at the interface

probably does not correspond to a biologically relevant state.
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Figure 5.7: Contact analysis of p75-C257A TM helices. The top plot shows the two maxima in the d-Q 2D

heatmap and the boxes at the bottom show the contact analysis of the frames corresponding to each

maximum. The highest interacting residues are underlined in the sequences, while the residues at the

p75-WT NMR interface are colored green. A visualization of the simulation arrangements (purple) is

shown in alignment to the 1°t frame (white, orange), i.e. the NMR structure.

The lack of stability of the p75-C257A TM NMR structure, raised the question of the suitability of the

CG force field to model all the important interactions that are present in the helical homodimer. For this

reason, | decided to test the stability of the NMR structure in an atomistic representation, which retains

more chemical information compared to the CG Martini force field. For this purpose, | simulated the

p75-WT and p75-C257A TM homodimers in DPC micelles using the all-atom (AA) CHARMM36m force
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field. | performed 3 replica simulations of 500 ns each for each system. The heatmaps of these
simulations are presented in Figure A.11 and Figure A.12. The analysis showed that also in atomistic level
of representation the p75-C257A NMR structure is unstable and does not correspond to the
configuration maxima (Figure A.12). The atomistic simulations of the p75-WT (Figure A.11) showed that
the NMR structure is located in a maximum in the phase-position heatmap and not in the d-Q space, in

which higher interhelical distances were sampled in the AA simulations.

In order to also examine the influence of the DPC micelle environment, compared to the native
environment of the cell membrane, in the arrangements of the p75-C257A homodimer, | performed test
AA simulations in membranes. Specifically, | performed one simulation of the p75-C257A NMR structure
embedded in a pure POPC membrane and one simulation in a more complex neuronal membrane, which
contained a combination of 19 lipid species. Because | performed single replica simulations in
membranes, | analyzed them with RMSD calculations to compare them with the NMR structure, and |
did not create the 2D heatmaps, as they would require more extensive sampling. The results are
presented in Figure 5.8 and they show deviation from the NMR structure, which is depicted with high
RMSD values.

The deviation from the NMR structure in the p75-C257A atomistic simulations in micelles and
membranes demonstrates that the NMR structure does not correspond to an energy minimum, and
raises questions about the NMR structure conditions. For this reason, in the subsequent enhanced

sampling simulations of the p75-C257A mutant that | performed, | used the CG Martini force field.
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Figure 5.8: Analysis of p75-C257A AA simulations in membranes. (A) Atomistic presentation of p75-
C257A in a POPC membrane. A structure from an MD snapshot (magenta) is shown in alignment to the
NMR structure (cyan) to demonstrate the deviation from the initial (NMR) configuration. (B),(C) RMSD
calculations with respect to the NMR structure of the p75-C257A in POPC and neuronal membrane. The
black box indicates the time range from which a snapshot is visualized in the figure next to each plot. In
the figures, the NMR structure is shown in cyan ribbon representation, the frame from the simulation in
magenta ribbon representation and the P atoms of the membrane in white vdW representation.

Different structure occurred in the POPC and neuronal membrane simulations, which shows incomplete
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5 Transmembrane p75 dimerization

sampling, which is expected in such sort simulation times. Both simulations are used here to

demonstrate the instability of the NMR structure in various lipid environments.

Subsequently, | ran enhanced sampling well-tempered metadynamics at the CG level (CG-MetaD)
simulations to achieve a more complete sampling of the helix arrangements of p75-C257A and to
calculate the binding free energy. | did this only for the p75 mutant, because the WT dimer is covalently
bonded and thus the unbinding event cannot be simulated. In metadynamics simulations, Gaussian
potentials bias a collective variable (CV) of choice and allow more extensive sampling of that CV. For this
system, | chose the interhelical distance, d, as the CV to be biased in order to sample bound (low d

values) and unbound (high d values) states of the TM dimer.

| first monitored the convergence of the CG-MetaD simulations with the time evolution of the CV,
the Gaussian height, the dimerization free energy and the free energy error over block size, with block
analysis (Figure 5.9). The time evolution of the CV (d) shows diffusion, with multiple CV values being
sampled corresponding to both bound (d < 1.5 nm) and unbound (d > 1.5 nm) states (Figure 5.9A). The
height of the Gaussian potentials that are added with time should decrease for the simulation to be
converged in well-tempered metadynamics. For p75-C257A, the height decreases over time, without
though reaching zero, which suggests the simulation is close to convergence, but has not reached it yet.
(Figure 5.9B). The evolution of the free energy as a function of CV and the free energy of dimerization
over time are also shown to be close to convergence (Figure 5.9C,D). The free energy error seems to also

be close to a plateau (Figure 5.9E).

The dimerization free energy of the p75-C257A TM dimer was calculated from the CG-MetaD
simulation to be AGying = -70 * 0.35 kJ/mol (-16.7 *+ 0.1 kcal/mol). For the literature, the experimental
apparent dimerization free energy is -1.8 kcal/mol,3®” indicating that the binding free energy is over-
estimated, in accordance with the over-aggregating tendency in the Martini 2.2 force field for protein-

protein interactions.30%:310

Next, | analyzed the TM helix configurations during the CG-MetaD simulation with the same six
geometric parameters that were used before (Figure 5.10). Multiple regions of the six parameter space
are explored during the CG-MetaD simulation, with the bound only TM arrangements showing some

preference for specific regions of the phase-position.
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Figure 5.9: Evaluation of CG-MetaD simulation convergence.>® Time evolution of (A) the CV, (B) the
Gaussian height, (C) the free energy surface as a function of the CV, (D) the dimerization free energy and
(E) the free energy error over block size from the block analysis. For the dimerization free energy, |
defined the bound and unbound states with d < 1.5 nm and d > 1.5 nm, respectively. | created all plots

and subfigures.
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Figure 5.10: Analysis of the p75-C257A TM arrangements during the CG-MetaD simulation. 2D plots of
the six geometric parameters of the TM arrangements and their time evolution. The 1 row plots show
all the states (bound and unbound) of the TM helices that were sampled during the CG-MetaD

simulation, while the 2"¥ row shows only the bound state arrangements, i.e. when d < 1.5 nm.

| then proceeded to the reconstruction of the FES from non-biasing CVs, i.e. from variables different
than the interhelical distance. For this purpose, | performed a reweighting protocol that assigns a weight
to each frame that depends on the bias potential deposited at that frame. This way the bias is removed
from the simulation. | compared the FES as a function of the biasing CV (d) calculated from the MetaD
bias and after reweighting and the two profiles were the same (Figure 5.11A) which indicates successful

reweighting.
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Figure 5.11: Free energy surfaces (FES) after reweighting. (A) FES as a function of the biasing CV (d)
calculated from the MetaD bias and after reweighting for comparison. (B) FES as a function of the biasing

CV (d) and the crossing angle after reweighting. Isosurfaces are plotted every 3 kl/mol.

After the reweighting, | investigated the FES as a function of other CVs than the interhelical distance.
| plotted the FES versus the CV (d) and the crossing angle after reweighting (Figure 5.11B). The FES shows
that, the dimerization free energy is ca. -70 kJ/mol, which is in agreement with the 1D FES plot. From
this 2D plot, it is also shown that there are two minima at around -30° and 30°, corresponding to right-
handed and left-handed helical arrangements, similar to the two states sampled in the unbiased CG
simulations. The two arrangements are degenerate for the interhelical distance, as they both correspond

to the same value of 0.8 nm for the distance.

Finally, using the reweighting protocol, | calculated the FES as a function of the six geometric

parameters discussed before for the description of TM arrangements. The Q-d FES shows the same two
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minima at ca. -30° and 30° crossing angle. The phase-position plot has minima at around 0°, as in the
case of the unbiased CG simulations, indicating that the A262 residue of the AxxxG motif is at the
interface. Additionally, two more minima occurred in this 2D space, at phase < 90° for the 1%, and

position around 180° for the 2"9. These probably correspond to two additional stable arrangements.
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Figure 5.12: FES analysis on the six geometric parameters — interhelical distance, crossing angle (Q),
phase and position, and N- and C-termini distance — from the CG-MetaD simulation.’! | created all

subfigures and plots.

5.4 Conclusions

In this chapter, | studied the dimerization states of the TM domain of the p75-WT neurotrophin
receptor and its mutant p75-C257A. The TM helices of p75-WT are covalently bonded with a disulfide
bridge at C257, which holds the receptor in a dimeric state even prior to activation.>’ This disulfide bond
is necessary for neurotrophin-dependent receptor activation.®” The NMR structure of the disulfide-
linked p75-WT TM homodimer has been solved with NMR in DPC micelles, as well as that of the p75-

C257A mutant, in which the helices are not covalently bonded.>® Here, | performed molecular dynamics
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(MD) simulations of the p75-WT and p75-C257A TM dimers to further explore their configurational

landscape.

| performed coarse-grained (CG) MD simulations for both p75-WT and p75-C257A TM dimers,
starting from their NMR structures. The results showed that the p75-WT TM homodimer is quite stable
due to the presence of the disulfide bond. Interhelical crossing angles of -45° to -30° were monitored,
which corresponded to 9-13 A C-ter distances. This scissors-like movement of the TM helices might be
important for transferring the activation signal intracellularly. Contact analysis that | performed showed
that the homotypic interactions that were present in the NMR structure were preserved during the

simulations.

The CG simulations of the p75-C257A TM dimers showed that the NMR structure is not stable and
instead two other right-handed and left-handed helical arrangements occurred with smaller crossing
angles than the NMR arrangement. On the other hand, the A2%?xxxG2%® dimerization motif which is
located at the NMR interface, is also present at the interface of the two new arrangements. This shows
the importance of the interactions in this motif when the C257 residue is not present in the TM
sequence. However, since this mutant does not occur physiologically, the arrangements that were

sampled may not correspond to any biological state.

Due to the fact that the NMR structure of the p75-C257A mutant was unstable in the CG level of
representation, | decided to test its behavior in atomistic detail in DPC micelles and bilayers. In both
cases the TM helices lost their initial NMR arrangement, which shows that the loss of the NMR
arrangement is not due to the more approximate nature of the CG force field in modeling interactions.
Consequently, the instability of the NMR structure raises questions about under which conditions it was

solved.

Finally, | performed CG metadynamics simulations on the p75-C257A mutant to test the sampling
efficiency of the unbiased CG simulations and calculate the free energy of dimerization. The
metadynamics simulations verified the two arrangements that had been sampled in the unbiased CG
simulations for this mutant and predicted a AGping of -16.7 + 0.1 kcal/mol. The binding free energy in this
case was overestimated, since the experimental one has been measured at -1.8 kcal/mol. This probably
corresponds to the over-aggregating tendency in the Martini 2.2 force field for protein-protein

interactions, which was used in the CG metadynamics simulations.
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5 Transmembrane p75 dimerization

Overall, I showed the CG MD simulations that the p75-WT TM dimer, even though covalently bonded,
it can adopt arrangements of varying C-terminal interhelical distance. This behavior is in agreement with
what has been previously suggested in the literature for p75 TM to undergo a scissors-like movement in
response to NGF binding, with the disulfide bond acting as the fulcrum.>’ In this work, the authors saw
with FRET experiments a separation of the p75 death domains upon NGF binding, which they believe
happens through a “snail-tong” mechanism, in which the EC domains come closer and the IC domain
detach. The various C-terminal distances of the TM helices, that were observed here, constitute the first
evidence that this mechanism is possible from a structural perspective. The next step would be to assess
if this change in the C-termini distance can lead to signal propagation intracellularly, which is

investigated in the next chapter of the thesis.
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6 Full-length p75 in a neuronal membrane

6.1 p75 action in neuronal membranes

NT binding to the p75 receptor elicits an activating response on the receptor, which results in a
conformational change in the structure of the full-length p75 receptor. As mentioned before,
fluorescence resonance energy transfer (FRET) experiments, with the fluorophore tags placed at the C-
terminus of p75, showed that p75 undergoes a conformational change when NT binds, in which C257
plays a key role.>” Decrease in FRET upon NT binding indicated dissociation of the death domains, and it
is proposed that p75 undergoes a scissors-like movement in which the C257-C257 bond plays the role of
the fulcrum.>” In this chapter, | have modeled the full-length p75 receptor homodimer with the NT-3

bound to the EC domains, aiming to get insights into the mechanism of the p75 activation.

The lipid environment in which p75 is localized plays an important role in receptor function. p75 acts
in neuronal membranes that have a different composition from common plasma membranes, i.e. they
have higher concentrations of cholesterol and sphingolipids, such as sphingomyelin.#%%-4%2 The effect of
the membrane becomes more apparent on NT receptors that tend to localize to lipid rafts which are
membrane microdomains with even higher cholesterol concentrations.13%14%143 The p75 receptor
localizes within lipid rafts, regulated by the cAMP-dependent protein kinase A (PKA).**° Moreover, the
cleavage of p75-EC is influenced by lipid rafts, disordering of which enhances p75 cleavage and its
pathways.2? In summary, lipid rafts can modulate and fine-tune neuronal signaling.?°3 This shows that
the membrane environment can modulate receptor function, and thus here | have used a newly created

model of a neuronal-like membrane for the simulations of the full-length p75 receptor.

6.2 Methodology

Protein model

For the modeling of the full-length human p75 receptor, | used two crystal structures of proteins
from other species as templates for the EC and TM domains. | selected the species Rattus norvegicus
(rat) due to the high sequence identity of ca. 92% for p75. | performed the sequence alignment using

Clustal Omega 1.2.432 via UniProt.3®3 For the EC domain, | used the crystal structure of the complex of
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6 Full-length p75 in a neuronal membrane

the rat p75-EC domain homodimer and the human NT-3 homodimer (PDB ID: 3BUK), which contains the
rat p75-EC domain residues 32-190 (31-189 in human — corresponding to UniProt entries P07174 and
P08138, respectively), an N71S mutation in the rat p75-EC domain, which results in the serine residue
present in the human sequence, and the human NT-3 residues 143-253. It thus comprises (with a few
missing residues) the full length of the structured parts of the p75-EC domain and NT-3. For the TM
domain, | used the NMR structure of the rat p75-TM domain homodimer (PDB ID: 2MIC),3®” which
contains the residues 245-284 (244-283 in human), an initiating methionine (M), and a C279S mutation,
thus comprising (with some extra residues) the full length p75-TM helix. For the IC domain, | used the
NMR structure of the human p75-IC domain homodimer (PDB ID: 2N97),”° which contains the residues
334-427, thus comprising the p75 death domain (DD). | processed the structures using the Schrodinger
Suite 2020,3°! by mutating the residues that were different in rat to the human ones using Maestro, and
then | prepared the proteins (addition of hydrogen atoms, formation of double bonds, optimization of
hydrogen-bond network, restrained minimization) using the Protein Preparation Wizard,3>! and the
three domains were aligned to one another and exported as a single structure. This combined structure
was missing the p75-EC residues 29-30 and 190-243 (EC linker), the p75-IC residues 284-333 (IC linker),
and the NT-3 residues 139-142 and 254-257, per monomer. These are all known to be loop regions and
therefore | modelled them as such using MODELLER 9.23.3%% The resulting model lacked hydrogen atoms,
so | predicted the protonation states using PROPKA 3.4.03%> via PDB2PQR 3.4.0.36¢ Regarding the
glycosylation of p75, it is known that each monomer has one N-glycan of composition
HexsHexNacsdHexiNeuAc; at Asn60 and 4-7 O-glycans of composition HexiHexNaciNeuAc; at undefined
positions on the EC-linker.2* For this reason, | performed a prediction of the O-glycosylation sites using
NetOGlyc 4.0.4%4 Based on the scores and positions, | selected four residues for the O-glycans to be linked
to residues: 5199, S207, S211 and S239. For the building of the glycans | used CHARMM-GUI3¢8 and the

final model is shown in Figure 6.1.
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Figure 6.1: Model of the full-length p75 receptor homodimer bound to the NT-3 homodimer. The initial

protein model and the final one after the modeling of the N- and O-glycans and the embedding of the

TM domain in the neuronal membrane are shown in comparison.
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Neuronal membrane model

| incorporated the full-length p75 receptor in a neuronal membrane model created by Christina
Athanasiou from the MCM group at HITS.”?> The model was based on a 90-lipid neuronal membrane
model,*° and it was simplified to reduce the number of lipids, and consequently the size of the

membrane, while maintaining the headgroup and lipid tail saturation composition (Table 6.1, Figure 6.2).

Table 6.1: Neuronal membrane composition made by Christina Athanasiou.”? The lipid tail type is
presented in the form “[C atoms of 1% tail] : [number of unsaturated bonds in the 1 tail] / [C atoms of
2" tail] : [number of unsaturated bonds in the 2™ tail]”. The exact numbers of the lipids that were
included in the outer and inner leaflets are presented in the 3 and 4" columns. The lipid name codes
are: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 1-palmitoyl-2-arachidonoyl-sn- glycero-3-phosphocholine (PAPC), 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), 2-linoleoyl-sn- glycero-3-phosphoethanolamine (LLPE), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine  (POPS), 1-palmitoyl-2-linoleoyl-sn-glycero-3-phospho-L-serine
(PLPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoinositol (POPI), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoinositol  4,5-bisphosphate  (POPI25 or PIP2), 1-stearoyl-2-arachidonoyl-sn-glycero-3-
phosphoinositol (SAPI), N-stearoyl sphingomyelin (SSM), neutral sphingomyelin (NSM), ceramide 18:0
(CER180), monosialo-tetrahexosyl-ganglioside (GM1), monosialo-dihexosyl-ganglioside (GM3),
galactosyl-ceramide 18:0 (GalCER180), galactosyl-ceramide 24:1 (GalCER241). The last two are

cerebrosides.

Lipid Lipid tails Outer leaflet Inner leaflet
Cholesterol - 336 332
DPPC 16:0/16:0 18 12
POPC 16:0/18:1 108 56
PAPC 16:0/20:4 57 33
DPPE 16:0/16:0 27 51
POPE 16:0/18:1 21 39
LLPE 18:2/18:3 36 72
POPS 16:0/18:1 0 24
PLPS 16:0/18:2 0 48
POPI 16:0/18:1 0 15
POPI25 (PIP2) 16:0/18:1 0 15
SAPI 18:0/20:4 0 30
SSM 18:1/18:0 45 18
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NSM 18:1/24:1 18 0
CER180 18:1/18:0 9 9
GM1 18:1/18:0 12 0
GM3 18:1/18:0 12 0
GalCER180 18:1/18:0 42 0
GalCER241 18:1/24:1 15 0
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Figure 6.2: Neuronal membrane composition built by Christina Athanasiou in headgroup and lipid tail

populations.”? The lipid types are cholesterol, phosphocholine (PC), phosphoethanolamine (PE),

sphingomyelin (SM), glycolipids (Glyco) including GM1, GM3, GalCER180, GalCER241, phospho-L-serine
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(PS), phosphoinositol (Pl). The bar plot shows the population of headgroup lipid types per leaflet. Figure

adapted from Christina Athanasiou.”?

Molecular dynamics (MD) simulations

| built the neuronal membrane model with the Membrane Builder of CHARMM-GUI,3%* with which |
also added NaCl at neutralization and ionic strength 150 mM. | used GROMACS v.20203%° for all
simulations and the CHARMM36m force field.3”? | ran several equilibration steps for proper membrane
behavior, consisting of two energy minimizations with steepest descent and conjugate gradient, one
NVT equilibration at 310 K for 200 ps with 1 fs time step, and 4 NPT equilibrations at 310 K, 1 bar for 1,
2, 4 and 5 ns each with 1 fs time step for the 15t NVT and 2 fs for the rest (Table 6.2). In all equilibration
steps, | used restraints on protein backbone, side chain heavy atoms and on the z direction of the P
atoms of phospholipids (to keep them on the plane of the membrane) and an equivalent atom for the
gangliosides, as well as on the lipid improper dihedrals that were gradually decreased in the various
steps, from 4000 kJ/(mol nm?) to 0 kl/(mol nm?) at the production step (Table 6.2). For thermostat and
barostat | used Berendsen3%? for all equilibration steps and Nose-Hoover®’372 and Parrinello-
Rahman,373374 respectively, for production. | used semi-isotropic pressure coupling every 5 ps with
4.5-10” bar! compressibility. | used the Linear Constraint Solver (LINCS) algorithm3’” to fix the length of
bonds with hydrogens. For Coulomb interactions, | employed the Particle Mesh Ewald (PME)37>376
summation for the treatment of long range electrostatics with a cutoff distance of 1.2 nm, and for van
der Waals interactions | used a force-switch function, that changes the shape of the force between the
range of 1.0 and 1.2 nm. | ran 6 replica simulations of 500 ns production step with the system fully

unrestrained.

Table 6.2: Equilibration steps for the p75 simulations in neuronal membrane.

Time Restraints (kJ/(mol nm?) Thermostat/
Step Type Steps/Time step  Backbone/Side chains/Lipid Barostat
Step 1: Steepest
minimization  descent 10000 - 4000/2000/1000 -
Step 2: Conjugate
minimization  gradient 10000 - 4000/2000/1000 -
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Step 3:
equilibration NVT 200 ps 1fs 4000/2000/1000 Berendsen
Step 4: Berendsen/
equilibration NPT 1ns 1fs 4000/2000/1000 Berendsen
Step 5: Berendsen/
equilibration NPT 2ns 2 fs 2000/1000/500 Berendsen
Step 6: Berendsen/
equilibration NPT 4 ns 2 fs 1000/500/200 Berendsen
Step 7: Berendsen/
equilibration NPT 5ns 2 fs 1000/500/0 Berendsen
Step 8: Nose-Hoover/
production NPT 500 ns 2 fs 0/0/0 Parrinello-Rahman

Analysis of simulations

At the end of each replica simulation | performed a set of post-processing analyses, with the fixing
of periodic effects being with the gmx trjconv tool of GROMACS being the first step. | also performed a
rigid-body alignment to the backbone of one of the TM helices in the 1st frame of the simulations. |

rendered all protein structures presented in this thesis with VMD 1.9.3.3%

Root mean square deviation (RMSD), root mean square fluctuation (RMSF) & radius of gyration (Rg)

| performed RMSD calculations on the protein structures with the MDAnalysis Python library.37837°
Specifically, | calculated the RMSD of each protein backbone during the simulations with respect to the
initial structure, after having aligned first all frames to protein backbone of the first frame. | also
calculated the internal RMSD of each subdomain backbone of p75, after alignment to the backbone of
the same sub-domain at the first frame. | plotted the RMSD values with the Matplotlib Python library,3

while | calculated and plotted their density distributions with the Seaborn Python library.3!

To monitor the residue fluctuations during the simulations, | performed RMSF calculations with
MDAnalysis. For this, | aligned first the Ca atoms of the protein to an average structure from the
simulations and then | calculated the RMSF of each residue Ca from that average structure. | plotted the

RMSF values with Matplotlib.

| performed a radius of gyration calculation of the full-length p75 again with MDAnalysis, after having
aligned each of the systems to the backbone of p75 at the 1%t frame of the simulations. | performed the

plotting with Seaborn.
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Distances and angles between EC segment and membrane

| estimated the distance between the EC segment of the full-length p75 and the membrane during
the simulations. For this, | defined the center of mass (COM) of the NT atoms and the z-coordinate of
the COM of the membrane P atoms and the calculated the distance between the two points. | also
estimated the relative orientation of the EC segment with respect to the membrane. For this, | defined
a vector corresponding to the long axis of the NT and the membrane normal, and calculated the angle
between the two. | did this with MDAnalysis for the whole of the simulations and after the first 150 ns

when the system was more equilibrated. | performed the plotting with Seaborn.

Contact analysis

| analyzed the contacts between all the residues of the TM helices, the kinase domains (in the
homodimer), and between the receptor domains and the membrane with MDAnalysis. | defined a
contact when two non-hydrogen atoms were within 4.5 A distance. | ran this analysis after the 15t 150
ns, when the system had equilibrated, while | processed and visualized the data with Pandas3°73°8 and

Matplotlib.

Principal component analysis (PCA)

| chose to quantify this intrinsic motion of the full-length p75 receptor in the neuronal membrane,
for which | ran a principal component analysis (PCA) with the built-in class in MDAnalysis. | did the
analysis after the 15t 150 ns, in the equilibrated systems, while | aligned the trajectories to the structure
at 150 ns before running PCA. | plotted the values of the 15t and 2" principal components with Seaborn.
Moreover, | used the numpy.dot function of Numpy to calculate the dot products of all PC1 and PC2

combinations from the different replicas.

TM helix geometric parameters

As in chapter 5, for the analysis of the helical arrangements during the simulations | used six
geometric parameters: (1) the interhelical distance (d) defined by the centers of geometry (COG) of the
backbone atoms, (2) the interhelical crossing angle (Q) defined as a dihedral by COGs of the helix

backbone atoms and the COGs of the N-terminal halves of the helices, (3), (4) the rotation around the
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axis of each helix, mentioned later as phase and position, defined as a dihedral by the COG of the N-
terminal half of one of the helices, the COGs of the backbone atoms of the two helices and the COG of
Cys 256, and finally (5), (6) the distance between the N- and C-termini of the helices. | calculated these
parameters in all simulation frames using the MDAnalysis and the numpy.linalg.norm function of the
Numpy library.38? | visualized the geometric parameter distributions during the simulations with Kernel

Density Estimation (KDE) plots using the seaborn.kdeplot function of Seaborn.

Secondary structure calculation

| ran secondary structure calculations for the EC and IC linkers of p75 to see if their initial
unstructured form remains during the simulations. | calculated this with the Timeline plugin of VMD and

| ran it every 10 frames after the 1t 150 ns, when the system had equilibrated.

6.3 Results

| modeled and simulated the glycosylated full-length p75 receptor homodimer with NT-3 bound in
the EC domain, inserted in the neuronal membrane. For the modeling of the EC, TM and IC domains of
p75 | used available X-ray and NMR structures, while for the EC and IC linkers, which were predicted as
unstructured by webservers, | modeled them as extended loops. | ran 6 replica simulations staring from
the same p75 structure with different initial velocities and | first monitored the large scale changes from

the initial model structure with RMSD calculations.

| calculated the RMSD of the different domains of p75 as well as the full-length p75 and the NT-3,
with respect to the initial model structure (Figure A.13). The RMSD calculations showed high values
(backbone RMSD > 3 A) for the EC domain, which originate from the D1 domain, as shown from the
RMSD calculations for each of the EC domains (Figure A.13A). Domains D2-D4 have RMSD less than 3 A,
which means that their conformation from the crystal structure is preserved. The high RMSD values for
the D1 domain could be due to the partial unfolding of the N-terminal domain, as shown before in the
simulations of p75-EC in chapter 4 (Figure A.3). This is supported by the high RMSF values for the N-

terminal residues of D1 domain in both monomers (Figure A.14A).

For the EC and IC linkers, the RMSD reaches very high values, suggesting big conformational changes

in these disordered domains (Figure A.13B,D). These conformational changes seem to happen in the
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whole length of the linkers, as suggested by the high RMSF values in all residues of the linkers (Figure
A.14B,D). The TM domain (TMD) helical conformation is retained throughout the simulations with RMSD
values less than 1.5 A (Figure A.13C), which is reflected also in the low RMSF values for this domain
(Figure A.14C). The intracellular death domains (ICDs) have also high RMSD values (Figure A.13E), for
which the C-terminal part of the DDs is responsible according to the high RMSF values of that region
which is disordered (Figure A.14E). Finally, the N- and C-terminal regions of the NT, which are disordered,
fluctuate a lot (Figure A.14F), which leads to high RMSD values (Figure A.13F).

The high conformational changes in the EC and IC linkers, as suggested by the high RMSD and RMSF
values, seem to be the biggest changes in the simulated systems and thus they were further investigated.
Specifically, | examined visually the simulation trajectories, which revealed that the p75 homodimer
contracts in the EC and IC linkers and approaches the membrane during the course of the simulation
(Figure 6.3). This contraction was observed in all replica simulations. The contraction of the EC linkers is
accompanied by a bending of the p75-EC domains bound to NT-3 towards the membrane and in some

replica simulations they even interact with it (Figure 6.3).

To quantify the contraction of the EC linkers and the EC domain bending, | calculated the distance
between the center of geometry (CoG) of the NT and the upper leaflet of the membrane, as well as the
angle between the 1% principal axis of the ECD-NT3 complex and the membrane normal, which coincides
with the Z-axis in the simulation box (Figure 6.4). The distance analysis showed that, in the first 150 ns
of the replica simulations, the EC domain approaches the membrane and then it is mostly stabilized in a
distance that varies among the different replicas (Figure 6.4A). This means that the first 150 ns
correspond to an equilibration period for the p75 linkers. Calculation of the probability density of
distance for the equilibrated part of the simulation (after the first 150 ns) showed that distances mostly

at ~ 85 and 110 A were sampled (Figure 6.4B).

The analysis of the angle between the ECD and the membrane normal showed that it starts from
very low values (ECD perpendicular to membrane normal) and increases very fast in the equilibration
period of the first 150 ns (Figure 6.4C). The probability density of the angle corresponds to ranges
between 20-60° (Figure 6.4D).

Upon visualizing the trajectories, | saw that in some replicas the EC linkers seem to fold and form
globular subdomains. This led to the calculation of the radius of gyration (Rg) of the different p75
domains including the linkers (Figure A.15). The calculations showed that in several replicas the EC

linkers sample low Rg values during the equilibrated phase of the simulations (Figure A.15B). Similar low
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6 Full-length p75 in a neuronal membrane

Rg values were observed for IC linkers which also contract and approach the membrane intracellularly

(Figure A.15D). For the rest of the domains smaller Rg changes were observed during the course of the

simulations.
Glycans
p75 dimer
NT-3 dimer
Extracellular % ,.
Gl ST i Bt R B A

AR AR

Intracellular

t=0ns t =150 ns t =490 ns

Figure 6.3: Conformational contraction of the full-length p75 system. The p75 homodimer with the NT-
3 bound is shown in three different time steps; at 0 ns in the beginning of the simulation, at 150 ns when
the contraction of the linkers has been completed, and at 490 ns when the bending towards the

membrane has been completed.
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Figure 6.4: Distance and angle calculations between NT- membrane and NT-membrane normal. The 1t
150 ns, indicated with a vertical line, show that the system equilibrates and reaches stable distance
angles. Distance and angle distribution densities are also shown per replica for the equilibrated systems

after the first 150 ns.
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Figure 6.5: Principal component analysis (PCA) of the p75 full-length system. (A) Number of principal
components that offer up to 95% cumulative variance for the six replica simulations. (B) Projections of
the simulation configurations of the 2D space of the 15t and 2" principal components over time, after

the 15t 150 ns. The PCA was performed for the full-length p75 structure.
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As mentioned before, | modeled the EC and IC linkers as extended loops, since they were predicted
to be unstructured by webservers. | monitored during the simulations whether they remain
unstructured or if they adopt any specific secondary structure (Figure A.16). The results showed that
they remain disordered with only the C-terminal residues 250-254 of ECL2 forming a helical

conformation, thus extending the TM helix a bit outside the membrane plane.

Next, | performed PCA to investigate the large-scale motions of the full-length p75. Calculation of
the cumulative variance showed that many principal components are needed (up to 17) to describe the
95% variance of the p75 motions (Figure 6.5A). This is indicative of quite complex receptor movements.
Visualization of the system evolution in the 2D space of the 15t and 2™ principal components (PC1 and
PC2) shows different behaviors for each replica (Figure 6.5B). Because PC1 and PC2 can be different on
different replicas, | calculated the dot products of the PC1ls from different replicas, the PC2s from
different replicas and the PC1s and PC2s for each replica (Figure A.17A-C). Most of the dot products are
very close to 0, which means orthogonal vectors. The 3™ principal component (PC3) was also taken into
account with a root mean squared inner product (RMSIP)4%>4% of PC1, PC2 and PC3, which showed only

partial similarity among those 3 PCs (Figure A.17D).
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Figure 6.6: Contact maps of the TM helix residues during the 6 replica simulations.

Subsequently, | calculated the contacts between the two monomers of the TM helices of p75 (Figure
6.6). The main goal was to monitor whether the interaction interface of the p75-TM homodimer from
the NMR structure (PDB ID: 2MIC)3#7 changes when incorporated in the full-length p75 structure. In all
replicas the TM helices interact in their whole length with the interface containing the motif
C256xxxA260xx\/263\/ 264 x\/267 268y A\271E272y\NJ275 C256 (C257 for rat) is the disulfide linked residue in the
TM homodimer and thus it is always at the interface. The rest of the interfacial residues have also been

reported in the NMR structure, which means that it is preserved also in the full-length system.

| also examined the six geometric parameters that describe TM helix motion, described in Chapter
5. The results show similar density maxima sampled in the six replicas (Figure A.18). An exception to this
is the C-termini distance, which has a maximum at ~8 A in replicas 1, 4 and 6, and at ~3.5 A in replicas 2,
3 and 5. The NMR structure C-termini distance is 10 A. It has been previously proposed that p75
undergoes a scissors-like movement upon NT binding, in which the C257-C257 disulfide bond plays the

role of the fulcrum.>” This difference in the C-termini distance might be related to the activation of the
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p75 receptor which is expected to lead to dissociation of the IC death domains according to fluorescence

resonance energy transfer (FRET) data.>’

In light of this, | examined visually the behavior of the death domains (DDs) during the simulations.
Interestingly, the two DD monomers which are initially bound to each other, in a presumably inactive
state, dissociate from each other in replicas 2 and 5. These are two of the three replicas where a smaller
C-termini distance of the TM domains was observed. This suggests that reduction of the TM C-termini
distance might lead to dissociation of the DDs and thus activation of the p75 receptor. For the rest of
the replica simulations, where the DDs remain in contact, | calculated the preservation of the DD-DD
contacts from the initial bound state, which corresponds to the NMR structure (PDB ID: 2N97).7°
Specifically, | calculated the fraction of the NMR interface contacts that was preserved during the
simulations (Figure A.19A). This analysis showed that only very few (maximum 20%) of the NMR DD
contacts were actually preserved during the trajectories. The actual contacts of the DDs were also

calculated revealing to some extent homotypic interactions (Figure A.19B-E).

Next, | analyzed the interactions between p75 and the lipids of the neuronal membrane (Figure 6.7).
In each of the replica simulations, the membrane was remodeled ensuring a random distribution of lipids
around the protein. The results revealed that the p75-EC domain rarely has contacts with the membrane
(replicas 1 and 4), and this happens through interactions with the GM1 and GM3 gangliosides, which
have long extended headgroups. The EC linker interacts with the PC and PE headgroups of lipids, with
the sphingolipids GalCER, GM1, GM3, NSM, SSM, but also with cholesterol. The TM domain p75, which
has a Cholesterol Recognition Amino acid Consensus (CRAC) motif VWVVGLVAYIAFKR, interacts a lot with
cholesterol, PC, PE, SSM, PS and in some cases with PIP2. The IC linker interacts for the majority of the
frames with the negatively charged PS, Pl and PIP2, but also with the abundant PC and PE lipids. The DDs

interact less with the membrane, with most of the interactions being with PS, PI, PE and PC.
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Figure 6.7: Contact analysis between the different domains of p75 and membrane lipids. The domains
are as follows: extracellular domain (ECD), extracellular linker (ECL), transmembrane domain (TMD),

intracellular linker (ICL), intracellular domain (ICD).
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Figure 6.8: Contact analysis between the EC and IC linker (ECL and ICL), as well as the intracellular death

domain (ICD) residues with lipids of the neuronal membrane. The O-glycans in the EC linkers have also

been included in the calculation. The different colors correspond to different replicas.
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6 Full-length p75 in a neuronal membrane

Finally, | calculated the residues of the EC and IC linkers as well as the DDs that interact with the
membrane (Figure 6.8). This analysis showed that the linkers interact with the membrane mostly
through the parts that are closer to it; the C-terminus for the EC linker and the N-terminus for the IC
linker. In the EC linker, the O-glycan at $239 from both p75 monomers interacts with the membrane in
all replicas. The N-terminus of the EC linker seems to come closer to the membrane and interact with it
in replicas 4 and 6. In the same replicas but also replica 5, where the DDs dissociate, the IC linker C-
terminus interacts with the inner leaflet of the membrane. The DDs interact with the membrane in

replicas 2 and 6, with the former being a replica in which the DDs dissociate.

6.4 Conclusions

In this chapter, | modeled and simulated the full-length structure of p75 in a complex asymmetric
neuronal membrane model. For this purpose, | created a model of the full-length p75 homodimer
structure, with all the EC, TM and IC domains connected with linkers, and the TM helices disulfide-
bonded. In the model, NT-3 is bound to the EC D1-D4 domains of p75. | also added N- and O-glycans in
the EC D1 domain and the EC linker, respectively. It has been shown experimentally that p75 is localized
and modulated by lipid rafts,3%%49 which have high concentration of cholesterol and sphingolipids. For
this reason, | also used a complex model of an asymmetric neuronal bilayer as the membrane
environment of the receptor, which is closer to the lipid raft composition, compared to simpler,

commonly used membranes.

| performed several atomistic simulations with the modeled system which showed that the
disordered EC and IC linkers undergo large conformational changes. Specifically, the p75 homodimer
contracts in these linkers, bringing the EC and IC domains closer to the membrane, and even interacting
with it in some simulations. In the EC segment, the contraction of the EC linkers is accompanied by a
bending of the p75-EC domains bound to NT-3 towards the membrane. The bent EC domains appear to
be stable throughout the length of the simulations, however the distance of the EC domain from the
outer leaflet of the membrane varies through the different replica simulations. The IC death domains
also approach the membrane and interact with it in some replicas. Secondary structure analysis of the
linkers showed that they remain mostly unstructured during the simulations. PCA analysis on the full-
length p75 was indicative of quite complex receptor movements, which were different throughout the

different replica simulations.
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The TM helices retained the initial NMR structure interface, which is probably enforced by the
presence of the disulfide cross-linking of the helices. Interestingly, the C-termini distance of the TM
helices sampled two different states at ~8 and 3.5 A in different replicas. In two out of three replicas
where the shorter distance occurred, the death domains (DDs), which are initially bound to each other,
in a presumably inactive state, dissociate from each other; an event expected to occur upon p75
activation. The correlation of the TM C-terminal distance and the dissociation of the DDs is in agreement
with experimental data which propose that NT binding induces a scissors-like movement of disulfide-
linked p75-TM domain, with the C257-C257 disulfide bond acting as the fulcrum.>” Thus, in two out of
six replica simulations, p75 possibly passes from an inactive to an active state. Analysis of the DD-DD
contacts showed that they vary during the simulations, with the input NMR structure being unstable in

the context of the full-length p75 structure.

Finally, | analyzed the interactions of the different domains of p75 with lipids of the neuronal
membrane model. This analysis showed that the IC linker interacts for the majority of the frames with
the negatively charged PS, Pl and PIP2. In the two replicas where the dissociation of the DDs occurs, the
IC segment interacts with the membrane either through the IC linker or the DD itself. This suggests a

potential role of the membrane in the activation mechanism of p75.

The apparent correlation of the TM C-termini distance with the p75 death domain dissociation
should be further probed with both computational and experimental methods. Enhanced sampling MD
simulation methods can be used to bias the movement of the TM C-termini and study their influence on
the IC domains with better statistics. Also, experimental studies, such as FRET assays, can be used to
probe the changes of the TM C-termini upon NGF binding, through attachment of the fluorophores

directly after the TM domains instead of at the end of the IC domains.
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7 Conclusions and future perspectives

In this thesis, | set out to study and design novel neurotrophin (NT) mimetics and explore the
mechanism of action of the p75 receptor. | have described the molecular modeling and design of NT
mimetics and their interaction with the TrkA and TrkB NT receptors. | have also performed extensive
mechanistic studies on the different domains of p75 receptor, i.e. the extracellular (EC), transmembrane
(TM), as well as the full-length p75 receptor. Specifically, by employing molecular dynamics (MD)
simulations, | investigated: (i) the glycosylation influence on the dynamics of p75-EC, (ii) the dimeric state
of p75-TM, and finally (iii) the conformations of the full-length glycosylated p75 in a neuronal membrane

model. The main conclusions of each mechanistic study are presented below.

Design and mechanistic studies of small molecule NT mimetics

| undertook the computer-aided design and molecular modeling of the NT mimetics developed by
the EuroNeurotrophin collaborators. Specifically, | investigated the binding mode of the steroidal lead
compound BNN27, for which | validated the two previously suggested binding pockets 1a and 1b at the
interface of TrkA-D5 with NGF by STD-NMR.?’® Molecular docking tests showed that conventional rigid
protein docking was sufficient to place the lead compound at site 1b, while for site 1a | employed a
docking protocol which allowed for flexibility of the protein side chains and accommodation of the
compound in the pocket. Also, | identified site 1b as the most plausible, accounting for the selectivity of

BNN27 for TrkA over TrkB.

The determination of the two possible binding sites and the docking protocols allowed the study of
BNN27 derivatives. | performed modeling of BNN27 analogues with three- and six-membered-17-spiro
substitutions bound at the interface of TrkA-D5 and NGF and suggested to medicinal chemists in the
project which compounds to prioritize in organic synthesis. From this work, | also identified that a phenol
group at the C17 substitution position of the steroidal core of BNN27 would form favorable interactions
with the proteins. This led to the start of a quest for other possible fragments that could be attached to

position C17 and increase the affinity of the lead compound for the TrkA receptor.

In this framework, | performed virtual screening of a library of 9200 compounds synthesized in

UNICAEN. Eleven compound fragments that came out of this screening were tested via STD-NMR for
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TrkA-D5 binding, and eight fragments were identified as binders. Subsequently, | further optimized the
fragment binder that had the best docking score. | did this with R-group enumeration, which generated
226 derivatives, which | tested for TrkA over TrkB selectivity with molecular docking calculations. |
proposed the six most promising compounds for organic synthesis, which was not completed during the

course of the current PhD thesis and should be included in future work on this project.

Additionally to the molecular design of novel BNN27 analogues, | performed mechanistic studies on
small-molecule BNN27 derivatives that have been identified by the consortium as agonists of TrkA and
TrkB. | used molecular docking and MD simulations to investigate the binding of the compounds to the
EC domain of TrkA, and compared with the equivalent calculations performed on TrkB by Christina
Athanasiou. The simulations indicated that the predicted binding modes were unstable, as relatively fast
detachment of the small molecules from the receptors took place. This indicates weak binding to these

sites which is not in agreement with the receptor selectivity of the compounds.

Since the docking and MD simulations of the compounds in the EC domains of TrkA and TrkB did not
produce clear results on the compound binding site, together with consideration of the steroid core of
the compounds, similar to that of cholesterol that is naturally found on cell membranes, | investigated
the compound tendency to penetrate the membrane. | performed MD simulations with compounds
close to the membrane which showed spontaneous incorporation of the compounds to the membrane
bilayer either as single molecules (simulations by Christina Athanasiou) or as aggregates which then
diffuse within the membrane. Control simulations with cholesterol showed that the compounds have a
tendency to penetrate the membrane faster than cholesterol. The propensity of the compounds to
readily penetrate the cell membrane suggests that they might act on the NT receptor TM domain,
similarly to the antidepressant drug fluoxetine or psychedelic drugs that were found to bind to the TM
domain of TrkB.2°42%¢ Simulations with the TM domains of TrkA and TrkB showed non-specific transient

interactions with the compounds.

The mechanistic study results show that there are still open questions regarding the mode of action
of these neurosteroid analogues. A potential explanation could be that the compounds bind to more
than one region on the receptors and several binding events act synergistically. Also, accumulation of
high compound concentrations in the cell membrane might alter the microenvironment of the
membrane, which in turn leads to activation of the receptors. In fact it is known that NT receptors
translocate to lipid rafts upon activation,3>%41143 which shows that the lipid background plays a role in

receptor function. Finally, the experimentally observed activity of NT mimetics on NT receptors might
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7 Conclusions and future perspectives

be an indirect effect resulting from binding to other proteins that interact with NT receptors. This could
explain why the single binding sites that were tested here cannot provide a conclusive mechanism. This
dictates that further experiments regarding the mode of action of these compounds with STD-NMR, X-
ray crystallography, mutagenesis and membrane permeability assays need to be carried out for the
development of analogues with greater affinity and selectivity. Also, the synthesis and testing of the six
optimized fragments, which have been designed to specifically bind at the interface of TrkA-D5 with NGF

could further validate the currently proposed binding sites.

Glycosylation in the p75-EC dynamics

In this thesis, | investigated the dynamical behavior of the EC domains of the p75 receptor in the
presence and absence of glycosylation moieties covalently attached to the domains. The EC segment of
p75 has been identified to have a single complex N-glycan at position N60 of CRD1.7%77:367 | performed
MD simulations of the glycosylated and non-glycosylated p75-EC as homodimers bound to NT-3, as

monomers bound to NT-3, and as single monomers.

The results showed that only the very N-terminal part of the p75-EC can be shielded by the single
glycan, which can partially interact with NT-3. The cloud of glycan conformations appears to block the
entrance at the N-terminal region of the receptor, which might affect NT binding kinetics, which have
been experimentally indicated to be different for the p75 compared to the Trk receptors.38 The glycan
shielding of the proteins was low and the binding of larger proteins, e.g. antibodies, rather than small

molecules in the area proximal to the glycan may be more disturbed.

The EC domains of p75 were particularly stable during the simulations even though they have several
loops present. This seems to be achieved by 12 disulfide bonds which form a disulfide “ladder”
throughout the length of the EC domain. The N-terminal CRD1 domain that contains the single glycan
was relatively more flexible because it has more disordered regions. The simulations also showed that
the two p75 monomers are placed further apart in the presence of glycans, which interact with each
other and are placed between the two monomers. The interacting glycans might help with the overall
avidity of the complex and stabilize it in this homodimeric state or block the NT from dissociating from

p75, which might affect its binding kinetics.

The results presented here regarding the glycosylation of the p75 receptor need to be corroborated

experimentally. One direction would be to perform binding kinetic studies of the NTs bound to the
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glycosylated and non-glycosylated p75 receptor and estimate the effect of the glycans on kinetic
properties. These effects could also potentially be studied with enhanced sampling simulations to acieve
better statistics. Structural biology techniques could also provide valuable structural insights, although
the flexible nature of glycans would make it challenging to achieve high resolution. The conclusions from
this part of the thesis highlight the importance glycosylation, which should be considered in

experimental and computational studies of the NT receptors.

TM helix dimerization of p75 receptor

| investigated the dimerization states of the TM helices of the p75-WT receptor, where the helices
are covalently bonded at C257, and of the p75-C257A mutant which is incapable of NT-dependent
receptor activation.>” Both TM helix homodimers have been solved with NMR in DPC micelles.>® |
performed coarse-grained (CG) MD simulations using both NMR structures in DPC micelles, which
showed that the p75-WT TM homodimer is quite stable due to the presence of the disulfide bond. It has
been suggested previously that p75 might be activated by NTs with the TM helices undergoing a scissors-
like movement. Here interhelical crossing angles of -45° to -30° were observed for the p75-WT
simulations, corresponding to various interhelical TM C-terminal distances, which is in agreement to this

scissors-like movement.

The simulations of the mutant p75-C257A showed that the NMR structure is not stable and instead
two other right-handed and left-handed helical arrangements occurred with smaller crossing angles than
the NMR arrangement. This was validated with atomistic simulations. However, the A2%2xxxG2%®
dimerization motif which is located at the NMR interface, is also present at the interface of the two new
arrangements. This shows the importance of the interactions in this motif when the C257 residue is not
present in the TM sequence. However, since this mutant does not occur physiologically, the
arrangements that were sampled are probably not relevant to any biological state. | subsequently ran
enhanced sampling CG metadynamics simulations in POPC bilayers, which further validated the two

arrangements that had been sampled in the unbiased CG simulations for this mutant.

A limitation of the simulations that | performed for the identification of the TM arrangements of p75
is the lipid environment, which was DPC micelles in this case. The cell membrane environment in which
p75 is found physiologically has different physicochemical properties and could induce the formation of

different arrangements than those sampled here. The metadynamics simulations were run in a POPC
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7 Conclusions and future perspectives

membrane, which also differs from the real neuronal membrane. Additionally, detailed steric effects at
the interface of the TM helices might be underestimated by the coarse grained nature of the Martini
force field. More detailed long scale atomistic simulations could further validate the p75-TM

arrangements proposed here, and thus their ability to eventually explain receptor function.

Full-length p75 receptor in the neuronal membrane

In this thesis, | also studied the dynamics of the full-length glycosylated p75 receptor in a neuronal
membrane model. For this, | created for the first time a model of the full-length p75 homodimer
structure, with all the EC, TM and IC domains connected with linkers, and the TM helices disulfide-
bonded. In the model, NT-3 is bound to the EC D1-D4 domains of p75. | also added N- and O-glycans in
the EC D1 domain and the EC linker, respectively. | embedded the p75 receptor model to an asymmetric
neuronal bilayer, which is closer to the lipid raft composition where p75 localizes, compared to simpler,

commonly-used membranes.

Atomistic simulations of this complex system showed that the disordered EC and IC linkers undergo
large conformational changes. Specifically, the p75 homodimer contracted in these linkers, bringing the
EC and IC domains closer to the membrane, and even interacting with it in some simulations. In the EC
segment, the contraction of the EC linkers was accompanied by a bending of the p75-EC domains bound
to NT-3 towards the membrane. The IC death domains also approached the membrane and interacted

with it in some replicas.

The disulfide-bonded TM helices retained the initial NMR structure interface during the simulations,
while their inter-termini distance (defined by the last TM residue backbone atoms) sampled two
different states at ca. 8 and 3.5 A, in different replicas. Interestingly, in two out of three replicas where
the shorter distance occurred, the death domains (DDs), which are initially bound to each other, in a
presumably inactive state, dissociate from each other, an event expected to occur upon p75 activation.
The correlation of the TM C-terminal distance and the dissociation of the DDs is in agreement with
experimental data which propose that NT binding induces a scissors-like movement of the disulfide-
linked p75-TM domain, with the C257-C257 disulfide bond acting as the fulcrum.>” Thus, in this thesis, a
potential activation event of the p75 receptor is presented for the first time in atomic-detail, with an

allosteric signal propagated through the TM helices to the IC domains. In the two replicas where the
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dissociation of the DDs occurs, the IC segment interacts with the membrane either through the IC linker

or the DD itself. This suggests a potential role of the membrane in the activation mechanism of p75.

This thesis presents for the first time a model of the fully-glycosylated full-length p75 receptor bound
to NT-3 in a neuronal membrane environment, as well as the potential activation mechanism of the
receptor in atomic detail. Additional enhanced sampling simulations could be used to better characterize
the events that lead to activation. Also, potential force field limitations could be tested by simulating the
system with different force fields. It is important for the findings presented here to be explored
experimentally, such as the TM helix distance before and after NT binding. Another test could be the use
of different membrane systems to investigate the role of membrane in receptor activation. Cryo-
electron microscopy might also be able to provide structural insights of the overall conformation of the
receptor in a membrane and validate the bended conformations observed here. However, the flexible
nature of the EC and IC linkers might prove challenging to create high resolution structures. Overall, the

results presented here provide new insights into the dynamical behavior of p75.
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Appendix

Figure A.1: 2D structures of the best-scoring compounds of the library with cyclopropyl BNN-27

analogues.
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Table A.1: UNICAEN fragments with best docking scores and binding poses.

) Docking score
HF L ID 2D
ragment ibrary Structure (kcal/mol)
1 CNevoteccermn2019.3430 Er\©/\”)J\NH2 -4.342
\
5 CNevoteccermn2019.3102 -6.060
(R)
3 CNevoteccermn2019.2110 -5.599
(S)
4 CNevoteccermn2019.892 -5.196
(S)
5 CNevoteccermn2019.1870 -4.369
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N
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Figure A.2: Binding poses of best-scoring UNICAEN fragment compounds. The order of the compounds

in the figures is the same as that in Table A.1.
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p75 Glycosylated EC dimer — NT dimer
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Figure A.3: Closer examination of conformations of the D1 domain of p75-EC with the glycan at Asn 60
which is covalently attached to the D1 domain. Two example representations of high RMSD values are
shown with D1-glycan aligned to the input structure from X-ray. The high RMSD conformations are
shown in purple and cyan for the two D1 monomers and the initial structures in grey. The D1 domain is

shown in cartoon representation, while the glycan is shown in stick representation.
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Figure A.4: Dot products of the 15t and 2" principal components from the various replicas and systems
with and without glycans. The dot product values are also color-coded with heatmaps, with values equal

to 1 showing parallel vectors, values of -1 showing antiparallel vector and 0 meaning vertical vectors.
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Figure A.5: Principal component analysis (PCA) of the D1 domain of p75-EC as a time evolution after

alighment to the rest of the domains, for the glycosylated or not systems. Only the 1t and 2" principal

components are visualized.
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p75 EC dimer — NT dimer
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Figure A.6: Distribution calculations of the x1 dihedral angle of N60 for the three p75-EC systems with

and without the glycans present.
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Figure A.7: Radius of gyration (Rg) of DPC lipids at the NPT equilibration of CG simulations. Low and
constant Rg values suggest that the micelle has been formed, while the crossing of the periodic box can
be visualized as “jumps” in the Rg values. Red boxes show micelle formation. The p75-WT replica 12

simulation did not finish successfully and was thus omitted from being plotted.

172



[ molecule ]

DPC

[ martini ]

NC3 PO4C1C2C3
[ mapping |
charmm36

[ atoms ]

; Terminal head group (choline)

1 N NC3

2 C13 NC3

3 H13A NC3
4 H13B NC3
5 H13C NC3
6 Cl4 NC3

7 H14A NC3
8 H14B NC3
9 H14C NC3
10 C15 NC3
11 H15A NC3
12 H15B NC3
13 H15C NC3

14 C12 NC3 NC3 NC3 PO4
15 H12A NC3 NC3 NC3 PO4
16 H12B NC3 NC3 NC3 PO4

17 C11 NC3PO4
18 H11A NC3 PO4
19 H11B NC3 PO4
; Phosphate group
20 P PO4
21 013 PO4
22 014 PO4

23 011 PO4pPO4cCl
24 012 PO4 PO4 PO4 NC3

; Acyl chain

25 C31 C1PO4
26 H1X C1PO4
27 H1Y C1PO4
28 C32 C1C1PO4
29 H2X C1Cl1PO4
30 H2Y C1C1PO4

31 C33 C1C1C1PO4
32 H3X C1C1C1PO4
33 H3Y C1C1C1PO4

34 C34 C1
35 H4X C1
36 H4Y C1
37 C35 Ci1cC1C2

173



38 H5X Cl1cC1icC2
39 H5Y Ci1cC1C2
40 C36 C2C1

41 HeX C2cC1

42 HeY C2C1

43 C37 C2c2C1
44 H7X C2cC2C1
45 H7Y C2C2C1
46 C38 C2

47 H8X C2

48 H8Y C2

49 C39 C2C2(C3
50 H9X C2C2C3
51 H9Y C2C2C3
52 C310 C3C2

53 H10X C3C2

54 H10Y C3C2

55 C311 C3C3C2
56 H11X C3C3C2
57 H11Y C3C3C2
58 C312 C3

59 H12X C3

60 H12Y C3

61 H12Z C3
;;;making a choline group
[out]

Cl4NC13C12
H14A N C13 C12
H14B N C13 C12
H14C N C13 C12

[ chiral ]
C15NC12C13C14
H15A N C12 C13 C14
H15B N C12 C13 C14
H15CN C12 C13C14

Figure A.8: CG-to-AA map for the backward.py script.3?3
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Figure A.14: RMSF calculations in the full-length p75 simulations.
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Figure A.15: Radius of gyration (Rg) calculations in the full-length p75 simulations.
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Figure A.16: Secondary structure of the two monomer EC and IC linkers after the 1%t 150 ns, when the
system is more equilibrated. The letters in the legend correspond to: T: turn, E: extended configuration,

B: isolated bridge, H: alpha helix, G: 3-10 helix, I: pi-helix, C: random coil.
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Figure A.17: Calculation of the dot products of principal components from p75 full-length simulations.
(A) Dot products of the 1% principal components (PC1) from the different replica systems. (B) Dot
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closer to 0 indicate dissimilarity.
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C-termini distance vs N-termini distance
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Figure A.18: Density distribution plots for the six geometric parameters that describe the TM helix
arrangements: interhelical distance and crossing angle (Q), phase and position, N- and C-termini

distance. The distribution is shown for each replica.
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A ICD homodimer NMR-interface contact retention over trajectory
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Figure A.19: Contact analysis of the two death domain (DD) (intracellular domains — ICD) monomer
interactions during the simulations. (A) Calculation of the DD-DD fraction of contacts, present in the
initial NMR structure, which are preserved during the simulations. (B)-(E) Contact maps between the
two DD monomers with the contact occupancies shown as a percentage of simulation frames for replicas
1, 3, 4 and 6. Only contacts of >10% are shown. Replicas 2 and 5 have less than 10% contact occupancy,
because the two domains dissociate, and that is why they are not shown here. A contact is defined when
two heavy atoms are within 4.5 A distance. The contact analyses were conducted after the 15t 150 ns of

the simulations, when the system had equilibrated.
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List of Figures

Figure 1.1: X-ray structure of NGF (PDB ID: 2IFG)*” in cartoon representation with molecular surface.
The two NGF monomers are shown in magenta and purple colors, and the position of the loops, the

hydrophobic core and the cystine-knot are marked. ...........cceeeeiiiiieciiiiiiee e 14

Figure 1.2: Full-length structural representation of the Trk (left) and p75 (right) receptors with NTs
bound.>! The structured parts of the receptors as well as the NTs are shown in cartoon representation
with molecular surface. The EC segment of Trk receptors comprises five domains (D1-D5), while that of
p75 four cysteine-rich domains (CRD1-CRD4). Both possess an a-helical TM domain. The IC segment of
Trk contains a kinase domain, while that of p75 a death domain. Upon NT binding, the receptors are
activated, leading to a diverse set of signaling cascades. In this figure | created the schematic structure
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Figure 1.3: Crystal structure of the TrkA-EC homodimer bound to NGF (PDB ID: 2IFG)*’ depicted in
cartoon representation with molecular surface. The two TrkA monomers are shown in green and orange
colors, while the two NGF monomers in magenta and purple. Also shown are the solved N-glycans of the
structure, in stick and 3D-Symbol Nomenclature For Glycans (3D-SNFG) representations. The blue cubes

and green spheres correspond to N-acetyl glucosamine (GlcNac) and mannose (Man), respectively. .. 16

Figure 1.4: Crystal structures of p75 bound to different NTs. (A) NGF homodimer (magenta-purple)
in complex with the full extracellular p75-EC monomer (green) (PDB ID: 15G1).>3 (B) NT-3 homodimer
(magenta-purple) in complex with the p75-EC homodimer (green-orange) (PDB ID: 3BUK).>> (C) Pro-NGF
homodimer (magenta-purple) in complex with the full extracellular p75-EC monomer (green) (PDB ID:
31J2).°¢ All proteins are depicted in cartoon representation with molecular surface. The N-glycan from
the 3BUK structure is shown in stick and 3D-Symbol Nomenclature For Glycans (3D-SNFG)
representations. Only the first sugar is solved shown as a blue cube corresponding to N-acetyl
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Figure 1.5: “Disulfide ladder” in the EC domain of p75. Crystal structure of p75-EC in green carton

representation with the twelve disulfide bonds in light green ball and stick representation (PDB ID:
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Figure 1.6: Disulfide-linked p75-TM homodimer. NMR structure (PDB ID: 2MIC)>° of the TM a-helices
of the p75 homodimer in cartoon representation (green-orange) and the disulfide bond at C257 in ball

and stick representation. The TM region is demarcated with dashed lines. .........cccovvreeeeriiiicciinnene.n. 19

Figure 1.7: Structure of the p75 death domain. (A) Topology of monomeric p75-DD. (B) Solution NMR
structure of the monomeric rat p75-DD (PDB ID: INGR).B0.......cviiuiiiiiiiieeereceeceecre et 20

Figure 1.8: Structures of the three types of N-glycans in Symbol Nomenclature for Glycans (SNFG)
representation, with their common core enclosed in a dashed-line box.”! The numbers in each glycosidic
bond signify the atoms of the two sugars forming it, while the letters A and B the configuration (alpha
or beta, respectively) of the anomeric carbon. The blue boxes correspond to N-acetyl-glucosamine (Glc-
NAc), the green circles to mannose (Man), the yellow circles to galactose (Gal), the purple rhombus to
sialic acid (Neu5Ac) and the red triangle to fucose monosaccharides (Fuc). Figure adapted from Christina

ATNANASTOU. 2 ..ot e e et e e e e e e e e e eee e e e tee e e e aeeeea e —eeeeaa—aeeaaa——aeeaaa——aeeaar——aeeaanns 22

Figure 2.1: Set of most commonly used mathematical models to describe the interactions among
atoms in molecular force fields. The functions can describe bonded (A)-(D) and non-bonded interactions

(E)-(F). Figure adapted from Christina Athanasiou.”2...........ccceeuereeiserieieresieeee et 43

Figure 3.1: Virtual screening steps of a library of 9200 fragment compounds synthesized in UNICAEN.

Figure 3.2: Binding sites 1a and 1b at the interface of the D5 domain of TrkA (TrkA-D5) and NGF. TrkA
is shown in gray ribbon representation, while NGF in orange. The surface representation of the two

binding sites showcases the volume of the POCKELS. .....cceuiiviiiiii e 63

Figure 3.3: Molecular docking of BNN27 to TrkA-D5:NGF complex (PDB ID: 1IWWW). TrkA is shown in
gray ribbon representation, while NGF is blue. (A) Binding pose of BNN27 inside the pocket of site 1a
obtained with IFD. Four hydrogen bonds are formed between BNN27 and receptor (shown as black

dotted lines). (B) Binding pose of BNN27 in site 1b obtained with XP docking. ......cccovvveeveiivivicnrvennnnnnn. 64

Figure 3.4: Molecular docking of BNN27 to TrkB-D5:NT-4/5 complex (PDB ID: 1HCF). (A) Docking
poses of BNN27 to equivalent site 1a on TrkB. The BNN27 in pink tube representation shows the pose
inside site 1a, whereas the rest of the poses in gray show docking poses of lower scores in the entrance

of the pocket. (B) Docking poses of BNN27 in Site 1h. ....cccuiiiiiiiiiiieiiee et 65
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Figure 3.5: Interaction occupancy between compound ENT-A027 E and the TrkA-D5 and NGF

proteins throughout the simulation time. TrkA-D5 is chain Y and NGF is chain W. .........ccccoovvieeeennne, 67

Figure 3.6: Docking poses of the best four compounds. Hydrogen bonds are shown with dashed black
lines. The ligands and representative interacting residues are shown in stick representation. TrkA-D5 is
shown in grey ribbon representation, while the NGF dimer is depicted in orange and yellow ribbon

representations (different color for each NT MONOMEN). ....ccoeiiiei i 69

Figure 3.7: UNICEAN fragments identified by STD-NMR by Dr. Maria Zervou, NHRF, Greece as TrkA-
D5 binders. The codes were given to each compound by the UNICAEN partners when the compounds

were sent to be tested by STD-NMR. ...coo e e e e e s e are e e s e ateee e e saneeeas 70

Figure 3.8: Docked pose of C178 in site 1b of TrkA. TrkA is shown in purple, while NGF is shown in
yellow or orange. The ligand is shown with green-colored carbons. The pi-pi interaction with Phe 317 of
TrkA is depicted as a cyan dashed line, while the hydrogen bonds with Asn 323 and Asn 355 of TrkA and

Lys 32 of NGF are shown by brown dashed [iNES. .........cueeeieiiiiiiiiiiiiec e e 71

Figure 3.9: The 2D structures of C178 and its six proposed optimized derivatives. C178 is shown first,
with cyan-colored carbons. The derivatives are coded as ENT-HOO1 to ENT-HOOQ6, in the order shown

P B et ee e e et et ee et et eettaeteettn——teeta—tetet——teettaetetteaeteetaaeteraaaararaaaaaranes 72

Figure 3.10: Docked poses of the six proposed, optimized C178 derivatives in site 1b of TrkA. The
order is the same order as in Figure 3.9. TrkA is shown in blue or purple colors, while NGF in yellow or
orange. The ligands are shown with green-colored carbons. The pi-pi interaction is depicted as a cyan

dashed line; the hydrogen bonds as orange dashed lines; the pi-cation interaction as a green dashed line.

Figure 3.11: Summary of various systems with compounds. (A) Docked compounds at the interface
NGF with TrkA-D5 and NT-4/5 and TrkB-D5. (B) Membrane permeability systems with 1 or 10 compound
molecules close to the membrane. (C) TM TrkA and TrkB systems with 1 compound docked at the
interface of the TM helices or 10 compound molecules placed around the TM helices. | ran the
simulations with TrkA and the 10-molecule membrane permeability simulations, while all calculations
with TrkB and the 1-molecule membrane permeability simulations were done by Christina Athanasiou.”?
Figure partially adapted from Rogdakis et al.?’? For this figure, | created subfigure (A) and the 10-

compound Part Of SUDTIGUIE (B). ...ccoiiiiiiiiiiie ettt e e e e st et e e e e e s esnnbrereeeeessesnnssrreneeeeens 75
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Figure 3.12: Docked binding modes of ENT-A013E/Z and ENT-A040 compounds bound at the
interface of NGF with TrkA-D5. The poses in both symmetric sites of 1a and 1b are shown. NGF and TrkA-
D5 are shown in green- and blue-ribbon representation, respectively, while the compounds are in orange
stick representation. Figure partially adapted from Rogdakis et al.?’2 | have fully created this figure and
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Figure 3.13: Docked binding modes of ENT-A011, ENT-A044, ENT-A045 and ENT-A061 compounds
bound at the interface of NT-4/5 with TrkB-D5. The poses in both symmetric sites of 1a and 1b are shown.
NGF and TrkA-D5 are shown in green- and blue-ribbon representation, respectively, while the
compounds are in orange stick representation. The calculations and figure were made by Christina

Athanasiou.”? Figure partially adapted from Charou et al.273 .........c..oovevieeeceeeceecece et 78

Figure 3.14: Molecular systems used for the membrane permeability simulations. Left: One molecule
is placed close to the membrane. Right: Ten molecules are placed close to the membrane. The several
steps of compound entrance to the membrane as a monomer or aggregate are shown in superposition.

Figure created by Christina Athanasiou.”2.........covecviiiiieeeeeeecte ettt ere et e teeeteeteeeteeaeereeeaeennenn 80

Figure 4.1: States of p75-EC simulated in this chapter: (1) p75-EC as a homodimer in complex to NT-
3, (2) as a monomer in complex with NT-3 and (3) as a monomer alone. The proteins, p75-EC and NT-3,
are depicted in green and blue cartoon representations, respectively, while the N-glycan at Asn 60, is
shown in yellow stick representation and in multiple conformations, as sampled from the simulations.
The box at the bottom shows the type of complex N-glycan that was modeled with the shapes and colors
meaning as follows: the blue boxes correspond to the N-acetyl-glucosamine, the green circles to the
mannose, the yellow circles to the galactose, the purple rhombus to the sialic acid and the red triangle
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Figure 4.2: States of p75-EC simulated in this chapter: (1) p75-EC as a homodimer in complex to NT-
3, (2) as a monomer in complex with NT-3 and (3) as a monomer alone. Only the glycosylated systems
are shown with the multiple glycan conformations from the simulations. The p75-EC and NT-3 are
depicted in green and blue cartoon representations, respectively, while the N-glycan at Asn 60, is shown

in yellow stick representation and in multiple conformations sampled in the simulations..................... 90

Figure 4.3: Summary of RMSD calculation results for the (A) p75-EC as a homodimer in complex to
NT-3, (B) as a monomer in complex with NT-3 and (C) as a monomer alone, with and without glycans.

The structural representations are the same as in Figure 4.1. The RMSD values are presented as an
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evolution with time (middle plots) and as probability densities for all the replicas together in the

glycosylated and non-glycosylated systems (right plots). ......cccuviiiiieeiiie e 92

Figure 4.4: Summary of sub-domain RMSD calculation results for the (A) p75-EC as a homodimer in
complex to NT-3, (B) as a monomer in complex with NT-3 and (C) as a monomer alone, with and without
glycans. The RMSD values are presented as an evolution with time for each of the domains, after
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Figure 4.5: Disulfide bond ladder in the structure of p75-EC (from PDB ID: 3BUK). The D1-D4 domains
are shown in cartoon representation with the same colors as in Figure 4.4. The disulfide bonds are shown
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Figure 4.6: Summary of RMSF calculation results for the (A) p75-EC as a homodimer in complex to
NT-3, (B) as a monomer in complex with NT-3 and (C) as a monomer alone, with (black) and without
(red) glycans. The RMSF for each residue was calculated as an average from the three replica simulations
and the standard deviation at each point is shown with shadowed areas. The different domains of p75-

EC are color coded and the glycosylated Asn 60 is indicated with a vertical line........cccccvvvveeeeiriinnnnee, 96

Figure 4.7: Distribution of RMSF values for the glycan at N60 in box plots. The RMSF was calculated
after alignment to an average structure of the D1 domain during the simulations. The coordinates of the

oxygen heteroatom at each sugar ring were used for the RMSF calculation. ........ccccooveeeeeiiiicciinnnne.n. 97

Figure 4.8: Summary of the accessible surface area (ASA) of the proteins to estimate the shielding by
the glycan at Asn 60. The systems are presented in this order: p75-EC as a homodimer in complex to NT-
3, as a monomer in complex with NT-3 and as a monomer alone. The ASA of the proteins without the
glycans is shown with the green line, while the area that is shielded by the glycans when they are present
in shown in yellow. The remaining accessible area that is not shielded by the glycans is shown in light
green and the percentage of the overall surface that is shielded by the glycans in written in the graph
for the different probe radii. | used different probe radii of 1.4 to 10 A to estimate how much of the

protein surface is “seen” by molecules of different sizes, from water to small molecules and proteins.

Figure 4.9: Calculated contact area between the p75-EC domain with the NT-3 shown as
distributions. Only the systems with (A) p75-EC as a homodimer in complex to NT-3 or (B) as a monomer

in complex with NT-3 were used for this calculation as only in these systems NT-3 was present. In both
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cases, the contact area between the two proteins in the presence and absence of the glycan is shown in

Yellow and green, reSPECLIVEIY. ...uiii i e e s sbe e e e sata e e e e s naraeeeenanees 99

Figure 4.10: Time evolution and distribution of the radius of gyration values for the systems of p75-
EC as a homodimer in complex to NT-3, as a monomer in complex with NT-3 and as a monomer alone,
with (blue) and without (orange) glycans. For the system of p75-EC as a homodimer in complex to NT-3,

the radius of gyration was calculated for both p75-EC domains separately. .......cccooeeeeiciieeenciieeeenee, 101

Figure 4.11: Calculated distributions of the distances and angles between the four p75-EC domains.
(A)-(C) Distances between the COGs of D1-D1, D2-D2, D3-D3 and D4-D4 domains, in the presence (blue)
and absence (orange) of glycans. (E)-(H) Angles defined by the COGs of D1-NT-D1, D2-NT-D2, D3-NT-D3
AN DA-NT-D4 OM@INS...ciiitiiiiiiiiiiie ettt s e e s e s b e s eab e e e sab e e s enb e e s smneesasseesanneesanee 102

Figure 4.12: Principal component analysis (PCA) of the D1 domain of p75-EC after alignment to the
rest of the domains for the glycosylated (blue) or not (orange) systems. Only the 1t and 2™ principal

COMPONENLES AT VISUANIZEA. ..ueviieieiiiee ettt e e e e st e e s st e e e e s bae e e e sabaeeesesraeeesnnnneeeas 103

Figure 4.13: Percentage of contacts between the glycan at N60 and the protein amino acids in the
three different glycosylated p75 systems. The x-axis shows the exact glycan at N60 from the two p75-EC
monomers (A and B) and the y-axis the percentage of simulation frames that this glycan interacts with

other residues, shown vertically on top of @ach bar. ..., 104

Figure 4.14: Interactions between the complex glycans at N60 from the two p75-EC monomers in a
snapshot at 150 ns of the 1% replica. The p75-EC and NT-3 are shown in cartoon representation in green
and blue colors, respectively. The complex glycans at N60 from the two p75-EC monomers, together

with the N60 residue, are shown in licorice representation in dark yellow color. .........ccccceveeiiennnnnene. 105

Figure 5.1: Overview of simulated protein structures. (A) Sequence of the p75-TM receptor used in
the simulations. The TM helical part from the p75 NMR structures (PDB IDs: 2MIC and 2MJ0)3# is shown
with the dashed lines. Also shown are the N- and C-terminal loops solved in the NMR structures. The Cys
257 residue in p75, which is mutated to Ala in the NMR structure of p75 (PDB ID: 2MJO), is underlined
and colored orange. Mutated residues in the NMR sequence with respect to the human p75 are colored
blue. Residues from the GxxxG-like motifs are depicted in magenta. (B-C) Cartoon representations of the
(B) p75-WT (PDB ID: 2MIC) and (C) p75-C257A (PDB ID: 2MJO) NMR structures. The GxxxG-like motifs

and C257A are shown in magenta and orange licorice representation, respectively. (D) Alignment of p75-
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WT and p75-C257A TM NMR structures on one of the two helices for comparison. Figure partially
adapted from Athanasiou et al.>! In this figure, | created subfigures (B), (C), and (D). ....ccceevvevrereenennen. 110

Figure 5.2: p75-TM domain dimer in a DPC micelle in CG representation. The DPC lipids are shown in

CG grey licorice representation, whereas the p75-TM dimer is shown in magenta..........cccoceceuvveeeenn... 112

Figure 5.3: Order parameters of TM helices. (A) Interhelical distance (d) used as collective variable
(CV) in the CG-MetaD simulation. For the definition of the distance | chose the centers of geometry (COG)
of the backbone beads (middle purple spheres). (B) Interhelical crossing angle (Q) defined by COGs of

the helix backbone particles and the COGs of the N-terminal halves of the helices...........cccccuuuennn...e. 115

Figure 5.4: Analysis of p75-WT TM homodimer arrangements from CG simulations. Density
distribution plots are shown for the six geometric parameters that | chose to describe the TM helix
arrangements: interhelical distance, crossing angle (Q), phase and position, and N- and C-termini
distance. Negative crossing angle values correspond to right-handed helical arrangements (“R”). The
NMR structure is shown in the orange cross. Within the heatmaps, the helical arrangements that
correspond to the maxima are visualized as follows: after alignment of the helical dimer to the 1%t helix
of the NMR structure, the 1% helix backbone is visualized in white licorice representation, the 2™ helix
backbone of the NMR is shown in orange licorice representation, and the 2" helix backbone from the

simulation snapshots that correspond to the maximum is shown in purple dot representation.......... 119

Figure 5.5: Contact analysis of p75-WT TM helices. Left: p75-WT TM NMR structure (PDB ID: 2MIC)
in CG representation. Interface residues are shown in green, while the GxxxG-like motif is indicated with
bracket. Right: | analyzed the helical arrangements from the maximum in the d-Q heatmap (Figure 5.4)
for their contacts. The contact map between the helix residues presents the occupancy during the ten
replica simulations. The highest interacting residues are underlined in the sequences, while the residues
at the p75-WT NMR interface are colored green. A visualization of the simulation arrangements (purple)

is shown in alignment to the 15t frame (white, orange), i.e. the NMR structure. .........cccceeeevveeeerveeennen. 120

Figure 5.6: Analysis of p75-C257A TM homodimer arrangements from CG simulations. Density
distribution plots are shown for the six geometric parameters that | chose to describe the TM helix
arrangements: interhelical distance, crossing angle (Q), phase and position, and N- and C-termini
distance. Negative crossing angle values correspond to right-handed helical arrangements (“R”) and
positive values to left-handed helical arrangements (“L”). The NMR structure is shown in the orange

cross. Within the heatmaps, the helical arrangements that correspond to the maxima are visualized as
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follows: after alignment of the helical dimer to the 1% helix of the NMR structure, the 15t helix backbone
is visualized in white licorice representation, the 2" helix backbone of the NMR is shown in orange
licorice representation, and the 2" helix backbone from the simulation snapshots that correspond to

the maximum is shown in purple dot representation......cccccueiiieciiie i 121

Figure 5.7: Contact analysis of p75-C257A TM helices. The top plot shows the two maxima in the d-
Q 2D heatmap and the boxes at the bottom show the contact analysis of the frames corresponding to
each maximum. The highest interacting residues are underlined in the sequences, while the residues at
the p75-WT NMR interface are colored green. A visualization of the simulation arrangements (purple) is

shown in alignment to the 1% frame (white, orange), i.e. the NMR structure. .........ccceevveevrvereeeneennen. 123

Figure 5.8: Analysis of p75-C257A AA simulations in membranes. (A) Atomistic presentation of p75-
C257A in a POPC membrane. A structure from an MD snapshot (magenta) is shown in alignment to the
NMR structure (cyan) to demonstrate the deviation from the initial (NMR) configuration. (B),(C) RMSD
calculations with respect to the NMR structure of the p75-C257A in POPC and neuronal membrane. The
black box indicates the time range from which a snapshot is visualized in the figure next to each plot. In
the figures, the NMR structure is shown in cyan ribbon representation, the frame from the simulation in
magenta ribbon representation and the P atoms of the membrane in white vdW representation.
Different structure occurred in the POPC and neuronal membrane simulations, which shows incomplete
sampling, which is expected in such sort simulation times. Both simulations are used here to

demonstrate the instability of the NMR structure in various lipid environments........ccccccoevecivieenen.nn. 125

Figure 5.9: Evaluation of CG-MetaD simulation convergence.’! Time evolution of (A) the CV, (B) the
Gaussian height, (C) the free energy surface as a function of the CV, (D) the dimerization free energy and
(E) the free energy error over block size from the block analysis. For the dimerization free energy, |
defined the bound and unbound states with d < 1.5 nm and d > 1.5 nm, respectively. | created all plots
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Figure 5.10: Analysis of the p75-C257A TM arrangements during the CG-MetaD simulation. 2D plots
of the six geometric parameters of the TM arrangements and their time evolution. The 1% row plots
show all the states (bound and unbound) of the TM helices that were sampled during the CG-MetaD

simulation, while the 2" row shows only the bound state arrangements, i.e. when d < 1.5 nm......... 128
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Figure 5.11: Free energy surfaces (FES) after reweighting. (A) FES as a function of the biasing CV (d)
calculated from the MetaD bias and after reweighting for comparison. (B) FES as a function of the biasing

CV (d) and the crossing angle after reweighting. Isosurfaces are plotted every 3 kl/mol..................... 129

Figure 5.12: FES analysis on the six geometric parameters — interhelical distance, crossing angle (Q),
phase and position, and N- and C-termini distance — from the CG-MetaD simulation.”® | created all
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Figure 6.1: Model of the full-length p75 receptor homodimer bound to the NT-3 homodimer. The
initial protein model and the final one after the modeling of the N- and O-glycans and the embedding of

the TM domain in the neuronal membrane are shown in COMPArisoN. .......cccceveieciieeeeiiieee e 135

Figure 6.2: Neuronal membrane composition built by Christina Athanasiou in headgroup and lipid
tail populations.’? The lipid types are cholesterol, phosphocholine (PC), phosphoethanolamine (PE),
sphingomyelin (SM), glycolipids (Glyco) including GM1, GM3, GalCER180, GalCER241, phospho-L-serine
(PS), phosphoinositol (Pl). The bar plot shows the population of headgroup lipid types per leaflet. Figure

adapted from Christing AthanasioU.”2..........cviiiiieiieccrecee ettt ettt et e eae et aeeteereeeteeteereesaeenrens 138

Figure 6.3: Conformational contraction of the full-length p75 system. The p75 homodimer with the
NT-3 bound is shown in three different time steps; at 0 ns in the beginning of the simulation, at 150 ns
when the contraction of the linkers has been completed, and at 490 ns when the bending towards the

membrane has DEEN COMPIELEM. .........uurveiiiii e e e e e e e e e e e e e eaaarreaeeeeens 144

Figure 6.4: Distance and angle calculations between NT- membrane and NT-membrane normal. The
15t 150 ns, indicated with a vertical line, show that the system equilibrates and reaches stable distance
angles. Distance and angle distribution densities are also shown per replica for the equilibrated systems

ATTEE TNE TIFST 150 NS. wuueieiieiiiiititieee et e ettt et reee e et eeetteaaa e seseeeteesaaaaassssestesssasansssesssesssrnannssesessssnsrnnnnseees 145

Figure 6.5: Principal component analysis (PCA) of the p75 full-length system. (A) Number of principal
components that offer up to 95% cumulative variance for the six replica simulations. (B) Projections of
the simulation configurations of the 2D space of the 15t and 2"® principal components over time, after

the 15 150 ns. The PCA was performed for the full-length p75 structure. .......c.ccceeveeeiieeecieeecreecerenn, 146

Figure 6.6: Contact maps of the TM helix residues during the 6 replica simulations. ..................... 148

201



Figure 6.7: Contact analysis between the different domains of p75 and membrane lipids. The
domains are as follows: extracellular domain (ECD), extracellular linker (ECL), transmembrane domain

(TMD), intracellular linker (ICL), intracellular domain (ICD). .....ceeviieeiiiiiiieeeriee e 150

Figure 6.8: Contact analysis between the EC and IC linker (ECL and ICL), as well as the intracellular
death domain (ICD) residues with lipids of the neuronal membrane. The O-glycans in the EC linkers have

also been included in the calculation. The different colors correspond to different replicas............... 151
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