. Universitat Ramon Llull

DOCTORAL THESIS

Title Chemical modulation of the nociceptive receptor TRPV1:
Synthetic, biological and computational studies

C.I.F. G: 59069740 Universitat Ramon Llull Fundacié Rgtre. Fund. Generalitat de Catalunya nim. 472 (28-02-90)

Presented by Miguel Vidal Mosquera

Centre Institute of Advanced Chemistry of Catalonia - CSIC
Department Biological Chemistry and Molecular Modelling
Directed by Prof. Angel Messeguer Peypoch

Dr. Jordi Bujons Vilas

Tutored by Dra. Carme Brosa Ballesteros

C. Claravall, 1-3
08022 Barcelona
Tel. 93 602 22 00
Fax 93 602 22 49
a/e. info@url.edu
www.url.edu






Agradecimientos

Es dificil concebir esta tesis sin un gran nimero de personas que han
contribuido directa o indirectamente. A todas ellas, mis mas sincero agradecimiento.
Sin embargo hay ciertas personas a las que me gustaria destacar y dedicarles unas

lineas.

A mis directores de tesis Angel, Jordi y al grupo de Quimica Bioorganica.
Gracias por permitirme formar parte, de la gran familia que es el IIQAB y en concreto
del grupo de quimica biolégica y modelizacion molecular. Angel, gracias por el apoyo
mostrado en todo momento, por las ideas compartidas y los consejos en momentos de
duda. Jordi, no creo que pueda agradecerte la paciencia que has tenido conmigo.

Gracias por tu pasion, rigor y exigencia por un trabajo bien hecho.

A la Dra. Carme Brosa, por aceptar ser tutora de esta tesis y por disponer

siempre de un momento para uno de sus ahijados de la seccién de esteroides.

Al Dr. Antonio Ferrer-Montiel, la Dra. Asia Fernandez-Carvajal y a su grupo de
trabajo de la universidad Miguel Hernandez de Elche por realizar la mayor parte de los
ensayos biolégicos de este trabajo. Ha sido un placer poder introducirme en el mundo

de los ensayos bioldgicos con canales ibnicos de vuestra mano.

Al tribunal de esta tesis por adaptar sus compromisos para poder hacer posible

la defensa de esta en un plazo corto de tiempo.

Al Dr. Ignacio Alfonso por su colaboracién en el capitulo 3 de la presente tesis.
Decir solo esto, seria abarcar muy poco sobre su colaboraciéon en este trabajo. Gracias
porque siempre has tenido tiempo para echarme un cable, tanto si era para comentar
un espectro de RMN, comentar los resultados de una reaccion como para hacer frente
comun contra la musica que ponia Fede en el laboratorio. Por cierto ... me debes una

cerveza.

A todo el equipo de trabajo del Lab309. Si chicos, ha costado pero lo he
conseguido, lo hemos conseguido y tampoco ha costado tanto ... que son seis afios
post tesis al lado de los 4 afios que pude disfrutar con vosotros. Solo tengo palabras
de agradecimiento para cada uno de vosotros. Cristina, Gloria, Miriam, Asun, Dani,
Sandra, Carina, Laura, Cristian, Esther, Fede, Joan... Cuantas comidas, enemigos

invisibles, barbacoas, problemas y soluciones nos habremos encontrado durante el



Agradecimientos

tiempo que compartimos. Os deseo lo mejor a todos y espero que sepais que podéis

contar conmigo para cualquier cosa.

A mis locos compafieros de andanzas musicales, no sabéis lo bien que me
sienta teneros cerca. Vuestra locura es sana y contagiosa, seguid siendo como sois

aungue el mundo no os entienda.

A mi familia por compartir conmigo su tiempo, sus valores y su vida, pidiendo a

cambio tan solo mi felicidad.

A mi Maite, por aguantar mas de cerca que nadie esta tesis. Por tu apoyo
incondicional y tu comprension. Contigo, soy mas y necesito menos. ¢ Sera porque

estamos “sorprendentemente bien”?









Summary

The ion channel Vanilloid receptor type 1 (TRPV1) is considered an important
integrator of various pain stimuli. Among the products that interact with TRPV1, the
ones blocking the “pain signal” in an uncompetitive manner have attracted the attention
of researchers working in the field. Based on previously obtained results for several
peptoid hits that showed activity as uncompetitive TRPV1 antagonists, and that allowed
to propose a basic pharmacophoric hypothesis consisting on one cationic and two
identical aromatic moieties, this thesis focused on the design and synthesis of new
antagonists with a more rigid non-peptoid structure. Biological evaluation of a collection
of new blockers and an in depth in vitro and in vivo study of the most active one
provided knowledge about their mode of action. In addition, a 3D-quantitative structure-
activity relationship study (3D-QSAR) allowed to generate models that explain the
observed biological activity and can help to predict the activities of new compounds.

The 1,3,5-triazine skeleton was selected as rigid non-peptoid scaffold that can
hold the three required pharmacophoric features. A total of 38 2,4,6-trisubstituted-
1,3,5-triazines were synthesized using an optimized procedure. An in depth NMR study
combined with theoretical calculations allowed to determine that most of these triazines
present different conformers in equilibrium in solution, derived from the rotation of the
bonds that joint the three side chains to the triazine ring. Ten of those triazines were
particularly active blocking TRPV1 with submicromolar ICsy values. Triazine 46
exhibited a remarkably high activity (ICso = 50 nM) being one of the most potent TRPV1
blockers described. It behaves as a polymodal antagonist against capsaicin and pH
activation signals, exhibiting a low toxicity profile both in vitro and in vivo. Concerning
its mechanism of action, 46 acts as an open channel blocker that locates relatively
deep within the aqueous channel pore.

Statistically significant 3D-QSAR models were generated, using the CoMSIA
methodology, for the anti-TRPV1 activity of the newly synthesized compounds. Those
models reinforced the initial hypothesis on the structural requirements for uncompetitive
TRPV1 antagonists and provided a quantitative tool that could help to predict the
activity of new compounds. Using these models, an activity in the low micromolar range
was estimated for a few members of a new family of pyrrolidine based TRPV1
antagonists. The synthesis and biological evaluation of some of them confirmed the
activity prediction, further validating the 3D-QSAR models and establishing these
pyrrolidine analogues as an interesting starting point for further development of new

anti-TRPV1 compounds.
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Introduction

1.1 The Foundation la Marato.

“La Maratd de TV3” is a support project promoted by Televisié de Catalunya, a
TV channel from Catalonia, focused in raising the public awareness and gathering
resources for the scientific research of diseases without actual cure. The first telethon
of “La Maratd” was carried out in 1992. Nowadays, it is a well-established project.
Usually the program is seen by more than 3 million people, lasts for 15 h and collects
an average of around 7 million euros. Relaying in experts advice, the foundation
selects diseases or illnesses with great impact in society. Previous editions of this
project were dedicated to Leukemia, Down’s syndrome, cancer, cardiovascular and
neurological diseases, hereditary genetic disorders, diabetes, organ transplantation,
mental diseases, AIDS, chronic inflammatory diseases, chronic respiratory diseases,
chronic pain, cardiovascular diseases, rare diseases among others. In this list only
chronic pain is a symptom, not an illness. In 2006 “la Marat6” decided to change its
scheme and selected pain as objective, relying on scientific societies and patient
associations which support that pain is a central issue in almost every iliness. In the
European Union and the United States, pain and chronic low back pain are the first and
second reason of consultation in primary healthcare, and migraine is the most common
reason for consultation in neurology. The telethon took place on December 17th, 20086,
and collected an amount of 6.993.480 €. Raised funds allowed the foundation to
finance a total of 28 projects from 81 applications. The selected projects aimed to find
out the basic mechanisms of pain, the reasons why it appears in the course of different
diseases, and to discover new therapeutic tools to remove or mitigate pain.

The present doctoral thesis is enclosed in one of the multidisciplinary projects
selected by the foundation. Molecular biology (University Miguel Hernandez), cellular
physiology (Prince Felipe Research Center) and medicinal chemistry (Institute of
Advanced Chemistry of Catalonia) were used to study pain modulation mechanisms.
The global title of this project was “Pharmacological Intervention at TRPV1 for

attenuation of chronic pain”.

11



Chapter 1

1.2 Drug Discovery.

Research on active pharmaceutical ingredients (API) for the treatment of unmet
pathological conditions is a social need and it is urgent for some diseases. There are
many clinical conditions without effective cure or whose current treatments are under
revision. Chronic pain, neurodegeneration and cancer associated diseases,
autoimmune or inflammatory diseases are a few examples. Multiple medicinal
chemistry programs are therefore focused on the design, synthesis and development of
new molecules as therapeutic agents against these diseases.

Investment in drug research and development (R&D) has increased
substantially in recent decades, but the annual number of new molecular entities
(NME) approved by the US Food and Drug Administration (FDA) has not increased
accordingly; on the contrary, it has diminished as attrition rates are very high." A new
molecular entity is defined as a drug that contains no active moiety that has been

approved by the Food and Drug Administration (FDA) in any application submitted.

FDA-approved NMEs R&D spending, $M
0 - 70,000
! 1 Total R&D spending

9 4
e===Total NMEs approved 60,000

8 .

| o — /' § 50,000
S \/ 40,000
30,000

31 \ 20,000
2 -

10,000

0 T T T T T 0
2005 2006 2007 2008 2009 2010

Figure 1. Major Pharma productivity from 2005-2010. Combined FDA-approved NMEs versus

R&D spending for nine major pharmaceutical companies.1

Historically, most drugs were discovered either identifying the active ingredient
from traditional remedies or by serendipitous usage of plants, herbs or fungi in the
chemical/pharmaceutical environment. Nowadays, although serendipity still exerts an
important role in the global picture of NME/API discovery, the rational approach has

proven to be a useful tool.?*
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Figure 2. A timeline of traditional de novo drug discovery and development. De novo drug

discovery and development is a 10 —15 year process from the idea to the marketed drug. The probability of

success is lower than 10%.

Drug discovery can be separated basically in two main stages: discovery and
clinical studies. The discovery of a NME/API usually begins with the isolation and/or
characterization of a representative biological system with potential therapeutic value.
After the target/system is defined, chemoinformatic tools can focus and reduce the
costs and time by preselecting the candidates to assay. But in the end, the biological
assay of chemical products is what will provide reliable information about the system.
The candidates can proceed from different sources: synthetic or natural chemical
commercial libraries, focused synthetic libraries, etc. In that context, combinatorial
chemistry became relevant to generate large amount of chemically diverse subsets of
products in short periods of time. Along with the development of chemical libraries, high
throughput assays (HTS) allowed scientists to evaluate large numbers of products by
automatizing, miniaturizing and robotizing the biological assay systems. When a
product interacts positively with the system, it becomes a hit. It is very unlikely for a hit
to proceed to further development without modifications on its chemical structure. For
that reason, the hit structure is modified to improve its pharmacokinetic properties,
trying to retain the pharmacodynamics profile in what is defined a “hit to lead” process.
Then, the lead candidate, i.e. a product optimized to be active and non toxic in animal
models, passes to clinical phases where its toxicity, dosage, efficacy and effectiveness
will be studied in humans. It is at these stages where the “attrition curse” appears,
making candidates to fall out from the pipeline at higher rate, especially in the phase 2
to phase 3 transitions." On 2010 the total investment required to “launch” a new drug
into the market was estimated to be around 1.800 M$ and the process usually lasts for

10 - 15 years.” Being a large and expensive process, rational selection of chemical
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entities using available knowledge on target receptor can aid in the shortening of the
process.

All of the above reflect the necessity of further research on new molecules that
can treat or improve actual therapies. From the different unmet pathological conditions,
chronic pain is one of most important as its incidence among population is large. As a
reference, it was estimated that chronic pain affected around 100 millions of adults in
the USA during 2008, having a cost of 600 M$.°

1.3 Pain as a symptom.

Pain is defined as an unpleasant sensory and emotional experience associated
with actual or potential tissue damage, or described in terms of such damage.® It
motivates the subject to evade and withdraw from potentially damaging situations,
protect a damaged body part while it heals, and avoid harmful situations in the future.
Usually pain resolves promptly once the painful stimulus is removed and the body has
healed, but sometimes pain persists despite removal of the stimulus and apparent
healing of the body, and sometimes pain arises in the absence of any detectable
stimulus, damage or pathology.’

The classification system used by the International Association for the Study of
Pain (IASP) describes pain according to five categories: duration and severity,
anatomical location, body system involved, cause, and temporal characteristics
(intermittent, constant, etc). In addition, some years ago the “neurochemical
mechanism” category was proposed to the IASP in order to treat the symptom in a
correct way, based on its molecular mechanism.? In terms of duration, pain can be
classified as acute or chronic. Acute pain occurs while the painful stimulus is present,
and when it is removed it tends to disappear. When pain does not disappear within 6-
12 months after the painful stimulus has been removed, it becomes chronic. Migraine
and fibromyalgia are two illnesses where pain shows itself in a discontinuous way,
making it difficult to classify it as acute or chronic.® The IASP recognizes 11 levels of
pain going from 0 (no pain) to 10, being 10 the worst possible pain that can be
imagined.’

Pain that is generated by some damage done to the body is known as
somatogenic pain, and pain that arises without any physical damage is known as
psychogenic pain. Somatogenic pain appears when the body gets hurt (nociceptive

pain) or when the neuronal network involved in sensing does not work properly
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(neuropathic pain). Nociceptive pain is caused by nociceptor cells located in peripheral
nerve fibers. Its main function is to act as a tool to protect and regenerate the damaged
tissue. Nociceptor cells are a specific type of neurons with different molecular
mechanisms that are able to transduce external stimuli into neuronal activity.
Mechanical, thermal and chemical stimuli can be transduced using different receptors
that can be stimulated in different ranges, showing a continuous response to those
stimuli. Neuropathic pain, on the other hand, does not have any known function. The
damaged neuronal cells trigger the pain stimuli without a noxious condition.®

According to the classical cartesian view, pain was considered to be a hard-
wired system in which noxious input (either nociceptive or neuropathic) was passively
transmitted along sensory channels to the brain. However, today it is generally
accepted that this is far from truth and pain experience is not at all simply driven by
noxious stimulus characteristics.'® Different types of pain arise from complex cellular
and molecular mechanisms that can involve both the central nervous system (CNS)
and/or the peripheral nervous system (PNS)."' The advent of modern, noninvasive
neuroimaging techniques in combination with many experimental paradigms has
greatly expanded our knowledge concerning the CNS processes underlying pain
perception and its modulation in humans.’® But today we are still far from

understanding the entire pain “picture”.

1.4 Pharmacological management of pain.

Although there are a large number of treatments for pain management,
pharmacological pain therapies are carried out by the administration of two families of

products: Opioids and nonsteroidal anti-inflammatory drugs (NSAIDs).

1.4.1 Opioids.

Opioids are natural or chemically synthesized products that interact with the
opiod receptors located mainly in the brain, spinal cord and digestive tract. Natural
occurring opioids, as codeine, morphine or thebaine, share a common partially
hydrogenated phenanthrene scaffold, but other opioids show different structures, like

fentanyl, pethidine or dextropropoxyphene (Figure 3).
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Morphine Codeine Fentanyl Pethidine Dextropropoxyphene

Figure 3. Molecular structure of some natural and synthetic opioids.

The overall action of opioids is a sum of activation and depression of different
body functions depending on the somesthetic state of the subject. A dose of 10 mg of
morphine (prototypical opioid) in subjects coursing pain can erase this situation,
leading to a sedated and euphoric state, reducing disgusting sensations. If the dose is
increased, the subject enters in a state of torpor and sleepiness. On the other hand, if
the same dose is administered to a healthy subject, it causes dysphoria, nausea,
vomiting and weakness.'* The analgesic effect of opioids is dose dependent and can
erase pain in all its extension (except some cases of neuralgias and phantom limb
pain, both related with deafferentation pain). The effect of opioids over pain is quite
selective and does not alter sensorial perception. The analgesia elicited by opioids is
subsequent to its action over spinal and supraspinal structures of the CNS."

Opioids are the most potent analgesics known today but, due to different
issues with undesired effects, their usage is restricted. Aside from dependency, the
most known side effect, common adverse reactions can include nausea and vomit,
drowsiness, itching, dry mouth, miosis and constipation. It can also compromise the
function of the immune system. Among male subjects, long-term users of opioids have
lower levels of testosterone, leading to bone diseases like osteoporosis or decreased

muscle strength.®%*

1.4.2 Non-steroidal anti-inflammatory drug (NSAIDs).

Composed by a large number of families, with a non-common chemical
scaffold, these products are also known as minor analgesics or aspirin-like analgesics.
Along with aspirin, ibuprofen, acetaminophen (paracetamol) and naproxen are the most
used over the counter analgesics (Figure 4). These products act as analgesics,
antipyretics, antithermics and some of them as antirheumatics.®'* The main differences

between NSAIDs and opioids are:
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1.- Their action is fundamentally peripheral (except for the antithermic
component).

2.- Their analgesic action has mild potency, being specially indicated for pain
related with the integumentary system, somatic system and non related visceral pain.

3.- NSAIDs do not cause addiction nor physical or psychical dependence.

4.- Undesired reactions are similar to all of them, being the most extended
related with gastrointestinal diseases and the hematopoietic system.

5.- The general mechanism of action of NSAIDs implies the inhibition of

prostaglandins, leukotrienes and autacoids.

A 2 O QO T,

Aspirin Acetaminophen Naproxen Ibuprofen

Figure 4. Most sold over the counter (OTC) analgesics.

NSAIDs act in a non-selective way on different cyclooxygenase isozymes.
These enzymes catalyse the formation of prostanoids (prostaglandins and
thromboxanes) from arachidonic acid. Prostaglandins (PGs) are mediators and have a
variety of strong physiological effects, such as regulating the contraction and relaxation
of smooth muscle tissue, aggregation or disaggregation of platelets or sensitization of
spinal neurons to pain.'®

The usual undesired effects are related to direct and indirect irritation of the
gastrointestinal (Gl) tract due to the acid character of most NSAIDs. In addition, due to
the inhibition of protective prostaglandins, the acid secretion is increased along with a
decrease of mucus, bicarbonate secretion, and a decrease of trophic effects on
epithelial mucosa. This leads to ulceration of Gl tract, nausea and vomiting, dyspepsia

gastric ulceration (with corresponding bleeding) and diarrhea.

Although most types of acute pain can be treated using different types of
analgesics like opioids and NSAIDs, neuropathic pain, bone pain'®, some cases of
myalgia and cancer pain remain as a widely recognized unmet medical need.
Neuropathic pain for example is relatively resistant to opioids and NSAIDs but respond
to some extent to ion channel-blocking drugs such as gabapentin, mexiletine and
amitryptyline." The search for new analgesic agents is being intensively investigated

by the pharmaceutical industry, and there is particular interest in identifying novel
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mechanisms of action that play a role in pain sensation/transmission. One relatively
new molecular target that has attracted significant attention in this matter in the past

decade is TRPV1 (transient receptor potential vanilloid type 1).

1.5 Transient Receptor Potential Vanilloid — | (TRPV1).

Transient Receptor Potential ion channels are tetrameric integral membrane
proteins grouped in 8 subfamilies, namely TRPC, TRPV, TRPM, TRPN, TRPA,
TRPML, TRPP, and the recently identified TRPY in yeast."® Members of the TRPV (V1-
V4), TRPM (M2, M3, M5 and M8) and TRPA (A1) subfamilies are gated by temperature
changes, extending its function from noxious cold (< 15 °C) to injurious heat (> 42 °C),
and are therefore known as thermoTRPs. Furthermore, these channels may respond to
chemical compounds, voltage, and some of them are activated by mechanical stimuli.
ThermoTRPs are cation selective ion channels that permeate Na*, K*, and some of
them display a notable Ca®* permeability. These channels act as integrators of several
environmental cues and signaling pathways, including those mediated by cell surface
expressed receptors.

At the molecular level, these ion channels are generally homotetrameric
proteins, although the formation of heterotetramers has also been proposed.’® The
basic channel subunit displays a modular organization having N- and C-terminal
cytosolic domains and a six-transmembrane region that contains a large extracellular
domain between the fifth and sixth transmembrane segments. The cytosolic N-terminus
of the thermoTRPs may contain ankyrin repeats or TRPM homology regions, and
phosphorylation consensus sites for serine/threonine and tyrosine kinases.'® Ankyrin
repeats are known for their role in mediating protein—protein interactions. The C-
terminus of thermoTRPs is also a modular domain that contains a multimerization motif
(known as the TRP domain), calmodulin and tubulin binding regions, and consensus
sequences for protein kinases.?® Furthermore, it may have molecular determinants of
the channel temperature sensor. The TRP domain appears to be critical for functional
coupling between stimuli sensing and pore opening. ThermoTRP dysfunction has been
implicated in several pathologies, including diverse kinds of pain, inflammation,
pulmonary disorders, gastrointestinal hypersensitivity, bladder dysfunction, cardiac
hypertrophy, skin sensitivity, ischaemic cell-death, and neurodegeneration. These
pathological processes either display an increase of channel activity, an augmented

channel expression or both.?® Furthermore, gene association studies have reported
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that some of the thermoTRP members display gain-of-function mutations in human
inherited diseases.”’

The cloning of the Transient Receptor Potential Vanilloid Subunit | channel
(TRPV1) has notably contributed to our current knowledge on the molecular and
cellular mechanisms underlying chemical and thermal nociception, as well as pain
transduction.?*?®> TRPV1 is the first identified member of a family of thermosensory
receptors that is mainly expressed in both the peripheral nervous system and the CNS
of superior animals."®

Genetic and pharmacological suppression of TRPV1 activity notably reduces
the thermal hyperalgesia characteristic of inflammatory pain. Noteworthy, an enhanced
expression of this thermoTRP channel has been observed in human chronic
pathologies such as arthritis and cancer pain. TRPV1 plays a pivotal role in the
peripheral sensitization of nociceptors upon tissue injury and/or inflammation produced
by trauma, infection, surgery, burns or diseases with an inflammatory component.?**°
Therefore, the vanilloid receptor is gaining a great interest in pain pharmacology for the
treatment of neuropathic, postoperative and chronic pain, as well as target for bone
cancer pain.

TRPV1 is a ligand-gated nonselective cation channel with high Ca*
permeability, which is activated by noxious heat (> 42 °C), low pH and different
endogenous compounds, as well as exogenous ones, like capsaicin (Figure 5).
Capsaicin is a vanilloid found mainly in the fruits of the Capsicum genus, like jalapefio

and chili pepper among others.
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Figure 5. Chemical structure of Capsaicin.

TRPV1 is a homotetrameric membrane protein. Each monomer contains 839
aa, six predicted a-transmembrane domains and three ankyrine repeat domains.?®
These features can also be observed in other TRPV family channels (Figure 6) with

some differences in distribution along their primary sequence.
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ligand binding pocket
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Figure 6. Prediction of the structural topology of TRPVs as described by Rudi et al.%®

The high-resolution three-dimensional structure of full TRPV1 is not available,
only the structure of the ankyrin repeat domain has been solved.?” Moiseenkova-Bell et
al. reported a low resolution structure of rat TRPV1 obtained by electron
cryomicroscopy,® and very recently much better resolution (< 4 A) structures of
TRPV1, alone and in complex with different modulators, have been obtained by single

particle electron cryomicroscopy.®

Vv 00}

Figure 7. Ribbon diagram of TRPV1 atomic model with each of the four identical subunits color-

coded, showing views from side (left) and bottom (right).?°

Homology modelling has also been used to obtain atomic-resolution models of
TRPV1. In this concept, the three-dimensional structures of K channels Kv1.2 and
KcsA in the open and closed states have been used for that purpose.®>®' Kv1.2 is an
eukaryotic and KcsA is a prokaryotic channel which both share several features with

TRPV1. Both of them are known to be voltage gated positive ion channels, formed by
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four identical monomers which present a selectivity pore between the fifth and the sixth
transmembrane segment. Their primary structures show a moderate sequence
homology with TRPV1 for the transmembrane domains and the selectivity filter: around
12% sequence identity and 34% sequence similarity.®* Using those channels as
templates different homology models have been generated.®**°

On the other hand, site directed mutagenesis performed on TRPV1 allowed to
identify the role of a diverse set of amino acids implied in pH sensing, the capsaicin
binding site and the heat sensing domains. Protons activate and potentiate TRPV1 by
shifting the voltage dependence of the activation curves towards more physiological
membrane potentials. Mutants V538L, E600Q, T633A, E648Q, F660S, F660A
modulate the response of the channel from activation and potentiation to inactivation

(Figure 8).

hTRPV1|H" act. H' pot. H' inh.
WT ¥+ -

V538L -
E600Q +
E648Q -
T633A -
F660S -
F660A -

[ R S S
1

Figure 8. Scheme of TRPV1 topology showing the location of residues involved in proton
activation or potentiation (brown) or activation and potentiation (blue). Letter(s) in parentheses indicate

whether the respective position is in human (h) and/or rat (r) TRPV1. The table shows the effect of TRPV1

point mutations on proton activation and/or potentiation of the channel.®

Temperature sensing domains are located on the cytoplasmatic C-terminal
region of the ion channel. Work performed by Brauchi et al. where the C-terminal
domain of TRPV1 was exchanged by the homologous sequence of TRPM8 and vice
versa, led to chimeras showing exchanged temperature behavior: a cold activated
TRPV1 and a hot activated TRPM8. This led to the conclusion that the C-terminal

domain is able to define the phenotype of heat activation of the TRPV1 channel.*’
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1.5.1 Endogenous regulation of TRPV1 activity.

TRPV1 exhibits a dynamic threshold of activation that could be significantly
lowered under inflammatory conditions. TRPV1 is thought to mediate the phenomenon
of peripheral sensitization that involves a reduction in the threshold of activation and an
increase in the responsiveness of the peripheral termini of nociceptors. Indeed, agents
in the ‘inflammatory soup’ e.g. (bradykinin (BK), substance P, lactic acid, leukotrienes)
act together to lower the activation threshold of TRPV1. Other agents that can activate
and/or sensitize TRPV1 include: nerve growth factor 21 (NGF 21), anandamide,
arachidonic acid metabolites such as N-arachidonoyl-dopamine (NADA) and N-
oleoyldopamine, lipoxygenase products (12 and 15-hydroperoxyeicosatetra-enoic acid
(12-HPETE and 15-HPETE), leukotriene B4, PGs, adenosine and ATP, prokineticins,

and some polyamines (such as spermine, spermidine andputrescine) (Figure 9).**
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Figure 9. Different structures of endogen and exogenous agonists of TRPV1.

Phosphorylation of TRPV1 is a major mechanism that accounts for TRPV1
sensitization and various second messenger pathways have been associated with
TRPV1 phosphorylation (see Figure 10).>**° Protein kinase C (PKC) phosphorylates
TRPV1 at S502 and S800 whereas protein kinase A (PKA) activation results in the
phosphorylation of S502, S116, T144 and T370 residues.’®**' Ca®‘/calmodulin-
dependent protein kinase (CaMKII) activation also leads to phosphorylation of TRPV1
at S502, T370 and T704.%° Activation of NMDA receptors sensitizes TRPV1 by serine
phosphorylation via pathways involving PKC and CaMKII.** The modulation of TRPV1
by intracellular enzymes such as PKA, PKC, and calcineurin depend on the formation
of signalling complex between TRPV1 and the scaffolding protein AKAP150. AKAP150
binds to TRPV1 C-terminal in nociceptors enhancing its function.***°

In summary, nociceptive pain is produced under physiological conditions only
by noxious stimuli acting on high-threshold nociceptors. But when inflammation occurs
proinflamatory compounds and activated kinases lower the threshold of activation of

transducer receptors such as TRPV1, and the excitability of the peripheral terminal
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membrane increases producing a state of heightened sensitivity termed ‘peripheral
sensitization’ (Figure 11).%

These properties conform TRPV1 as a principal integrator of nociceptive stimuli.
First TRPV1 detects the chemical and thermic nociceptive stimuli and, second, it
contributes to establish a persistent peripheral inflammation and central sensitization

that aids to protect the affected zone against further damage.

Bradykinins Proteases Prokineticins Heat

1
\ Prostaglanldins ' Serotonin /. \ /
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Figure 10. Schematic summary of TRPV1 signal integration in the peripheral nociceptor terminal.
Solid arrows indicate TRPV1-sensitizing stimuli. The red arrows indicate negative regulation. Receptors
and corresponding ligands known to mediate the sensitization of TRPV1 are shown on the left. Colored
circles represent amino-acid residues that have been identified to be important in particular functions:
orange, vanilloid binding (Y511, S512, L547, T550); blue, protein kinase phosphorylation sites (S116,
T370, S502, T704, S800); and green, low-pH activation (E600, E646). The red line indicates the carboxy-

terminal domain of TRPV1, which has been shown to interact with both PIP, and calmodulin.?*

| Um

t

a) b)

Figure 11. a) Physiological conditions with a normal threshold for TRPV1. b) In peripheral
inflammation conditions, compounds like BK or PGs activate kinases A and C. As a result, the threshold of
activation of transducer receptors such as TRPV1 is reduced leading to a peripheral sensitization. This is

represented in the upper right side as blue lines.
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1.5.2 Pharmacological modulation of TRPV1 activity.

Capsaicin, the active component of chili peppers, is an irritant for mammals,
including humans. It produces a burning sensation on contact with any tissue. Upon
prolonged exposure to capsaicin, TRPV1 activity decreases, a phenomenon called
desensitization. Influx of calcium and the consequential increase of its intracellular
concentration mediate this effect. This desensitization is thought to underlie the
paradoxical analgesic effect of capsaicin.?*

According to their mode of action there exist three major types of compounds
that can modulate the activity of TRPV1: agonists, competitive antagonists and
uncompetitive antagonists. Agonists can interact at the binding site of capsaicin
producing a desensitization of the receptor after a fast onset. Competitive antagonists
bind to the capsaicin binding site, blocking the currents evocated by capsaicin, heat or
pH. Uncompetitive inhibitors can block the evocated currents (by capsaicin, heat or pH)

independently of capsaicin concentration.

1.5.2.1 Agonists.

Capsaicin is the representative example of this family. This molecule bears the
4-hydroxy-3-methoxybenzyl moiety characteristic of homovanillin derivatives. Agonists
directly gate the channel by a mechanism that involves the reduction of the heat
threshold of activation.*” Prolonged exposure of the receptor to the agonist in the
presence of Ca®* induces channel closure by desensitisation mediated by
phosphorylation of key residues at the C-terminus of the protein (Ser774 and
Ser820).***° In addition, overload of intracellular calcium resolves in a deletion of

TRPV1 expression giving a second path to the desensitization mechanism.>

The structures of capsaicin and most of its analogues are formed by a polar, a
linker and a hydrophobic moieties (Figure 12). Structure-activity relationships (SAR)
studies have shown that the polar head, which in capsaicine is the 4-hydroxy-3-
methoxybenzyl moiety characteristic of homovanillin derivatives, is essential for
exciting sensory neurons.*” On the other hand, the hydrophobic region interacts with a
hydrophobic region in the receptor. Diverse site directed mutagenesis and docking
studies using TRPV1 homology models suggest that the hydrophobic region where

vanilloids bind spans the third transmembrane domain of the receptor.>'® Residues
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Tyr511, Ser512, Thr550 and Tyr667 were identified as key residues for the interaction
(Figure 13).
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Figure 12. Chemical structures of TRPV1 agonists showing relevant regions: polar (red), linker

(blue) and hydrophobic (black) moieties.

Met547

! Ser512

Figure 13. a) Proposed binding mode of capsaicin. The key interacting residues (capped-sticks)
of rat TRPV1 are labelled. B) The same structure represented with surfaces: purple for capsaicin and

green-orange (green = lipophilic, orange = lipophobic) for the protein.32

Aside from capsaicin, there are other natural products, like resiniferatoxin
(RTX), that possess TRPV1 agonist activity. RTX, isolated from Euphorbia Resinifera,
exhibits a more potent response and has a more complex structure than capsaicin, as

shown in Figure 12.>* RTX has been useful for the treatment of urinary urge
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incontinence and pain associated with diabetic neuropathy, two human pathologies
mediated by TRPV1 dysfunction.*®

Nonetheless, natural and synthetic availability of RTX is reduced, difficulting its
application in therapy. In addition TRPV1 agonists generate an initial burning-itching
sensation due to the activation of the ion channel, which also discourages from using
them. Despite this fact, the analgesic effect of capsaicin is currently used in topical
ointments, as well as a high-dose dermal patch, to relieve the pain of peripheral
neuropathy such as post-herpetic neuralgia caused by shingles.’® In addition, the
potency and activity of both capsaicin and RTX has launched several pharma-
discovery programs in order to find synthetic vanilloid derivatives with small or low
sensitization of TRPV1 and a good activity as a desensitizer. Derived from these
programs, products like olvanil, SDZ-249482, SDZ-249665 or the capsaicin analogue 5
were discovered (Figure 12).*”* Although they did not fully circumvent the discomfort
of the side effects derived from irritation, they shed some light in the

pharmacodynamics behavior of TRPV1 agonists.

1.5.2.2 Competitive antagonists.

Competitive antagonists bind to the agonist binding site and lock the channel in
the closed, nonconductive state, having the capability to reduce pain and preventing
inflammation state without the discomforting sensation of TRPV1 agonists. They have
generated a great interest on pharma industry and nowadays the antagonistic mode of
interaction with the receptor is the most studied area of TRPV1 to block pain signaling.

The first capsaicin competitive antagonist, capsazepine, was described in
1994.% It can be considered as a conformationally restricted thiourea analogue of
capsaicin (Figure 14). Although it exhibits a good activity as TRPV1 competitive
blocker, its fast metabolization prevented further clinical development.*® Modification of
RTX by halogenation yielded different products among which 5-iodoresiniferatoxin (5-
iodo-RTX) has a potent activity as TRPV1 capsaicin antagonist.®® But as for RTX,
problems regarding the availability of source material dismissed the use of this product.
For some years both capsazepine and 5-iodo-RTX were the only high profile
antagonists known for TRPV1.°!

Due to the interest in this pharmacological profile, different discovery programs
were set up in order to find new TRPV1 antagonist. However, although very potent

compounds were developed (Figure 14), none of the clinical trial candidates has
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arrived to the market due to different undesired effects, like hyperthermia (e.g. AMG-

517),% increased levels of liver enzymes,®® or tumorigenic effects (e.g. AMG-9810).%
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Figure 14. Chemical structures of TRPV1 competitive antagonists showing relevant regions

related to capsaicin-receptor interaction: polar (red), linker (blue) and hydrophobic (black) moieties.

As blocking of TRPV1 activity results in a dysregulation of many signaling

pathways, temperature neutral TRPV1 antagonists and selective blockers are being

developed trying to minimize the undesired effects (Figure 15). AS1928370, developed

by Astellas, displays a selective blocking of TRPV1 relative to other TRP channels and

little impact on core temperature when given to rats.®*®® Products reported by

Pharmeste (P14 and P15) claim to have little (< 0,5 At) or no impact in body core

temperature in rodent assays, with potencies under nanomolar level.®”®® These

products open new hopes on antagonists as TRPV1 blockers for pain treatment.
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P14 P15

Figure 15. Some examples of TRPV1 selective blockers. AS1928370 developed by Astellas and
P14, P15 developed by Pharmeste.

1.5.2.3 Uncompetitive antagonists.

Uncompetitive antagonists interact with additional binding sites on the receptor
structure, thereby preventing opening of the receptor by an agonist or blocking its
aqueous pore.’*”® Among the noncompetitive blockers, open channel blockers are a
class of antagonists that recognize a site within the channel aqueous pore, thus being
only accessible when the channel is in the open, conductive state. Because of their
interaction with active/overactivated receptors, these compounds have attracted a
notable interest as potential drugs with better therapeutic index. Ruthenium red,
polyarginine peptides and methoctramine are some examples of known uncompetitive
antagonists with high to mid potency (100 nM ruthenium red and 2 pM methoctramine,
Figure 16). These products show a low drug profile due to the high flexibility of their
structure and exhibit low specificity towards the receptor. In addition some of these

products, like the arginine hexapeptides, have agonistic activity at low doses.*’

(NH3)sRuORu(NH3)4ORu(NH;)s]¢*6- 6 CI- RRRRWW-NH,
Ruthenium red Arginine hexapeptide

C(\ NH(cH,)SNH(CHZ)BNH(CHZ)GNHD
OMe MeO

Methoctramine

Figure 16. Chemical structures some uncompetitive antagonists of TRPV1.

28



Introduction

1.5.3 Recent advances on TRPV1 uncompetitive inhibitors.

Peptoids, or N-alkylglycine polymers, are a class of peptidomimetic derivatives
whose side chains are appended to the nitrogen atom of the peptide backbone, rather

than to the a-carbons.
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Figure 17. Comparison of the chemical structures of a peptide and a peptoid.

Because of this particular structural feature, peptoids have some
physicochemical properties that make them very attractive from a pharmacological
point of view. Like B-peptides, peptoids, are resistant to proteolysis in vivo and in vitro
and they are also less polar than the respective peptides. This gives peptoids a more
interesting bioavailability profile due to lower degradation in stomach and a better
gastrointestinal absorption. Exchange of the hydrogen atom by a side chain on the
nitrogen blocks the capability to establish hydrogen bonds. Peptide secondary structure
is build up thanks to this intramolecular hydrogen bond formation. For that reason
peptoids have a larger conformational freedom than peptides. Furthermore, the peptoid
scaffold is achiral, avoiding the racemization problems of peptides and tough
resolutions of individual products.

Peptoids were first used by Simon et al.”' to mimic protein/peptide interactions
to aid in the discovery of protease-stable small molecule drugs. The classic synthetic
protocol was performed as a conventional peptide synthesis, on solid phase using
Fmoc N-substituted amino acids (Figure 18 route a).

Zuckermann et al.”?

redesigned this synthetic method in what is known today as
the submonomer protocol (Figure 18, route b), which was based on the use of amines,
for the nucleophilic substitution of previously introduced bromoacetic subunits. This
protocol had the advantge of avoiding the requeriments of the soluble phase
preparation of the Fmoc N-substituted amino acids, allowing the use of commercial
amines which permit to introduce a larger chemical diversity in the final peptoid.

Thus, peptoids are very interesting as pharmacological tools since they can be
synthesized as combinatorial collections with great chemical diversity and with a wide

capacity of optimization. On the other hand, having a large conformational freedom,
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peptoids may interact with different targets, which converts them in promiscuous
ligands with frequent selectivity problems, and lack of the structural originality required

to be protected by patents.
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Figure 18. Different strategies for the solid phase synthesis of peptoids, through a) cycles of
acylation with Fmoc N-subsittuted glycines followed by Fmoc group removal, or b) through cycles of

acylation with bromoacetic acid and nucleophilic substitution with amines.

The first demonstration of the use of peptoids was in the screening of a
combinatorial library of structurally diverse peptoids which yielded novel high-affinity
ligands for 7-transmembrane G-protein-coupled receptors.”® After that, the use of
peptoids was extended to other pharmacological targets: as antimicrobial agents,’* as
synthetic lung surfactants,’ as ligands for various proteins like the Src Homology 3" or
the Vascular Endothelial Growth Factor (VEGF) receptor 2," and as antibody
Immunoglobulin G biomarkers for the identification of Alzheimer's disease.”

In our group, two chemical libraries, the first one containing 10648 and the
second with 5120 peptoid trimers, were synthesized. These libraries allowed to identify
new compounds with a variety of biological activities, ranging from antimicrobial,”

antiapoptotic,” anti-TAT and anti-HIV,* and antiSema3A activities,®' among others.
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Figure 19. Structure of peptoids DD161515 and DD191515.

In addition, two molecules referred as DD161515 and DD191515 (Figure 19)
were also identified from those libraries which selectively block the TRPV1 channel
with micromolar efficacy (ICso = 0.7 and 2.6 uM, respectively), rivaling the potency of

vanilloid-related inhibitors (Figure 20).%°
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Figure 20. Blockade activity of peptoids (a) DD161515 and (b) DD191515 at 10 pM. (c)
Dose/response curves of DD161515 and DD191515. (d) Dose - response curves of VR1 activation by

capsaicin in the absence (-DD161515) and presence (+DD161515) of 1 pM peptoid.®®
These peptoids appeared to be noncompetitive capsaicin antagonists, as

suggested by the similar capsaicin concentration required to activate half-maximal

response (ECsy) in the absence or presence of peptoid, which bind from the
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extracellular side of the channel at a site close to the aqueous vestibule of the ionic

pore (Figure 21).

Figure 21. Electrostatic potential mapped on the surface of an homology model of the TRPV1
pore domain, showing three different views of the channel: side (left), extracellular (center) and intracellular
(right) perspectives. Color scale goes from red (negative) to blue (positive). The structure of the

Streptomyces lividans K* channel was used as scaffold to build the homology model.®?

Although both peptoids were active in vivo in animal models of pain, their
development was precluded because of unanticipated side effects arising from the
release of calcitonin gene-related peptide from nociceptive neurons when used at
submicromolar concentration. It could be speculated that their binding site location was
also accessible in the closed state of the channel and that this could account for the
undesired effects observed.

Peptoids DD161515 and DD191515 opened a new line for analgesia research.
Those were the first small organic, drug-like uncompetitive antagonists of TRPV1
identified. Some years after the work of Garcia-Martinez et al. new peptoid derivatives
were published with higher potencies. H-Arg-15-15-C® and an indole containing
analog” (Figure 22) are examples, being the last one the most potent uncompetitive
peptoid antagonist discovered up to that point, exhibiting an ICs, of 180 nM, about four-
fold more potent than peptoid DD161515. Figure 23 summarizes the structures of other

peptoid and peptoid-like derivatives designed to block TRPV1.
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Figure 22. Peptoids derived from the original DD191515 and DD161515.7%%

All of these compounds shared as common structural feature the presence of a
positively charged moiety (basic amino or guanidinium group), which might enhance
the interaction with the outer pore region of the channel, where acidic residues are
known to be located. Furthermore, they also included two aromatic moieties that could
interact with hydrophobic residues present at the vestibule of the channel. Consistent
with this notion, acidification of the extracellular medium or mutation of D646 to
asparagine, a residue in the pore forming region of VR1, reduced the peptoid blockade

activity.®
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Figure 23. Summary of relevant scaffolds and side chains reported in the literature as TRPV1

uncompetitive antagonists.**7#®

Hence, a basic 3 point pharmacophore, formed by two aromatic moieties and
one cationic moiety separated from the peptoid scaffold by 1-3 carbon atoms,
constituted a starting point for the design of new molecules with improved TRPV1
antagonistic properties. Since, as already noted, the high conformational flexibility of
peptoids can reduce their biomolecular selectivity as a result of undesired off-target
interactions, it was envisaged that it would be advantageous to incorporate

conformational restrictions in the design of new molecules, in order to increase the
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affinity and pharmacological selectivity, as well as to improve the pharmacokinetic
profile of the molecules. An initial result in this sense, was the preparation of dipeptide
analogs containing an azetidine-derived arginine residue, which showed high potency
and selectivity for TRPV1 relative to N-methyl-D-aspartate receptor (NMDA), although
they lacked of analgesic activity in vivo, mostly due to their high toxicity.®* More
recently, during the course of this thesis, additional molecules, i.e. linear and
hydantoin-containing dipeptide derivatives, have been designed and evaluated as

TRPV1 antagonists based on the above pharmacophore.®*®’
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Figure 24. Examples of more rigid peptoid analogues tested against TRPV1. Blocking activities
(ICsp) of all four compounds are in the low UM range, blocking more than 90 % of the current elicited by

capsaicine at 10 uM concentration of antagonist.®*®’

34



35



36



