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RESUMEN

Los Receptores de Potencial Transitorio o TRPs constituyen una de las familias de canales
idnicos mas importantes en la transduccidn somatosensorial. Algunos miembros de esta
familia se relacionan con los procesos de termorrecepcién y nocicepcidén. En este
contexto, el canal TRPMS8 destaca por ser el principal sensor fisioldgico de temperaturas
frias, por su amplia ubicuidad en el organismo y por su participacion en numerosos
procesos fisiopatoldgicos que incluyen dolor, inflamacion y cadncer. Todas estas razones
convierten a TRPMS8 en una diana terapéutica a explorar en el tratamiento de estas
condiciones y nos llevan a la buisqueda de nuevos moduladores potentes y selectivos del
canal, dividiendo el trabajo realizado en dos capitulos seglin la procedencia de los

compuestos.

En el capitulo 1 nos centramos en la caracterizacidn in vitro, in silico e in vivo de
compuestos derivados de B-lactamas. Se realizaron varios cribados de alto rendimiento
de una amplia serie de derivados p-lactdmicos empleando técnicas de
microfluorometria de calcio en la linea celular estable HEK293-rTRPMS8. Destacaron
cinco compuestos (24a, 29a, 14, 16 y 51) como potentes bloqueadores de TRPMS8 que
se caracterizaron posteriormente mediante técnicas electrofisiolégicas, obteniéndose
ICsos comprendidas entre 0,05y 1,56 uM. Todos los compuestos mostraron selectividad
hacia el canal. Por otra parte, debido a la implicacién de TRPMS8 en algunos cénceres,
también se demostro la actividad antitumoral de algunas de las B-lactamas (24a y 29a).
Los resultados de modelado molecular demostraron sitios de unién distintos a los ya
descritos para otros antagonistas de TRPMS8. Por ultimo, en los ensayos in vivo las B-
lactamas 24a y 51 redujeron la alodinia al frio en un modelo de neuropatia periférica
inducida por oxaliplatino. Ademas, la B-lactama 51 también atenud la hipersensibilidad
mecdnica y al frio en un modelo de dolor neuropatico de lesién crénica por constriccidn
(LCC) y mitigd la hipersensibilidad mecdnica en un modelo de migrafia inducida por
nitroglicerina. Adicionalmente, se muestran algunos resultados preliminares de

permeabilidad cutdnea de estas B-lactamas.

Por otra parte, en el Capitulo 2 nos centramos en la busqueda de nuevos esqueletos
farmacoféricos capaces de modular TRPM8 mediante el cribado virtual de la biblioteca

molecular EDASA Scientific. De este cribado se eligieron 21 compuestos por presentar



las mejores energias de union con la proteina diana. Los resultados se validaron in vitro
mediante técnicas de microfluorometria de calcio en la linea celular citada previamente,
clasificandose seis de ellos como potentes bloqueadores del canal. De estos seis
compuestos, destacaron el 14 y 15 por presentar los mejores resultados de potencia,
eficacia y selectividad; y el 13 y 19, por presentar caracter agonista frente al canal
hTRPV1, convirtiéndose en moduladores de doble accién. Los resultados de actividad y
potencia de los compuestos 14 y 15 se corroboraron mediante técnicas
electrofisiolégicas obteniéndose I1Csos de 1,25y 2,95 uM, respectivamente. De la misma
manera que las B-lactamas, los estudios de modelado molecular revelaron sitios de
unién a TRPMS8 distintos a los descritos para otros antagonistas de TRPMS8. Por ultimo,
el compuesto 14 también disminuyd la alodinia al frio en un modelo de ratén de

neuropatia periférica inducida por oxaliplatino.

Para finalizar, en este trabajo se han identificado y caracterizado nuevos quimiotipos
relevantes en el bloqueo de TRPMS. Estas estructuras constituyen importantes puntos
de partida hacia futuras modificaciones con el fin de optimizar sus caracteristicas
farmacoldgicas y obtener un mayor conocimiento del canal y de las estructuras que

discriminan la selectividad frente a los diversos canales TRP.
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ABSTRACT

The Transient Receptor Potential channels or TRPs constitute one of the most important
families of ion channels in the somatosensory transduction. Some members of this
family are related with thermoreception and nociception processes. In this context, the
TRPMS8 channel stands out for being the main physiological receptor of cold
temperatures, being widely distributed through the mammal’s body and taking part in
many physiopathological processes including pain, inflammation and cancer. These
reasons turn TRPMS into a therapeutic target to explore in the treatment of several
conditions and lead us to the search of new potent and selective channel modulators,

dividing our work in two different chapters depending on the origin of the compounds.

Chapter 1 focuses on the in vitro, in silico and in vivo characterization of a series of B-
lactam derivatives. First, a large number of B-lactams underwent a high throughput
screening through calcium microfluorometry techniques using the HEK293-rTRPMS8
stable cell line. Five compounds (24a, 29a, 14, 16 and 51) were identified as the most
potent TRPMS8 blockers. The mentioned B-lactams were further characterised using
electrophysiological techniques, obtaining 1Csos between 0.05 y 1.56 puM. All five
compounds also exhibited selectivity towards TRPMS8. Furthermore, due to the
implication of TRPMS8 in some cancers, the antitumoral activity of some B-lactams (24a
y 29a) was studied providing promising results. Molecular modelling studies revealed
new TRPMS binding sites different to the ones described for other TRPM8 antagonists.
Last, in in vivo assays, the B-lactams 24a and 51 decreased the cold allodynia in an
oxaliplatin-induced peripheral neuropathy model. B-lactam 51 also reduced the
mechanical and cold hypersensitivity in a neuropathic pain model induced by chronic
constriction injury (LCC) and alleviated the mechanical hypersensitivity in a nitroglycerin
induced migraine model. In addition, some preliminary cutaneous permeability results

obtained for these compounds are summarised in this chapter.

On the other hand, Chapter 2 focuses on the search of new chemical scaffolds able to
modulate TRPMS8 through virtual screening of the EDASA scientific molecular library.
The 21 molecules exhibiting the best TRPMS8 interaction energies were selected from

this screening. These results were validated in vitro using calcium microfluorometry

13



techniques in the cell line mentioned above. Six out of these 21 compounds were
identified as potent TRPM8 blockers standing out the compounds 14 and 15, exhibiting
the best potency, efficacy, and selectivity results; and compounds 13 and 19, displaying
agonist activity towards the hTRPV1 channel and becoming dual activity modulators.
The activity and potency results of compounds 14 and 15 were confirmed by
electrophysiological techniques obtaining ICses equal to 1.25 y 2.95 uM respectively.
Regarding the molecular modelling results, the main binding sites identified for the
compounds are different to the ones described for other TRPM8 blockers. Finally,
compound 14 also decreased cold allodynia in a mice model of oxaliplatin-induced

peripheral neuropathy.

In conclusion, new relevant chemotypes in the TRPMS8 blockade have been identified
and characterised in this work. These structures constitute a starting point towards
future modifications to optimise their pharmacological characteristics and to obtain a
better understanding of the channel and the structures’ selectivity towards different

TRP channels.
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INTRODUCCION

1. Sistema somatosensorial

El sistema somatosensorial es la parte del sistema nervioso que nos permite
relacionarnos con el entorno e interactuar con él. Este sistema tiene dos componentes
principales con rutas distintas en la transmision de estimulos: un subsistema para la
deteccién de estimulos mecanicos que nos brinda informacidon sobre el tacto y la
posicidn, y un subsistema para la deteccién de estimulos térmicos y dolorosos 2. La
recepcion somatosensorial en ambos subsistemas consta de 4 etapas principales como
se muestra en la Figura 1. Consiste en una fase inicial de recepcioén y transduccion de los
estimulos a sefiales eléctricas; una fase de transmision del impulso nervioso hasta el
sistema nervioso central (SNC); una tercera fase de modulaciéon del estimulo que incluye
los cambios que se producen en el SNC; y, por ultimo, la fase de percepcion del estimulo

en la cual la informacidn llega al cerebro y se interpreta 3.

1.1. Vias generales de la recepciéon somatosensorial

Existen dos vias generales del sistema somatosensorial: la via espinotaldmica,
para el subsistema que percibe estimulos térmicos y dolorosos, y la via lemniscal, para
el subsistema que detecta estimulos mecéanicos (Figura 1). Ambas vias se componen de
3 tipos de neuronas: las neuronas de primer orden, de segundo orden y de tercer orden.
Las neuronas de primer orden son células pseudounipolares con un extremo distal en la
periferia que inerva los receptores somatosensoriales, un cuerpo celular en los ganglios
de la raiz dorsal (GRD) o del nervio trigémino (GNT), y un extremo proximal que participa
en la sinapsis con la neurona de segundo orden. Dependiendo de la via somatosensorial,
esta sindpsis se produce en distintas areas del SNC. En la via espinotaldmica, la sinapsis
tiene lugar en las astas dorsales de la medula espinal para las sensaciones del cuerpoy
en el bulbo raquideo para las sensaciones del rostro. Mientras que en la via lemniscal,
la sinapsis siempre tiene lugar en las columnas dorsales del bulbo raquideo. Los axones
ascendentes de estas neuronas decusan hacia el lado opuesto hasta llegar al nucleo
ventral posterior del tdlamo dénde tiene lugar la sinapsis con la neurona de tercer
orden. Esta ultima neurona es la que conducird el estimulo hasta el area somatosensorial

primaria de la corteza cerebral, donde se procesara la informacién %24,
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Figura 1. Vista anterior de las vias generales de recepcion somatosensorial: la via lemniscal (o via de la columna dorsal)
y la via espinotaldmica. Se muestran las neuronas de primer, segundo y tercer orden que componen las distintas vias
somatosensoriales y las 4 etapas comunes en el proceso de recepcion somatosensorial: transduccion, transmision,
modulacién y percepcion. Editada de Betts 2013 4.

1.2. Fibras nerviosas somatosensoriales

Las fibras nerviosas somatosensoriales constituyen los axones periféricos de las
neuronas de primer orden y son las encargadas de transmitir el estimulo desde los
receptores somatosensoriales hasta el SNC. Estas fibras nerviosas pueden clasificarse en

fibras tipo A (Aa, AB y A8) y tipo C seglin su anatomia y su funcién (Tabla 1) >7:

e Las fibras tipo Aa son las de mayor diametro y grado de mielinizacién, por lo tanto,
son las mas rapidas. Su principal funcidn es la propiocepcion.
e Las fibras tipo AB tienen un menor didametro y un menor grado de mielinizacién que

las anteriores. Son las responsables de la transmision del tacto y de la presion.
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e Las fibras tipo AS son todavia menores en diametro, grado de mielinizacion y
velocidad de transmisidn. Participan en la transmisién de las sensaciones de dolor,
temperatura y tacto.

e Las fibras tipo C son las mas pequefias y las Unicas que carecen de mielina, siendo
por lo tanto, las mas lentas en la transmision de estimulos. Su funcién es también la

transmisién de las sensaciones de dolor, temperaturay picor >®.

Tabla 1. Caracteristicas de las fibras nerviosas aferentes del sistema somatosensorial ”.

Fibras Estimulo Diametro de las fibras Mielina Velocidad de
nerviosas somatosensorial nerviosas conduccion del
estimulo nervioso
Aa Propiorrecepcion 12-22 um Si 70-120 m/s
AB Tacto y presion 5-12 um Si 30-70 m/s
Ab Dolor, temperaturay 1-5 um Si 5-30 m/s
tacto.
C Dolor, temperaturay 0,1-1,3um No 0.6-2 m/s
picor.

1.3. Receptores somatosensoriales

Los receptores somatosensoriales son las terminaciones nerviosas
especializadas que inervan la piel, los musculos, las articulaciones y las visceras, capaces
de captar estimulos internos o externos y generar un impulso nervioso 8. Estos

receptores se clasifican en tres grandes grupos segun el tipo de estimulo que perciben 2:

a) Mecanorreceptores. Esta familia de receptores puede dividirse en dos grupos: los
mecanorreceptores especializados en recibir informacién tactil y los
mecanorreceptores especializados en la propiocepcion. Los primeros se encuentran
principalmente en la piel y detectan estimulos mecanicos como el tacto, tension,
vibracién o presién 2°. Mientras que los propioceptores, se encuentran en las
articulaciones y aportan informacion sobre la posicidn y el movimiento del cuerpo.
Todos ellos presentan cierto grado de encapsulacién y se denominan
mecanorreceptores de bajo umbral, ya que estimulaciones débiles pueden
desencadenar potenciales de accién #1°,

b) Termorreceptores. Los termorreceptores son terminaciones nerviosas libres que

reconocen la temperatura cutdnea. Existen receptores para el frio, que responden a
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un amplio intervalo de temperaturas entre 10 y 35°C, y receptores para el calor, que
se activan a temperaturas de entre 30°C y 43°C 11,

c) Nociceptores. Los nociceptores reaccionan ante estimulos nocivos capaces de causar
dafo tisular. Estos también estan formados por terminaciones nerviosas cutaneas
libres que, a diferencia de las anteriores, poseen un alto umbral de estimulacién.

Segun el tipo de estimulo que son capaces de identificar se pueden clasificar en:

e Nociceptores Térmicos. Se activan cuando los estimulos térmicos son superiores
a 45°C o inferiores a 5°C.

e Nociceptores Mecanicos. Se activan cuando el tejido se somete a un estimulo
mecanico intenso.

e Nociceptores Polimodales. Se activan por estimulos de alta intensidad de varios
tipos (mecanicos, quimicos o térmicos) 212,

¢ Nociceptores Silenciosos. Estos nociceptores no se activan tras estimulos nocivos
directos, sino que son sensibilizados por mediadores inflamatorios producidos

tras un estimulo dafiino 13,
2. Canales TRP y recepciéon somatosensorial

A nivel molecular, los receptores somatosensoriales poseen en sus terminales
una gran variedad de receptores proteicos especificos y canales idnicos que se encargan
de reconocer y transducir los estimulos mecanicos, térmicos y nociceptivos a
potenciales de accién (Figura 2) 4. Una de las familias de canales idnicos mds
importantes en la transduccién de las distintas modalidades somatosensoriales en
mamiferos es la familia de Receptores de Potencial Transitorio o TRP (Transient

Receptor Potencial) %°.
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Figura 2. Transduccion y transmision somatosensorial. Los receptores sensoriales poseen una gran diversidad de
canales ionicos encargados de la transduccion de los distintos estimulos en potenciales de accion. Estos potenciales
de accion se transmiten hasta el SNC mediante las neuronas sensoriales periféricas, cuyos somas se encuentran en los
GRD. Editada de Arcas-Santos 2019 16,

2.1. Superfamilia de canales TRP

Los Receptores de Potencial Transitorio o TRP constituyen una gran superfamilia
de canales catidnicos que median el flujo de Na* y Ca?* a través de la membrana
plasmatica ’. Hace mas de medio siglo, Consens y Manning descubrieron una mutacion
de Drosophila melanogaster la cual mostraba una respuesta o potencial transitorio, en
vez de sostenido, a la luz constante '81°, Este fenotipo adoptd el término, por primera
vez utilizado, de receptor de potencial transitorio o TRP. Sin embargo, su etiologia

genética no se identifico hasta casi dos décadas mas tarde por Montell y Rubin 820,

En la actualidad, se han descubierto mas de 100 genes TRP en una gran variedad
de organismos multicelulares que constituyen una superfamilia de 30 canales idnicos
1518 Estos 30 canales se clasifican en 8 subfamilias segtin la homologia de sus secuencias
(Figura 3): candnica o clasica (TRPC), vaniloide (TRPV), melastatina (TRPM), policistina
(TRPP), mucolipina (TRPML), anquirina (TRPA) y por ultimo, las subfamilias no-
mecanoreceptor potencial C (TRPN) presente en invertebrados >8 y en el pez cebra, y

yeast (TRPY) expresado en levaduras °.
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Figura 3. Arbol filogenético de los canales TRP. La familia de canales TRP se divide en siete subfamilias segun la
homologia de sus secuencias. Editado de Nilius 2011 18,

A pesar de las diferencias en las secuencias de las distintas subfamilias de canales
TRP, todos poseen una misma estructura general. Se componen de 6 segmentos
transmembrana (TM1 a TM6) de los cuales dos de ellos (TM5 y TM6) forman el poro
1721 Esta region del poro es la mas conservada entre las diferentes subfamilias,
indicando la importancia de los aminodcidos que la componen en la formacién y
apertura del canal 22, Para que el canal sea funcional, se requiere el ensamblaje de
cuatro subunidades formando homo o heterotetrameros 7. En cuanto a las regiones
amino (NH3) y carboxilo (COOH) terminales, ambas son intracelulares y contienen sitios
de regulacién mediante proteinas quinasas, chaperonas y proteinas de anclaje, estando

involucrados en la regulacion, funcién y ensamblaje del canal 171821,

Esta gran familia de canales se encuentra ampliamente distribuida en los
diferentes tejidos de los seres vivos, encargandose de numerosas funciones fisiolégicas
que abarcan desde la recepcién sensorial y somatosensorial 23, hasta funciones
homeostésicas y motoras 8. Asi pues, cambios en la expresién, la funcidn y la regulacién
de estos canales se ha visto implicada en numerosas condiciones o patologias, entre ellas

distintos tipos de dolor %, cancer ** y enfermedades genéticas 8.
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2.1.1. Canales TRP y termorrecepcion

Dentro de la familia de canales TRP, destacan tres superfamilias por su
implicacion en la termosensacién: las superfamilias TRPV, TRPM y TRPA, recibiendo el
nombre de termoTRPs. Estos canales detectan un amplio rango de temperaturas frias y

calientes, inocuas y dolorosas (Figura 4) >2°,

La familia TRPV se compone de 6 miembros (TRPV1-TRPV6), siendo los 4
primeros (TRPV1-TRPV4) los que responden a estimulos térmicos. El canal mas
estudiado de esta familia es el TRPV1, el cual se activa por temperaturas nocivas
superiores a 37°C-43°C segun la especie. Este canal es el receptor natural de la
capsaicina, principio activo responsable de la sensacién de picor del chili 2>25, El canal
TRPV2 responde a un rango de temperaturas nocivas superiores a 52°C 27, mientras que
los otros dos, TRPV3 28 y TRPV4??, responden a temperaturas calientes inocuas (25°C-

37°C).

Por otra parte, la subfamilia TRPM también juega un papel crucial en la
termorrecepcion. Esta subfamilia consta de 8 miembros (TRPM1-TRPMS8) de los cuales
3 se han relacionado con la termorrecepcion de temperaturas tanto frias como
calientes. En esta familia destaca el canal TRPMS8 por ser el principal sensor fisioldgico
de temperaturas frias 3, activdndose por temperaturas tanto inocuas como dolorosas
por debajo de 30°C segln la especie %°. Por otra parte, los canales TRPM2 332 y TRPM3
31 estdn implicados en la sensacidon de temperaturas inocuas y dolorosas

respectivamente.

Otra subfamilia termoTRP es la TRPA, compuesta por un Unico miembro, el canal
TRPA1. Este canal reacciona a temperaturas dolorosas por debajo de 17°C *°. Por ultimo,
algunos autores como Hoffstaetter 2° incluyen a la subfamilia TRPC dentro de los canales
termoTRP. Esta familia esta compuesta por siete miembros (TRPC1-TRPC7), de los cuales

solo el TRPC5 estd involucrado en la recepcidn de temperaturas innocuas (25°C-35°C) .
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Figura 4. Rango de temperaturas de activacion de los termoTRPs en mamiferos y su clasificacion en temperaturas
inocuas y nocivas. Editada de Hoffstaetter 2018 2.

2.1.2. Canales TRP y dolor

Algunos miembros de la familia TRP se han localizado en los nociceptores dénde
actuan como transductores de varios estimulos térmicos, quimicos y mecanicos de alto
umbral, viéndose implicados en la percepcion de dolor (Figura 5) 3. Este término se define
como “una experiencia sensorial y emocional desagradable asociada, o que parece
asociada, a una lesidn tisular real o potencial” 3*. El dolor puede catalogarse atendiendo
a diversos pardmetros &3°. Para relacionarlo con la implicacién de los canales TRP, lo

clasificaremos segun su origen en dolor nociceptivo, inflamatorio y neuropatico 36.

El dolor nociceptivo se debe a la activacion de los nociceptores tras un estimulo
dafiino de alta intensidad. Este tipo de dolor juega un papel importante en el sistema de
proteccién del organismo, ya que identifica agentes nocivos y activa mecanismos
protectores para limitar el dafio en el tejido 33. En este tipo de dolor cobran principal
importancia los canales TRPV1 y TRPA1, ya que ambos pueden activarse por una gran
variedad de estimulos dolorosos (Figura 5A) 33. Algunos ejemplos serian moléculas como
la capsaicina, toxinas de arafia 37, metabolitos del acido araquiddnico 38, pHs bajos 3%y
temperaturas altas (> 43°C) 2° para el canal TRPV1; e ingredientes picantes como el AITC
y el cinamaldehido %°, agentes nocivos como la nicotina #! y el isoflurano %2, y
temperaturas bajas (< 18°C) 33 para el canal TRPA1l. Ademds de estos dos canales,
también se han relacionado con el dolor nociceptivo los canales TRPV2-TRPV4 y TRPMS,
aunque su funcién exacta no esta descrita en profundidad 3. Esto se debe a que los
canales TRPV2 %> y TRPMS8 3! estan involucrados en la recepcidn de estimulos térmicos

dolorosos calientes y frios, respectivamente; el TRPV4 en la recepcién de estimulos
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mecdnicos dafinos; y este ultimo junto al TRPV3, en la recepcidn de estimulos quimicos

nocivos 33.

Por otra parte, el dolor inflamatorio se debe a la sensibilizacidon de las rutas
nociceptivas producida por numerosos mediadores inflamatorios y productos del estrés
oxidativo. Esta sensibilizacion de los nociceptores involucra principalmente a los canales
TRP, concretamente al TRPV1, TRPV2, TRPV4, TRPA1l y TRPMS8 (Figura 5B). Los
metabolitos originados por los tejidos inflamatorios pueden activar directamente a
estos canales o pueden sensibilizarlos mediante 3 mecanismos: aumentando la
expresion de dichos canales en las neuronas sensoriales, aumentando el nimero de
canales funcionales en la membrana plasmdtica e impidiendo la inhibicion de los canales

mediada por fosfatidilinositol 4,5-bisfosfato (PI(4,5)P5) 33.

Por ultimo, el dolor neuropatico se origina tras estimulos directos en el SNC o
lesiones en el sistema nervioso periférico (SNP) y se considera patoldgico, ya que no
actia como mecanismo de proteccién 3343, Este dolor neuropético se presenta en
neuropatias de diverso origen como las que pueden cursar con la diabetes, tras el
tratamiento con agentes quimioterapéuticos o tras infecciones herpéticas. Estas
lesiones en el sistema nervioso dan lugar a cambios en la expresion de los canales TRP
en las neuronas sensoriales. Dichos cambios llevan a alteraciones en el procesamiento
de los estimulos en el SNC 33. Los canales TRP que participan en este tipo de dolor son
principalmente el TRPV1, TRPA1 y TRPMS8. En las neuronas sensoriales dafiadas se
observa una disminucién de la expresién de dichos canales, mientras que en las
neuronas colindantes se observa un aumento de su expresién y de la excitabilidad
neuronal. Esto podria deberse a la liberacidn o no reabsorcién de determinados
neurotransmisores y factores de crecimiento por parte de las neuronas dafiadas (Figura
5C) 334445 Existen numerosos modelos animales de dolor neuropatico en los que se
describe un incremento en la expresion de estos canales TRP que se correlaciona con los
comportamientos tipicos de dolor. Ademas, tanto el bloqueo farmacoldgico como la
ablacién génica de dichos canales reducen dichas conductas dolorosas 334451 Por
altimo, también se ha relacionado con este tipo de dolor el canal TRPV4 2, y

recientemente el TRPM2 >3, mediando la hipersensibilidad mecanica.
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Figura 5. Canales TRP en el dolor nociceptivo (A), inflamatorio (B) y neuropdtico (C). A) En el dolor nociceptivo,
estimulos dolorosos como el frio, el calor, la presion, etc. activan directamente a los canales TRP en las neuronas
sensoriales. B) En el dolor inflamatorio, la sopa inflamatoria y productos del estrés oxidativo activan o sensibilizan los
canales TRP en las neuronas sensoriales. C) En el dolor neuropdtico, los canales TRP se ven disminuidos en las fibras
de las neuronas sensoriales dafiadas y sobreexpresados en las fibras colindantes. Esto se debe a un aumento de
neurotransmisores y factores de crecimiento producido por las neuronas dafiadas. Editada de Dai 2016 33,

3. Canal ionico TRPMS8

El miembro 8 de los Receptores de Potencial Transitorio de Melastatina es un
canal catidnico no selectivo permeable a calcio que presenta mecanismos polimodales
de apertura y que pertenece a la familia de canales termoTRPs 4>, Este canal se ha
identificado como el sensor fisioldgico de temperaturas frias, activandose por un rango
de temperaturas tanto inocuas como dolorosas (10-28°C) %7, agentes refrescantes
naturales como el mentol y sintéticos como la icilina 8, cambios en la osmolaridad *° y

cambios en el voltaje 6961,

El gen que codifica TRPMS se identificd y clond por primera vez a partir de una
libreria de ADNc de préstata 2. Posteriormente, este canal se detectd también en otros
tejidos como en las fibras aferentes C y A de las neuronas sensoriales de las GRDs y de

los GNTSs °683 que inervan tejidos sensibles al frio como la piel, el epitelio de la boca, los
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dientes, la lengua, y la cérnea 354, Otros tejidos en los que encontramos este canal son el
tejido broncopulmonar, la vejiga y el tracto urogenital ®°. Su amplia ubicuidad y sus diversas
funciones fisioldégicas relacionan al canal con un gran ndmero de patologias como el
dolor, lainflamacion, la migrafia, el cdncer y trastornos genitourinarios y digestivos entre
otros 3928, Asi pues, la regulacion de la expresién o de la actividad de este canal puede
ser una nueva oportunidad de intervencién terapéutica en estas condiciones

fisiopatoldgicas.
3.1. Estructura de TRPMS.

Recientemente se ha resuelto la estructura completa de TRPM8 mediante
criomicroscopia electrénica a partir del ave Ficedula albicollis (faTRPM8) por el grupo de
Seok-Yong Lee. Esta estructura comparte un 83% de homologia con la secuencia del
canal TRPMS8 humano . Este canal posee una estructura similar a los demas miembros
de la superfamilia TRP. Es un homotetrdmero formado por cuatro subunidades idénticas
de 1104 aminodacidos cada una y con un peso molecular de aproximadamente 128KDa
(Figura 6) ¢7%°, Cada mondémero estd compuesto por 6 segmentos helicoidales
transmembrana (TM1-TM6) con un dominio tipo sensor de voltaje (VSLD), formado por
los segmentos TM1 a TM4, y un poro, formado por los segmentos TM5 y TM6. La regién
del poro presenta una regidn hidrofébica conservada con un residuo de aspartato
responsable de la selectividad de los iones y la funcién del canal ®7%71, En esta regién
también encontramos dos residuos de cisteina esenciales para la funcionalidad del canal
y un sitio de glicosilacién importante para la expresién del canal en la membrana

plasmatica .

En cuanto a los dominios terminales, tanto el dominio N-terminal (Nt) como el
C-terminal (Ct) se encuentran en la region citoplasmdtica y constan de 733 y 124
residuos, respectivamente 7. El dominio Nt comprende cuatro regiones de homologia
de melastatina, propias de la familia TRPM, que podrian estar relacionadas con procesos
de localizacién celular 7%; y el dominio pre-S1, involucrado en la activacién alostérica del
canal. Respecto al dominio Ct, este contiene la regidon TRP entre los residuos 990-1025

que se relaciona con la regulacion de la apertura del canal frente a (PI(4,5)P2) y a otros
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agonistas 73, y el dominio coiled-coil, el cual posee un papel critico en la tetramerizacidn

del canal 872,

Filtro de selectividad O Q914, D920

Sitio de unién para el mentol O Y745, R842, Y1005,
L1009
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Figura 6. Cada subunidad del canal TRPMS8 consta de 6 segmentos transmembrana (TM1-TM6) y dos dominios
terminales intracelulares. EI dominio transmembrana consta de un mddulo sensor de voltaje (TM1-TM4), que
contienen los sitios de union para el mentol e icilina, y un médulo que forma el poro (TM5-TM6), que contiene sitios
para la glicosilacion, la hélice del poro, el filtro de selectividad y los dos residuos de cisteina. En cuanto a los extremos
terminales intracelulares, posee un médulo Nt y un médulo Ct en el que se encuentra la caja TRP, el dominio TRP, los
aminodcidos implicados en la modulacidn del canal por PI(4,5)P, y un dominio de tetramerizacién. Editada de La Torre
2007 74,

Respecto a los aminoacidos importantes en la modulacién del canal, estos se han
identificado mediante estudios de mutagénesis . Estos estudios demostraron la relevancia
de residuos aromaticos para la activacién del canal por mentol: la Tyr745 7> en TM2, la
Arg842 76 en TM3, y la Tyr1005 y Leul009 7> en el dominio TRP. Mutaciones como
Tyr745Ala, Tyr745Phe 7>77, Tyr1005Ala, Tyr1005Phe, Leu1009Arg 7> y Arg842Ala 7°
produjeron insensibilidad o una menor respuesta al mentol. También se han
identificados otros aminodacidos importantes en la modulacién del canal por otras

moléculas. Para laicilina son de gran importancia los residuos Asn799, Asp802, y Gly805,
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todos situados entre las regiones TM2-TM3 77 mientras que para el PI(4,5)P, los
residuos que juegan un papel importante son: Lys995, Arg998 y Arg1008, los cuales se

encuentran en el dominio TRP 72,
3.3. Modulacién endégena de TRPMS8

El canal TRPM8 posee diversos mecanismos de modulacion enddgena que
incluyen la actuaciéon de fosfolipidos de membrana destacando el PI(4,5)P, 7°,
lisofosfolipidos, acidos grasos poliinsaturados y diversas modificaciones

postraduccionales °®.

El PI(4,5)P, corresponde al 1% de los lipidos presentes en la membrana
plasmatica. Este fosfolipido es capaz de modular positivamente 20 de los 28 canales que
constituyen la familia TRP, incluyendo el canal TRPMS8 . Se sabe que PI(4,5)P> modula
tanto la activacion como la desensibilizacidn del canal 7°, siendo imprescindible para la
activacion de TRPM8 mediante frio y mentol 8%, Este lipido se hidroliza mediante la
fosfolipasa C (PLC) dando lugar a los dos segundos mensajeros clasicos, el 1,4,5-
trifosfato de inositol (IP3) y el diacilglicerol (DAG). Ambos componentes actian
sinérgicamente para activar la proteina quinasa C (PKC), la cual puede fosforilar TRPM8
dando lugar a una reduccidn de su actividad 828, Ademas de la PKC, la actividad de otras

proteinas quinasas como la PKA también parece inhibir la actividad de TRPMS 8284,

La regulacidon de TRPM8 mediante fosfoinositidos también puede estar mediada
por Pirt (Regulador de TRP que interactia con fosfoinositidos). Pirt es una proteina
transmembrana que actla de manera sinérgica con PI(4,5)P2 aumentando la
sensibilidad de TRPMS8 al mentol y a las temperaturas frias 8. Otros mecanismos de
regulacién de TRPM8 mediados por lipidos incluyen a la fosfolipasa Az (PLA2) °°. La PLA2
es una enzima que cataliza la hidrélisis de fosfolipidos de membrana dando lugar a
lisofosfolipidos, entre otros acidos grasos poliinsaturados. Estos lisofosfolipidos actuan

como agonistas endégenos de TRPMS activdndolo a temperaturas fisioldgicas #.

Otra proteina involucrada en la modulacidn del canal es la proteina G 8%, Cuando
esta proteina se activa por un receptor acoplado a proteinas G (GPCR) puede inhibir el canal

de manera directa mediante su subunidad Ga 2 o de manera indirecta tras activar la PLC 82,
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Por ultimo, otros mecanismos estudiados en la modulacidn del canal, incluyen las isoformas
cortas de TRPMS, las cuales se originan durante la transcripcion del canal y forman tetrameros
no funcionales #; la proteina de membrana asociada a vesiculas 7 (VAMP7), las cuales
participan en la incorporacién funcional de TRPMS8 a la membrana plasmatica *°; y diferentes
hormonas como la testosterona, la cual no solo activa el canal de manera directa sino que

también puede regular la expresién del gen °.
3.2. Modulacién quimica de TRPMS8

Debido a la implicaciéon de TRPMS en diferentes patologias, este se ha convertido en
una diana terapéutica a explorar. En los ultimos afios, han sido muchas las empresas
farmacéuticas y biotecnoldgicas que se han interesado por el desarrollo de moduladores del
canal, lo que ha llevado a la identificacion de numerosas y diversas familias de moduladores
de TRPMS %2, Para entender el por qué la busqueda de moduladores no se limita a agonistas
o antagonistas para tratar una misma condicién como por ejemplo el dolor, es necesario saber
que el canal TRPM8 se desensibiliza tras exposiciones prolongadas a agonistas. Esta
desensibilizacion se debe a la hidrdlisis del lipido de membrana PI(4,5)P, necesario para su
activacion (Figura 7). Asi pues, tanto el empleo de agonistas como de antagonistas del canal

puede llevar a un estado cerrado de este evitando el paso de iones 3.

Agonistas Catf
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g

/
Bloqueado

Figura 7. Esquema simplificado de los diferentes estados de los canales TRPM8 (reposo, abierto, desensibilizado y
bloqueado). Editada de Jests 2016 6.
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3.2.1. Agonistas de TRPMS8

El agonista mds conocido del canal TRPMS8 es el mentol, un alcohol terpénico
secundario que se encuentra en la menta ®*. El mentol ha participado en mas de 200
estudios clinicos a distintas concentraciones (3,5-40%) para fines cosméticos,
alimentarios o médicos 7*. A pesar del gran niimero de estudios realizados, solo algunos
han generado resultados positivos, como es el caso de la administracion de mentol
tépico para tratar algunos tipos de dolor °%; o de mentol oral en el tratamiento de la
presién arterial y otros cambios metabdlicos en pacientes prehipertensos e hipertensos
leves %. Otras moléculas en fase clinica son el derivado del mentol mentoxipropanodiol,
efectivo en el tratamiento del picor que cursa con las dermatitis atépicas °%; moléculas
como el criosim-1 y criosim-3, efectivos en el tratamiento tdpico del dolor ?7 y de la
sequedad ocular ®® respectivamente; y el compuesto AVX-012 de Avizorex Pharma,
también efectivo en el tratamiento de la sequedad ocular. Este ultimo sigue en

desarrollo clinico tras concluir con éxito los ensayos clinicos de Fase |y lla 2.

Ademas de los compuestos citados, son muchas las moléculas naturales o
sintéticas identificadas como activadoras de TRPMS8. En la naturaleza, ademas del
mentol, y con actividad similar, encontramos el borneol. Este se extrae de plantas
medicinales como la Blumea balsamifera la cual se ha utilizado durante afios en la

medicina tradicional china para tratar diferentes condiciones oculares *°

y como
analgésico tépico 1%, Su actividad en ambas condiciones se debe principalmente a su
capacidad para activar TRPMS8 %19 Otros compuestos presentes en la naturaleza
capaces de activar el canal serian el linalool, geraniol, eucaliptol, hidroxilcitronelal y

alcanfor 101,

En cuanto a los activadores sintéticos de TRPMS, su principal objetivo es evitar
los inconvenientes que presentan los agonistas naturales, como serian la irritacién o el
gusto amargo, y mejorar sus propiedades farmacolégicas, consiguiendo un inicio mas
rapido y una duracion mas larga de su efecto 7. Para ello, parte de la investigacion se ha
centrado en el estudio de derivados del mentol, siendo un ejemplo de estos derivados
los compuestos WS, entre los cuales destaca el WS-12 por ser el agonista de TRPM8 mas

potente identificado hasta el momento 102, Otros compuestos relacionados
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guimicamente con el mentol y eficaces en la activacién de TRPMS8 son el Frescolat MGA,

Frescolat ML, PMD 38, Coolact P y Cooling agent 10 94193,

Por otra parte, también existen agonistas sintéticos del canal que difieren
guimicamente del mentol, el ejemplo mas conocido es la icilina (AG-3-5). La icilina se
considera un agente superrefrigerante siendo mas potente que el mentol y poseyendo
un mecanismo de accién diferente a este 1%41%, Ejemplos de otros agonistas sintéticos
de TRPMS identificados recientemente por farmacéuticas y grupos de investigacion se
resumen en revisiones como la de Izquierdo 7! o la de Gonzélez-Mufiz . Entre los
resultados mas relevantes cabe destacar las patentes de Procter and Gamble, en las que
modificaciones del mentol llevaron a compuestos muy potentes propuestos para
patologias metabdlicas, para el sindrome del intestino irritable (Sll) y para el tratamiento
del dolor 1%; y la serie de 1-diisopropil-fosfinoil-alcanos de E.T. Wei indicados para tratar
multiples condiciones como los sintomas de ojo seco %, dolor sensorial 1%,
enfermedades el tracto gastrointestinal bajo 1%° y la incomodidad respiratoria 0. Por
ultimo, nombrar la existencia de medicamentos en el mercado, con diferentes
indicaciones terapéuticas, que han demostrado activar TRPMS. Estos serian el farmaco

antihelmintico praziquantel ! y el inmunosupresor tacrélimus 12,
3.2.2. Antagonistas de TRPMS8

De la misma manera que sucede para los agonistas de TRPMS, los antagonistas
del canal que han llegado a ensayos clinicos son muy escasos. Entre ellos encontramos
el compuesto PF-05105679 de Pfizer, el AMG-333 de AMGEN y la Cannabidivarina. El
primero de ellos, demostré inhibir el dolor en la prueba de inmersién en agua fria (cold
pressor test), pero se retird en la fase | tras producir efectos adversos relacionados la
sensacion de calor en la boca y en las extremidades que impedian su progreso 3. El
compuesto AMG-333, mostré resultados positivos para la profilaxis de la migraia, sin
embargo, también se retiré en la Fase | debido a efectos adversos severos que
comprendian sensacién de calor, parestesias, disestesias y disgeusias 4. El dltimo de
ellos, la Cannabidivarina, aunque posee un efecto antagonista para TRPMS8, se esta

estudiando en el tratamiento del trastorno del espectro autista por sus efectos en los

32



receptores cannabinoides. Esta es la Unica molécula que sigue en fase Il de ensayos

clinicos 115,

A pesar del bajo éxito de los bloqueadores de TRPM8 que han llegado a fases
clinicas, son muchas las moléculas halladas hasta el momento %71, Recientemente se
han identificado algunos compuestos naturales capaces de bloquear TRPMS. Entre ellos
encontramos la sesamina, extraida del sésamo, la cual ademas de ser inocua, selectiva
y potente frente a TRPMS8, demostré suprimir la proliferacién celular en diversas lineas
celulares tumorales de prdstata 116; los flavonoides como la crisina, la escutellareina o la
hispidulina *7; los cannabinoides como el Tetrahidrocannabinol (THC), el &cido
tetrahidrocannabindlico (THCA), el cannabigerol y cannabidiol >, y algunos

118 y |a capsacepina

moduladores del canal TRPV1 como la capsaicina, la resiniferatoxina
101 De origen sintético, también encontramos antagonistas de TRPV1 con la capacidad
de bloquear TRPMS8 como serian el BCTC, el tio-BCTC %! y el bloqueador de la entrada

de calcio SKF-96365 112,

Otras moléculas sintéticas con un papel importante en la inhibicion de TRPM8
incluyen el AMTB por ser el primer bloqueador del canal caracterizado '%°. Este
demostrd selectividad hacia otros TRP, pero no hacia otros canales como los de Na*
dependientes de voltaje 1?1. Y el PBMC por ser de los primeros bloqueadores potentes y
selectivos caracterizados de TRPMS 122, Por otra parte, también existen moléculas en el
mercado capaces de bloquear este canal, estos compuestos son los antifungicos

clotrimazol 123 y econazol 124,

Por ultimo, algunas de las moléculas prometedoras en el bloqueo de TRPM8
identificadas en los ultimos afios son el KPR-5714 de Kissei Pharmaceutical Co. 1% vy el
RQ-00434739 de Aizawa en RaQualia Pharma 6. El primero, consiguié aumentar el
volumeny el intervalo de miccidn en ratas en varios modelos de vejiga hiperactiva (OAB)
125 Respecto al RQ-00434739, ademds de inhibir completamente el wet dog shake
(WDS) inducido por icilina en ratas y ser efectivo en modelos de alodinia al frio mediada
por oxaliplatino en ratas y monos, mejord la condicion de OAB en ratas, con la ventaja
de no alterar su temperatura corporal. La alteracidn de la temperatura corporal es un

efecto adverso comun producido por los antagonistas de TRPMS, asi pues, este hecho
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convierte a RQ-00434739 en una interesante opcidn terapéutica en el tratamiento de

esta condicion 1%,
3.4. Implicaciones fisiopatoldgicas

El canal TRPMS8 destaca por su funcidn en la percepcién de temperaturas frias. Sin
embargo, su amplia distribucion en el organismo lo relaciona con numerosos procesos tanto
fisioldgicos como patoldgicos (Figura 8) 3°. Entre ellos, destacan los procesos de
termorregulacion y termogénesis '%7; la regulacion de las respuestas autondmicas del
sistema respiratorio ante el frio 1%%; la modulacién de la respuesta inmunitaria '?°; la
regulacién del lagrimeo 3% la contraccién y la funcidn mecanosensorial en la vejiga 1317133,
la regulacién de la proliferacién o apoptosis celular en la préstata 34 y la reduccion de la
pigmentacion en la piel 1%, Dada esta amplia distribucidn del canal y su participacién en
procesos vitales, cualquier alteracion en la funcién o expresion puede dar lugar a procesos

patoldgicos entre los que destacan el dolor, el cancer y algunos trastornos de los sistemas

respiratorio, digestivo, urinario y de la piel *°.

Regulacioén del Nervio Laringeo
Superior; reflejo de deglucién

Sensacion de frio y humedad;
reduccién de la actividad de
produccién de pigmento

Regulacién del
lagrimeo

Bronco;olnstrlcuon y Modulacidn del
vasodilatacién; sistema inmunitario
regulacién de la TRPM8 { )

resistenciade las
vias respiratorias;
secrecion de mucina

Secrecion de ionesy
proteinas en la préstata;
reaccion del acrosoma

I Contraccion de la vejiga

| Otros: regulacion de la proliferacion celular o apoptosis, termorregulaciony temogénesis, regulacion de la insulina, etc.

Figura 8. Funciones fisiolégicas de TRPMS8. Imagen editada de Liu 2020 3°.
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3.4.1. TRPMS8 y dolor

Como se ha visto previamente, algunos canales TRP estan estrechamente
involucrados en la nocicepcidn, entre ellos el canal TRPMS 33, Este canal cobra especial
importancia en la hipersensibilidad (alodinia y/o hiperalgesia) al frio que cursa con
algunos tipos de dolor neuropético “%%°. Existen numerosos estudios en modelos
animales, como el modelo de dolor neuropdtico inducido por el oxaliplatino >! o el
originado por lesidn crénica por constriccion (LCC) °°, en los cuales se observa un
aumento de la expresion de TRPMS8 que se correlaciona con las respuestas
hiperalgésicas 7. También existe evidencia cientifica de que el bloqueo farmacoldgico
4951 o la disminucién en la expresion de TRPMS *° disminuye las conductas dolorosas en
dichos modelos. Ademas, cabe destacar que en estudios clinicos de pacientes con cancer
tratados con oxaliplatino, dichos pacientes presentan una mayor sensibilidad al mentol,

sugiriendo una sobreexpresion del canal o una potenciacién de su actividad 3.

Atendiendo a otros tipos de dolor, el canal TRPM8 también se ha relacionado
con la hipersensibilidad al frio que cursa con el dolor inflamatorio, como demuestran
algunos modelos animales de inflamacién inducida por el adyuvante completo de
Freund 22, Y también con el dolor nociceptivo, ya que la activacién de TRPMS ha
demostrado disminuir las respuestas nocifensivas frente a estimulos dolorosos agudos
como el calor, la capsaicina, la acroleina o el 4cido acético. Estos efectos analgésicos no
se observaron en ratones tratados con un bloqueador del canal ni en ratones carentes

del gen TRPMS, confirméndose asi la participacidn del canal en la actividad analgésica 1%’.

Por altimo, existe evidencia cientifica de la implicacion de TRPMS8 en migrafia 38,
Se ha identificado una variante del gen TRPMS8 que otorga una mayor susceptibilidad a
la migrafia comuln y que podria tener un papel importante en la alodinia cutanea
presente en la mayoria de los pacientes con migrafia 3°. Otros estudios también
demuestran que la activacion de TRPMS8 en condiciones normales puede causar dolores
de cabeza como ocurre, por ejemplo, al comer helado o estar expuesto a temperaturas
frias 1#°. Sin embargo, su activacidén en condiciones patoldgicas demuestra tener un

efecto analgésico como ocurre tras la aplicacién de mentol 141,
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3.4.2. TRPM8 y cancer

Cambios en la expresién de TRPM8 también se asocian a multiples tipos de
cancer, a su desarrollo y a su metastasis. Este hecho le afiade valor como diana
terapéutica, convirtiéndolo en un marcador tumoral tanto de diagndstico como de
evolucion 3%142, Entre estos canceres destaca el cancer de prostata por ser el primer tejido
en el que se identificd TRPMBS. En esta condicidn se observa un aumento de la expresion del
ARNm de TRPMS8 que se correlaciona con la agresividad del cancer 6214314 Qtros cédnceres
que implican al canal y en los que un aumento de su expresion se correlaciona con
estadios mas avanzados y un peor prondstico son: el cdncer de mama %121, el cédncer de

péancreas 1°, el cancer de estémago %, el cancer colorrectal ®2, el carcinoma cutaneo de

147 148

células escamosas ¥, el osteosarcoma 8y el glioblastoma . Por Ultimo, existen otros
canceres como el carcinoma oral de células escamosas (COCE) y el melanoma, en los que
no es tan importante su sobreexpresion, sino su funcién. En el primer caso, COCE, la
activacion del canal se relaciona con la migracién e invasidn de las células tumorales, y
su bloqueo con el efecto opuesto '*°. Mientras que en el caso del melanoma,
contrariamente a los casos anteriores, tanto la activacion como el bloqueo de TRPMS8 se
asocian a una disrupcion del balance de Ca®* en el citosol de las células que puede dar

lugar a la muerte celulary, por lo tanto, a la inhibicién de la proliferacidn del melanoma 3.

3.4.3. TRPMS y trastornos del sistema respiratorio

En el sistema respiratorio, el aumento de la expresion de TRPMS8 en las células
epiteliales de los bronquios se correlaciona con la enfermedad pulmonar obstructiva
crénica (EPOC) y con la hipertensién pulmonar ligada al EPOC 39152, Este canal también
se asocia con la exacerbacién de los sintomas y la excesiva produccién de moco en
respuesta al aire frio que ocurre en las enfermedades inflamatorias crénicas de las vias
respiratorias, como la citada anteriormente o el asma %%, En el caso del asma, esta

hiperreactividad al frio se asocia con un polimorfismo del canal 3.
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3.4.4. TRPMB8 y trastornos de los sistemas digestivo y urinario

El canal TRPMS8 se ha visto sobreexpresado en diversas patologias del sistema
digestivo y del sistema urinario °>%6, Dentro de los trastornos del sistema digestivo, el
canal TRPMS se encuentra sobreexpresado en el sindrome del Intestino Irritable (SII) 1.

Esta condicidn también se ha relacionado con un polimorfismo del canal 1.

Por otro lado, en lo referente a los transtornos del sistema urinario, el canal
TRPMS se ha visto sobreexpresado en el urotelio y/o en las neuronas sensoriales de la
vejiga en el sindrome de la vejiga dolorosa o cistitis intersticial (BPS) *°°, en el sindrome
de la vejiga hiperactiva (OAB) 12 y en trastornos de la vejiga hipersensible 31, También
se ha observado la participacién del canal en la respuesta de la vejiga al enfriamiento
induciendo la miccidn 39131, Todos estos datos sugieren que el bloqueo de TRPMS

reduciria los sintomas de BPS y del resto de condiciones citadas previamente 4.
3.4.5. TRPMBS y trastornos oculares o de la piel.

El canal TRPMS estd involucrado en el sindrome del ojo seco, observandose una
reduccién en la secrecién lagrimal en ratones knock-out '3°. Esto se debe a la
participacion del canal en la deteccidn de la evaporacién inducida por temperaturay en
el cambio de osmolaridad en la superficie de la cornea *°8. Por lo tanto, la activaciéon de
TRPMS8 podria resultar beneficiosa en el sindrome del ojo seco aumentando el lagrimeo

y mejorando de esta manera la sequedad ocular 2>1%8,

Por ultimo, el canal TRPMS8 también se ha relacionado con el prurito agudo y
crénico, ya que su activacién por temperaturas frias y moléculas refrescantes provoca

159 en un modelo in

una mejoria de los sintomas como demuestra el estudio de Palkar
vivo de picor inducido por histamina, sal de difosfato de cloroquina y compuesto

liberador de histamina 48/80 en ratdn.
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OBJETIVOS

Teniendo en cuenta el potencial terapéutico del canal TRPMS8 vy la falta de
compuestos moduladores potentes y selectivos de dicho canal en fases clinicas, este
trabajo se propone identificar y caracterizar nuevos moduladores de TRPM8 mediante
ensayos in vitro, in silico e in vivo. Para ello, se llevaran a cabo los siguientes objetivos

especificos:

e I|dentificar nuevos moduladores del canal TRPM8 mediante técnicas de cribado de
alto rendimiento y realizar estudios de potencia y selectividad.

e Profundizar en la caracterizacion de los mejores candidatos mediante técnicas
electrofisioldgicas y evaluar las propiedades farmacoldgicas en sistemas celulares
mas complejos.

e Analizar la citotoxicidad de los compuestos mediante el ensayo de viabilidad celular
MTT.

e Realizar estudios de modelado molecular de interaccion proteina ligando para
conocer el sitio de unién al receptor y la relacidn estructura actividad de los
compuestos.

e Estudiar la actividad de los compuestos mds eficaces en modelos in vivo de dolor
neuropatico.

e Llevar a cabo estudios preliminares de la permeabilidad de los compuestos en

membranas artificiales para evaluar su aplicacion tépica.
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MATERIALES Y METODOS

1. Sistemas celulares

1.1. Cultivo de lineas celulares continuas

Para poder llevar a cabo los diferentes experimentos se utilizaron distintas lineas

celulares. Para los cribados de moléculas y los ensayos de potencia se emplearon las

células embrionarias de rifion humano HEK293-rTRPM8 y HEK293-hTRPMS8 las cuales

expresan de manera estable el canal TRPMS8 de rata (rTRPMS8) y de humano (hTRPMS8)

respectivamente. Por otro lado, para los ensayos de selectividad se emplearon las lineas

celulares HEK293-hTRPV1, que expresa de manera estable el canal TRPV1 humano

(hTRPV1), y la linea HEK293-LTV transfectada con el canal TRPA1 humano (hTRPA1). Por

ultimo, para los ensayos de viabilidad celular se empled la linea celular HEK293.

Los medios de cultivo empleados para las distintas lineas celulares fueron los

siguientes:

Para la linea HEK293-rTRPM8 se empled el medio de cultivo Dulbecco’s Modified
Eagle Medium (DMEM) (1X) GlutaMAX (Gibco, Paisley, GB, Europa) suplementado
con suero bovino fetal (FBS) (Gibco, Paisley, GB, Europa) al 10%, solucién Pen Strep
(penicilina 10 000 unidades/mL; estreptomicina 10 000 pg/mL) (Gibco, Grand Island,
NE, EE.UU.) al 1% y 50 mg/mL del antibidtico de seleccién geneticina (Gibco, Paisley,
GB, Europa) al 1,5%.

Para las lineas HEK293 y HEK293-LTV se empled el mismo medio de cultivo y la
misma suplementacion que para la linea HEK293-rTRPMS8 sin el antibidtico de
seleccidn (geneticina). Ademas, a la linea HEK293-LTV se le afiadié una solucidén de
Minimum Essential Medium Non-essential Amino Acids (MEM NEAA) 100X al 0,1%
(MEM NEAA) (Gibco, Paisley, GB, Europa).

Para la linea HEK293-hTRPV1 se empled el medio Dulbecco’s Modified Eagle Medium
F-12 Nutrient Mixture (DMEM/F-12) 1:1 1X (Gibco, Paisley, GB, Europa) suplementado
con FBS al 10%, Pen Strep al 1%, MEM NEAA 100X al 1% y geneticina al 1,5%.

Por ultimo, para la linea HEK293-hTRPM8 se empled el medio Eagle's Minimum

Essential Medium (EMEM) (ATCC, Manassas, VA, EE.UU.) suplementado con FBS al
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10%, Pen Strep al 1%, geneticina al 1,5%, L-glutamina 200 mM 100X (Gibco, Paisley, GB,
Europa) al 1% y 2,5 mg/mL de glucosa (Sigma-Aldrich, Madrid, ES, UE).

Todas las lineas celulares se cultivaron en monocapa en un incubador
(ThermoScientific modelo 371, EE.UU.) en condiciones controladas de temperatura
(37°C), humedad y CO3 (5%). El cultivo celular se llevd a cabo en frascos de 25 cm? los
cuales se tripsinizaban con 0.25% Trypsin-EDTA 1X (Gibco, Paisley, GB, Europa) cuando
llegaban a una confluencia del ~90% para sembrar flasks de mantenimiento y placas
para los distintos experimentos. Se realizaron cambios de medio a los cultivos cada 2-3
dias. Todo el proceso de manipulacion celular se llevé a cabo en una cabina de flujo
laminar Faster Bio48 (Faster, Ferrara, IT, UE). Las células (stock) se almacenaron en
criotubos en nitrégeno liquido (~196°C) que contenian medio de congelacién (50%
medio de la linea celular, 40% FBS y 10% dimetilsulféxido (DMSO) (PanReac AppliChem
ITV Reagents, Barcelona, ES, UE).

1.2. Transfeccion de hTRPA1

1.2.1. Amplificacion del plasmido

El plasmido de hTRPA1 (pCAGGSN2/Ires/GFP_hTRPAL1) se obtuvo del laboratorio
de investigacidn sobre canales idnicos en la Universidad Catélica de Leuven, Bélgica. El
proceso de transformacion bacteriana y de amplificacidon del plasmido se llevd a cabo
en bacterias Esterichia coli C41. Para la transformacidn bacteriana se afiadieron 1,7 pL
de una disolucién 1:10 de B-mercaptoetanol (Sigma Aldrich, Steinhein, DE, UE) en agua
estéril por cada 100 pL de suspensién de bacterias. La mezcla se agitd y dejé en hielo
durante 10 minutos, agitando de nuevo en intervalos de 2 minutos. Posteriormente, se
cogieron 90 uL de la suspension de bacterias (con el B-mercaptoetanol) y se les afiadié 100
ng de pldsmido. La solucidon se dejé en hielo durante 30 minutos. Tras este periodo de
tiempo, se procedié al choque térmico. Para ello, se colocé la solucién de bacterias con
el pldsmido en un bafio a 42°C durante 45 segundos y rdapidamente se metié en hielo
durante exactamente 2 minutos. Este aumento repentino de la temperatura produce
una diferencia de presién entre el exterior y el interior de la célula que induce a la

formacion de poros a través de los cuales se puede introducir DNA plasmidico 0, Tras
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este periodo de tiempo se afiadieron 900 pL de medio Luria-Bertani (LB) (MP
Biomedicals, Salon, OH, EE.UU.) autoclavado y se incubd todo durante 1 hora a 37°C.
Posteriormente se sembraron 200 UL de la suspensidn de bacterias de en una placa Petri
con medio LB solido que contenia el antibiético de resistencia ampicilina (Sigma Aldrich)
a 100 pg/mL y se dejé durante 24h en una estufa a 37°C para la recuperacion de las
bacterias. Tras aproximadamente 24 horas se recogié una colonia aislada y se dejé
crecer en 50 mL de medio LB con el antibidtico de resistencia durante 1 dia en agitacion
a 37°C. Todo el proceso se llevo a cabo en condiciones de asepsia bajo la llama de un
mechero Bunsen. La purificacion del plasmido se llevd a cabo con el kit de EZNA Plasmid
DNA Mini Kit (Omege Biotek, Norcross, GA, EE.UU.) segun las instrucciones del
fabricante. El plasmido purificado se cuantific6 usando el espectofotometro
NanoDrop™ (Thermo Scientific) teniendo en cuenta que las ratios 260/280 nm vy
260/230 nm se encontraran entre 1,8 y 2,0 respectivamente. Valores por debajo de 1,8

y 2,0 indicarian posibles contaminaciones proteicas o por compuestos fendlicos del kit.

1.2.2. Expresion de hTRPA1 en HEK293 LTV

Para la transfeccién de las células HEK293-LTV con hTRPA1l se empled el kit
Lipofectamina 3 000 (Invitrogen, CA, EE.UU.) segun las instrucciones del fabricante. La
transfeccion de las células se llevd a cabo en flasks de T25 cm? en los que la confluencia
de las células era del ~60% y la cantidad de DNA afiadida por flask fue de 15 ug. 48 horas
tras la transfeccién, las células se tripsinizaron y sembraron en placas de 96 pocillos

como se detalla posteriormente en los experimentos de microfluorescencia de calcio.

1.3. Cultivo primario de neuronas GRD

Las neuronas se extrajeron de los GRDs de ratas Wistar neonatales (3-7 dias de
edad). Tras la extraccidn de los ganglios se digirieron con colagenasa (tipo IA) al 0,25%
(w/v) (Sigma-Aldrich, Madrid, ES, UE) en un medio DMEM (1X) GlutaMAX con Pen Strep
al 1%. La colagenasa se dejo actuar durante 1 hora en un incubador a 37 °C con
condiciones de humedad controladas y un 5% de CO,. Tras la digestién enzimatica se
realiz6 una disgregacion mecanica con una pipeta. Posteriormente, se filtré la

suspension celular empleando un filtro con un didmetro de poro de 100 uM vy se lavd
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con el medio de cultivo anterior suplementado con FBS al 10%. Las células se sembraron
en gota y se dejaron en el incubador 1 hora. Tras este periodo de tiempo se anadieron
500uL por pocillo de medio de cultivo suplementado con factor de crecimiento nervioso
de ratén 2,5S (Promega, ES, EU) a una concentracion de 50 ng/ml y con arabinésido de
citosina a 1,25 pg/ml. Todos los experimentos se realizaron uno o dos dias tras la

siembra.

2. Libreria de compuestos

Todos los compuestos testados en los experimentos provienen de los
laboratorios de la Doctora Rosario Gonzalez Muiiiz Instituto de Quimica Médica (IQM-
CSIC) en Madrid y de la Doctora Isabel Gomez Monterrey en el departamento de
farmacologia de la Universidad de Napoles. Dichos compuestos fueron disueltos en
DMSO a una concentracién de 50mM (stocks). Las concentraciones finales deseadas se
prepararon en distintas soluciones segun la técnica a emplear. En los experimentos de
microfluorometria de calcio se empled Hanks Balanced Salts Solution (HBSS) 1X; en los
ensayos electrofisiolégicos, solucidn extracelular (detallada en el apartado 5.1.1.); y en

los ensayos in vivo, agua para inyeccion.

3. Microfluorometria de calcio

3.1. Cribados de quimiotecas

Los ensayos de fluorescencia se llevaron a cabo en los equipos PolarStar Omega
y FluoStar Omega (ambos de BMG LABTECH, Offenberg, DE, UE). Para ello, las células se
sembraron en monocapa en placas negras de 96 pocillos con el fondo transparente
(Costar, Kennebunk, ME, EEUU) tratadas previamente con una solucion de poli-L-lisina
(Sigma-Aldrich, Madrid, ES, UE) al 0,01% en tampodn fosfato salino (PBS). Para los
cribados y los estudios de potencia se emplearon las lineas celulares HEK293-rTRPMS8 y
HEK293-hTRPMS, las cuales se sembraron a una concentracién de 30 000 y 50 000

células por pocillo (100 uL), respectivamente, 3 o 4 dias antes del experimento.

El dia del experimento, el medio se sustituyd por sonda Fluo-4 disuelta en

tampdn HBSS y suplementada con 7,7 mg de probenecid en 100 puL de DMSO (Fluo-4
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NW Calcium Assay Kit, Invitrogen, OR, EEUU). La sonda Fluo-4 es una sonda fluorescente
gue se une al calcio. Esta se activa por las esterasas cuando entra en el interior celular.
Cuando los canales TRP se activan dejan pasar iones de calcio al interior celular. Estos
jones se uniran a la sonda provocando un incremento en la sefial de fluorescencia .
Tras la adicidn de la sonda, las placas se incubaron en la oscuridad durante una hora. Los
primeros 30 minutos se mantuvo a 37°C en el incubador y la siguiente media hora a 30°C
en el equipo que se realizd el experimento (PolarStar o FluoStar Omega). La
fluorescencia se midié usando una longitud de onda de excitacion de 485 nm y de
emisién de 520 nm. Las medidas se realizaron durante 20 ciclos de tiempo (cada ciclo
equivale a 96 segundos, 1 segundo por pocillo) a una temperatura constante de 30°C.
Los 3 primeros ciclos muestran la fluorescencia basal, después del ciclo 3 se afiaden
manualmente los compuestos a 3 concentraciones (50, 5y 0,5 uM), el vehiculo (DMSO)
y el antagonista de referencia (1 uM) (Tabla 2) empleando una pipeta multicanal (Rainin
E4 XLS 0,5-10 pl). Posteriormente, en el ciclo 10 se afiade automdticamente el agonista
de referencia en todos los pocillos (10 pl) (Tabla 2). Todas las condiciones se ensayan
por triplicado (n=3) en 3 experimentos diferentes (N=3). En la Figura 9 se muestra un
ejemplo representativo de las distintas condiciones de un experimento de

microfluorometria de calcio.

Tabla 2. Listado de las concentraciones de agonistas y antagonistas empleadas en los ensayos de microfluorometria
de calcio en los canales rTRPM8 y hTRPMS8. Todos los compuestos se obtienen de Sigma-Aldrich.

Linea celular Agonista de [uM] Agonista de [uM]
referencia referencia
HEK293-rTRPMS8 Mentol 100 AMTB 10
HEK293-hTRPM8 Mentol 100 AMTB 5
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Figura 9. Representacion de la intensidad de fluorescencia en las distintas condiciones de un ensayo de
microfluorometria de calcio (controles, vehiculo y compuestos) para el estudio de los moduladores de canales TRP.

Todos los estimulos (vehiculo, control negativo, agonistas y antagonistas) se afiaden en el ciclo 3 excepto en el control
positivo que, como en el resto de pocillos, se afiadird automdticamente en el ciclo 10.

3.2. Ensayos de selectividad

Para la determinacién de la selectividad de los compuestos hacia otros canales
TRP se realizaron los mismos experimentos en las lineas celulares HEK293-hTRV1 y
HEK293 LTV transfectadas con el plasmido hTRPAL. Las células HEK293-hTRV1 se
sembraron a una densidad de 40 000 células por pocillo de 3 a 4 dias antes del
experimento, mientras que las células HEK LTV transfectadas con el plasmido hTRPA1 se
sembraron a una densidad celular de 90 000 células por pocillo un dia antes del
experimento. El dia del ensayo se procede de la misma manera que en el apartado
anterior (metodologia 3.1.), sustituyendo los agonistas y antagonistas empleados por

aquellos propios del canal sobre el que vayamos a testar los compuestos (Tabla 3).

Tabla 3. Listado de agonistas y antagonistas y de las concentraciones empleadas en los ensayos de selectividad en
los canales hTRPV1 y hTRPA1. Todos los compuestos se obtienen de Sigma-Aldrich excepto el RR que se obtiene de
Research Biochemical Inc (Natick, MA, EE.UU.).

Canal/Linea Agonista Concentracion Antagonista Concentracion
celular
HEK293- Capsaicina 10 uM Rojo de 1uM
hTRPV1 Rutenio

HEK293 LTV- AITC 250 uM Rojo de 20 uM
hTRPA1 Rutenio
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3.3. Analisis de datos

El andlisis de datos se llevd a cabo con una plantilla elaborada con el programa
informatico Excel. La modulacién de los canales TRP se calculd en funcion de si los
compuestos presentan actividad agonista o antagonista para los distintos canales.
Cuando los compuestos son agonistas, se compara el aumento de la fluorescencia tras
la aplicacion de los compuestos en el ciclo 3 con el incremento de la fluorescencia
producido por el control positivo (mentol, capsaicina o AITC) en el ciclo 11 (Ecuacion 1).
Por otra parte, cuando son antagonistas, se compara el aumento de fluorescencia
producida por el agonista de referencia en presencia de los compuestos en el ciclo 11,
con el aumento de fluorescencia producida por el control positivo en el ciclo 11

(Ecuacion 2) 162,

Fe; lo4 — Fciclo3 (1)
% Activacion = ( o ) x 100
- FCcicloll - FCciclolo

Fcicloll - Fciclolo (2)

% Inhibicion = (1 — ) * 100
FCcicloll [F FCciclolo

Donde F es la fluorescencia de los pocillos “compuesto” (ciclo 3, antes de afiadir los

compuestos; ciclo 4, tras afadir los compuestos; ciclo 10, antes de afiadir el control

positivo en presencia de compuesto; y ciclo 11, tras afadir el control positivo en

presencia de compuesto) y FC es la fluorescencia de los pocillos “control positivo” (ciclo

10, antes de afiadir el control positivo, y ciclo 11, tras afiadir el control positivo).
3.4. Validacidn de los resultados - Factor Z

Para validar los resultados y determinar su fiabilidad se emplea un pardmetro
estadistico llamado factor Z. Este es una medida del tamafio del efecto estadistico
propuesto para este tipo de ensayos 2. Se calculé mediante la Ecuacién 3 y solo se

tuvieron en cuenta los ensayos con un factor Z mayor o igual a 0,5 62,
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3 (SDmax + SDmin (3)

Factor Z =1 —
actor Mediay,, — Mediapyin

Donde Mediamax equivale a la media de la fluorescencia maxima en presencia del
agonista; SDmax es la desviacion estandar de la fluorescencia maxima en presencia del
agonista; Mediamin €s la media de la fluorescencia maxima en presencia del agonista y
del antagonista; y SDmin €s la desviacidén estandar de la fluorescencia maxima en

presencia del agonista y del antagonista.

3.5. Determinacion de la Potencia de los compuestos (1Cso)

La determinacion de la potencia de los compuestos se llevé a cabo empleando la
técnica previamente descrita (microfluorometria de calcio) incrementando el nimero
de concentraciones a las que se probaron los compuestos. Estos ensayos se realizaron
en las lineas celulares HEK293-rTRPM8 y HEK293-hTRPMS. Los resultados obtenidos se
analizaron como se describe en el apartado 3.3. Una vez calculado el porcentaje de
inhibicidn de todas las concentraciones de los compuestos se procedié al calculo de la
ICso. Para ello se representd la respuesta normalizada (%) frente al logaritmo de la
concentracion de los compuestos (UM) y se realizé el ajuste a la ecuacidon de Hill
(Ecuacion 4) empleando el programa estadistico GraphPad Prism 6.0. Todos los datos de
ICso se expresaron como la media * el error estdandar de la media (SEM) o el intervalo de
confianza. Cada condicidn se analizé por triplicado (n=3) en 3 experimentos diferentes

(N =3).

(Top — Bottom) (4)
1+ 10&-LogIC50)

y = Bottom +

Donde y equivale al porcentaje de la respuesta normalizada, x equivale al logaritmo de
la concentracién del compuesto y Top y Bottom equivalen a la actividad maxima y
minima de TRPMS8, respectivamente, tras la aplicacion de los compuestos (mismas

unidades que y). La ecuacidn posee una pendiente de Hill estandar =-1.
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4. Ensayos de citotoxicidad
4.1. Ensayo de viabilidad celular mediante MTT

La viabilidad celular se establecié mediante un ensayo colorimétrico empleando
Bromuro de 3-(4,5-dimetiltiazol-2-ilo)-2,5-difeniltetrazol (MTT) (Sigma-Aldrich, GB,
Europa). La enzima succinato-deshidrogenasa es una enzima mitocondrial capaz de
convertir el MTT en formazan, un compuesto de color azul cuya intensidad serd

proporcional a la cantidad de células vivas 3.

La linea celular empleada para estos ensayos fue la HEK293. Estas células se
sembraron a una densidad de 20 000 células por pocillo (100 pL) en placas de 96 pocillos,
pretratadas con una solucién de poli-L-lisina 0,01% en PBS, y se incubaron a 37°C en
condiciones de humedad y CO; controladas durante 3 dias para permitir su adherencia.
El tercer dia se afadieron los compuestos a las concentraciones deseadas, el vehiculo
(DMSO0), el control de muerte celular y el control de supervivencia. Para el control de
muerte celular se empled una solucién de PBS con dodecilsulfato sédico (SDS) al 0,1% vy
tritén al 1% (m/v) (ambos de Sigma-Aldrich, Madrid, ES, UE), mientras que para el
control de supervivencia no se afiadid nada a los pocillos. Tras la adicién de los
compuestos, las células se incubaron durante 1 dia mds. Transcurridas 24 horas, se
afiadieron 5 pL de MTT (5 mg/mL en PBS) en cada pocillo. Tras la adicién del MTT, las
células se volvieron a incubar durante 4 horas a 37°C para permitir la formacidén de los
cristales de formazan. Posteriormente, se retird el sobrenadante de cada pocillo y se
sustituyd por 150 uL de DMSO puro. El DMSO se dejé en agitacion a temperatura
ambiente durante 10 minutos para que los cristales de formazan se disolvieran. Por
ultimo, se procedié a la lectura de la densidad dptica de cada pocillo mediante el lector
PolarStar Omega. La lectura se realizé a una longitud de onda de 570 nm. El porcentaje
de viabilidad celular se obtuvo siguiendo la Ecuacion 5 para cada pocillo. Los compuestos

se ensayaron por triplicado (n=3) en 3 experimentos independientes (N=3).

DO células tratadas 1 (5)

o i _
% Viabilidad DO células control

Donde DO equivale a densidad dptica.
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5. Ensayos electrofisiologicos

5.1.  Patch clamp

Los experimentos de patch clamp se llevaron a cabo en dos modalidades
distintas de whole-cell patch clamp con dos tipos celulares distintos. Para estudiar la
potencia de los compuestos, los ensayos se llevaron a cabo en la linea celular HEK293-
rTRPMS8 usando la configuracidon voltage clamp, mientras que para estudiar cdmo los
compuestos afectaban al potencial de membrana en reposo se realizaron en neuronas
GRD mediante la configuracion current clamp. En ambos casos, las micropipetas se
prepararon a partir de capilares de borosilicato (Warner Instruments Novato, CA,
EE.UU.) estirados con un estirador horizontal de micropipetas P-97 (Sutter Instruments,
Novato, CA, EE.UU.) para conseguir una resistencia de entre 2 y 8 MQ. La frecuencia de
muestreo fue de 10 kHz (Amplificador EPC10; PatchMaster 2.53 software; HEKA;

Electronics, Lambrecht, DE, UE).

5.1.1. Configuracidon voltage clamp en lineas estables

Para los experimentos de voltage clamp se emplearon células HEK293-rTRPMS8
sembradas a una densidad de 15 000-20 000 células por pocillo (500 uL) en placas de 24
pocillos (Corning Incorporated, Kennebunk, ME, EE.UU.) 24 o 48 horas antes del
experimento. Estas placas contenian cristales de 12mm de didametro pretratadas con
una solucién de poli-L-lisina. La solucién intracelular empleada en los experimentos
contenia (en mM): 150 NaCl, 5 EGTA, 3 MgCl, and 10 HEPES ajustada a un pH de 7,2 con
KOH; y la solucion extracelular empleada contenia (en mM): 150 NaCl; 6 CsCl; 1,5 CaCly;
1 MgCl,; 10 D-glucosa y 10 HEPES, ajustada a un pH de 7,4 con NaOH. Todos los registros
se llevaron a cabo a temperatura ambiente (entre 22 y 24°C). Mediante esta
configuracidn se llevan a cabo dos tipos de registros, registros en continuo a un voltaje

fijo y rampas despolarizantes de voltaje.

5.1.1.1. Registros en continuo a -60mV

En estos registros se fija el voltaje a -60mV y se registran las corrientes generadas

por diversos estimulos. En condiciones control se aplicaron dos pulsos de mentol a 100
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UM (definidos como ply p2) con un espacio temporal de 90 segundos con el fin de tener
en cuenta la desensibilizacion del canal TRPMS8. Para probar los compuestos, estos se
aplicaron a diferentes concentraciones (0,01-10 uM) 30 segundos antes y durante el
segundo pulso de mentol. Los resultados se expresaron como porcentaje de activacion
de TRPMB8 tras la adicidn de los compuestos. Este porcentaje se calculé normalizando la
relacion p2/p1 de las condiciones testadas con la relacién p2/p1 del control. Tanto el
mentol como los compuestos a ensayar se aplicaron directamente en la célula a

investigar mediante una perfusion por gravedad.

El andlisis de los datos se llevd a cabo mediante GraphPad Prism 6.0. Para realizar
comparaciones multiples se empled el analisis estadistico Ordinary One-Way ANOVA
seguido por el test post hoc Bonferroni, mientras que para identificar outliers se empled
el método ROUT (Q=10%). Para la obtencién de la curva de regresion no lineal y la ICso
se representd el porcentaje de la actividad del canal frente al logaritmo de la
concentracion del compuesto y se hizo el ajuste a la ecuaciéon de Hill (Ecuaciéon 6) con la
restriccion de la actividad maxima del canal al 100% (Top = 100) cuando la concentracién
de compuesto es cero. Se empled un valor estandar para la pendiente de Hill igual a -1.

Todos los datos se expresan como la media * el error estandar de la media (SEM).

(Top — Bottom) (6)
(1 + 10((LogIC50-X)=HiliSlope))

y = Bottom +

Donde y equivale al porcentaje de activaciéon de TRPMS8; x equivale al logaritmo de la
concentracién del compuesto; Top y Bottom equivalen a la actividad mdxima y minima
de TRPM8 tras la aplicacion de los compuestos (mismas unidades que ),

respectivamente; por ultimo, Hillslope equivale a la pendiente de Hill.

5.1.1.2. Rampas despolarizantes de voltaje

Para las rampas de intensidad-voltaje (IV) se empled un protocolo de voltajes de
-120 mV a 120 mV en 300 milisegundos y se registro la corriente celular a los diferentes
voltajes. Se anotd también la capacitancia celular para calcular la densidad de corriente
(J, pA/pF) y representarla graficamente frente a los diferentes voltajes (cada 20 mV). Los

resultados se expresaron como la media £ SEM.
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5.1.2. Configuracién current clamp en neuronas

Para los experimentos de current clamp se emplearon neuronas extraidas
de GRDs sembradas en gota en placas de 24 pocillos con cristales de 12mm de
didmetro pretratados con poli-L-lisina y laminina (Sigma-Aldrich, Madrid, ES, UE) a
concentraciones de 8,3 pug/mL y 5 pg/mL, respectivamente. Se sembraron 24
cristales por rata neonata. La solucidn intracelular empleada contenia (en mM): 4
NaCl; 126 K gluconato; 0,02 CaCly; 1 MgS0a; 5 HEPES; 15 glucosa; 3 ATP; 0,1 GTP y
5 EGTA ajustada a un pH de 7,2 con KOH; Y la solucidn extracelular contenia (en
mM): 140 NacCl, 4 KCl, 2 CaCl, 2 MgCl,, 10 HEPES, 5 glucosa y 20 manitol ajustada a
un pH de 7,4 con NaOH.

En los experimentos de current clamp se midié el potencial (voltaje) de la
membrana celular sin aplicar corriente y se estudié el cambio en dicho potencial tras la
adicion de los compuestos a 10 uM. El cambio del potencial de membrana se calculd
restando el potencial de membrana tras la adicidon del compuesto al potencial de reposo
de la célula. Los datos se analizaron usando el GraphPad 6.0, para realizar
comparaciones multiples se empled el anélisis estadistico Ordinary One-Way ANOVA
seguido por el test post hoc Bonferroni y para identificar outliers se empled el método

ROUT (Q=10%).

5.2. Ensayos funcionales mediante matrices de microelectrodos

Los ensayos funcionales mediante matrices microelectrodo (MEA) se llevaron a
cabo en neuronas GRD. Estas se sembraron en gota en placas de MEA tratadas con poli-
L-lisina y laminina a concentraciones de 8,3 pug/ml y 5 pug/ml respectivamente. Se

sembraron 5 placas por rata neonatal.

Las medidas de la actividad neuronal se llevaron a cabo mediante la aplicacién
de dos pulsos cortos de 15 segundos (ply p2) del estimulo control, KCl 40 mM, usando
un sistema de perfusion continua (2 ml/min). Entre cada estimulo las células se lavaron
con solucién externa durante 10 min. Para evaluar el efecto del compuesto, estos se

aplicaron durante 1 minuto antes del segundo pulso de KCl y durante este segundo
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pulso. Todas las mediciones se realizaron a ~34,5 °C con un controlador de temperatura

en la perfusion.

Para el analisis de datos se empled un clasificador de picos MC_RACK con una
frecuencia de muestreo de 25 kHz. Se considerd potencial de accién aquella actividad
eléctrica neuronal cuya amplitud era 5 veces mayor que la desviacidon estandar de la
sefial basal. La actividad de los electrodos se registré durante 30 segundos mientras se
aplicaban los estimulos. Los electrodos que no mostraron actividad eléctrica en el primer
pulso se desecharon. Posteriormente, se hizo el promedio del nimero de potenciales de
accion registrados en cada pulso y durante la aplicacién del compuesto. Para el calculo
de la actividad del compuesto se estudio la relacion del promedio de los picos p2/ply
se normalizo al control. No se analizé el efecto del compuesto cuando se aplicé por si

solo, ya que no produjo ningun potencial de accién.

6. Estudios de modelado molecular

Para los estudios de acoplamiento molecular se empleé un modelo de rTRPM8
creado por el profesor Gregorio Fernandez Ballester a partir de la estructura de TRPM8
de faTRPMS resuelta por microscopia crioelectrénica (PDBs ID: 6BPQ). En el modelo se
afiadieron los bucles que faltan en la estructura de faTRPMS8 y se eliminaron los

extremos N y C terminal 164,

Para el estudio de las interacciones de los compuestos con el canal rTRPMS se
realizé un acoplamiento molecular global con AutoDock 4 > implementado en Yasara.
En estos estudios se lanzd el compuesto con un total de 800 intentos de acoplamiento.
Los ligandos se agruparon alrededor de los posibles sitios de unién. Posteriormente, el
programa realizé una optimizacion simulada del alineamiento de cada complejo para
llevarlos al minimo de energia estable mas cercano utilizando el campo de fuerza
AMBERO3 °1. El comando de pH de Yasara se fijé en 7,0 para garantizar que las moléculas
conservaran su dependencia del pH de los érdenes de enlace y patrones de protonacion.
Los resultados del acoplamiento molecular se analizaron con un script de Python que
identificé los residuos que interaccionan con el ligando con mayor frecuencia . El

script proporciond la frecuencia de interaccidon y la media + SD de la energia de
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interaccion de cada ligando. El complejo con mejor energia de enlace de cada grupo se
almacend, analizd y usd para conocer el sitio de unién de los compuestos mds probable.
La visualizacién y edicidn de las moléculas también se hizo con Yasara, mientras que las

figuras se dibujaron con Pymol 1.8 (Schrédinger, LLC).

7. Ensayos in vivo

Todos los procedimientos experimentales se aprobaron por los Comités de
Cuidado y Uso de Animales de la Universidad Miguel Hernandez y del gobierno regional,
y se llevaron a cabo de acuerdo con los principios éticos de la Asociacién Internacional
para el Estudio del Dolor para la evaluacién del dolor en animales conscientes 7, Ia
Directiva 2010/63/UE del Parlamento Europeo y del Consejo %8 y el Real Decreto
53/2013 1%, Los animales se mantuvieron en condiciones ambientales controladas:
temperatura 21 + 1°C y humedad relativa de 55 + 15% en un ciclo de luz/oscuridad cada
12 horas. Los animales tenian libre acceso a alimento y a agua excepto durante la
habituacion o las medidas experimentales. En todo momento se procurd minimizar el

numero de animales utilizados y el dolor y el estrés que estos experimentaron.
7.1. Modelo de alodinia al frio mediada por oxaliplatino

Para el Modelo de dolor neuropatico mediado por oxaliplatino se emplearon
ratones C57BL6 de entre 5 y 15 semanas (20-30 g) (Harlan, NL, UE). Los ratones se
dividieron en dos grupos, grupo oxaliplatino y grupo control. El dolor neuropatico se
indujo al grupo oxaliplatino tras administrar por via intraperitoneal (i.p.) o subcutanea
(s.c.) 6 mg/kg de oxaliplatino (Tocris, Bristol, GB, Europa) durante tres dias alternos. El
oxaliplatino se disolvié en agua para inyeccion (Braun, Melsungen, DE, UE) con dextrosa
o manitol al 5%. Esta solucién se prepard cada dia justo antes de su administracién. Al
grupo control se le suministrd la misma solucién de agua para inyeccion con dextrosa o
manitol al 5% también durante tres dias alternos. La alodinia al frio se evalu6 mediante
el test de acetona antes del tratamiento con oxaliplatino o vehiculo y 3 dias después de

su ultima administracion.
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7.1.1. Evaluacion de la alodinia al frio mediante Test de acetona

La sensibilidad térmica generada en el modelo de alodinia al frio mediada por
oxaliplatino se evalud utilizando el test de acetona. Para medir la sensibilidad a la
acetona, los ratones se colocaron en cajas individuales de metacrilato sobre una rejilla
de metal que permitia aplicar la acetona. La gota de acetona (20 pl) se aplico sobre la
superficie plantar media de la pata trasera derecha y se contabilizé el numero de
respuestas de tipo nociceptivo que consistian en lamer, atender, arrastrar o levantar la
pata; o la duracidén de estas. Las respuestas se midieron durante un periodo de tiempo
determinado con un cronédmetro digital. Para cada medicidn, se aplicé acetona dos o
tres veces (en intervalos superiores a 3 minutos) y se calculé la media. Eltest de acetona
se realizd entre los 15 minutos y las 3 horas posteriores a la administracion del
compuesto segun la duracién del efecto. Los ratones se manipularon y se habituaron al
experimentador y al lugar de experimentacién (rejilla) durante la semana anterior a los
experimentos. El dia de los experimentos, los ratones se colocaron entre 30 minutos y
una hora antes en la rejilla para su aclimatacion. El comportamiento animal se analizé
con un test ANOVA de medidas repetidas seguido de una prueba post hoc Tukey
utilizando el GraphPad Prism 6.0. Se consideraron estadisticamente significativos

valores de p inferiores a 0,05.

7.1.2. Administracion de los compuestos

Los ratones tratados con oxaliplatino y los ratones control se dividieron a la vez
en 2 grupos: el grupo que recibia el compuesto a testar y el grupo que recibia el vehiculo
de dicho compuesto. Los compuestos a testar se prepararon segun la Tabla 4 y se
administraron de manera intraplantar (i.pl.) en un volumen de 25 pL. El stock de los
compuestos se preparé en DMSO (la cantidad de DMSO administrada siempre fue

inferior al 5%).
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Tabla 4. Preparacion de los compuestos para su administracion i.pl.. Se indica la concentracidn del compuesto en la
solucion inyectable y el volumen y la cantidad de los compuestos administrados.

Compuesto Preparacion del Concentracion Volumen Cantidad de
compuesto para del compuesto administrado compuesto
inyeccion en la solucion i.pl. administrada
inyectable.
14 solucidn salina para 400y 1200 25 uL 10y 30 ug
inyecccion + ug/mL

cremophor EL® (MA,
EE.UU.)al 2,5%

24a solucién salina para | 40y 120 pg/ml 25 uL ly3ug
injeccion

51 solucioén salina para 4y 40 pg/ml 25 uL 0.1y1lpg
injeccidn

7.2. Modelo de hipersensibilidad mecanica inducida por nitroglicerina

Para el modelo de hipersensibilidad mecanica inducida por nitroglicerina (NTG)
se emplearon ratones C57BL6 machos y hembras (=25 g) (Envigo, Blackthorn, GB,
Europa). El modelo se generd administrando via i.p. una solucidon de NTG (Nitro Pohl)
diluida en solucidn salina a 10 mg/kg 2 horas antes de las mediciones. El grupo control
recibié solamente inyecciones de solucién salina. La hipersensibilidad mecanica se midié

mediante el test de von Frey.

7.2.1. Test de von Frey

Los valores del umbral mecdnico se obtuvieron mediante los filamentos de von
Frey (Stoelting, Wood Dale, IL, EE. UU.). Estas medidas se realizaron antes de la
aplicacion del compuesto y a diferentes intervalos de tiempo tras la inyeccidn del
compuesto (alos 15, 30, 60 y 120 minutos en los ratones macho y a los 30, 60, 120y 180
minutos en los ratones hembra). Para los experimentos los ratones se colocaron en una
rejilla de alambre 20 minutos antes de empezar las medidas. Los filamentos de von Frey
se aplicaron en la superficie plantar de las patas traseras siguiéndose el método up and
down de Dixon 9, En este método, una respuesta positiva (levantar, sacudir o lamer la
pata) lleva a la aplicacion del filamento posterior mdas delgado, mientras que una
respuesta negativa (sin respuesta) lleva a la aplicacién del filamento posterior mas

grueso. Los filamentos empleados fueron 2,44; 2,83; 3,22; 3,61; 4,08 y 4,56. Se partid
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del filamento 3,61 y se tomaron 6 medidas en cada animal en una pata aleatoria
(izquierda o derecha). El umbral de respuesta del 50 % se calculé mediante la siguiente

ecuacioén (Ecuacion 7):

(10(Xf+Kd)) (7)

Umbral del 50 % (g) = 10000

Donde Xf es el valor del ultimo filamento de von Frey aplicado; K es un factor de
correccion basado en el patrén de respuestas (obtenido de la Tabla de calibracién de
Dixon); y d es la distancia media en unidades logaritmicas entre estimulos (0,4 en este

caso).

Se calculé el umbral de von Frey para cada animal y se representé la media +
SEM. El andlisis de datos se realizé utilizando GraphPad 6.0 para realizar comparaciones
multiples se empled el andlisis estadistico two-way ANOVA seguido de la prueba post

hoc de Bonferroni.
7.2.2. Administracion del compuesto

El compuesto a testar (51) se prepard en DMSO vy se diluyé en solucién salina
para inyecciones. Este fue administrado via i.p. a 10 mg/kg y 30 mg/kg 2 horas después

de la administracion de NTG.

8. Ensayos preliminares de permeabilidad

Todos los ensayos de permeabilidad se llevaron a cabo durante la estancia de
investigacion en el Centro de Investigacién en Biociencias y Tecnologias de la Salud

(CBIOS) de la Universidad Luséfona en Lisboa, Portugal.
8.1. Celdas de Franz

Los ensayos de permeabilidad se llevaron a cabo utilizando celdas de Franz de
vidrio con un volumen receptor de ~4 mL y con un drea de difusién de 0,95 cm?. La
membrana que se empled en los experimentos para simular la epidermis fue la

membrana de silicona Liveo™ 7-4107 (Dupont, Delaware, EE.UU.).

61



Las celdas de Franz se dividen en un compartimento dador y un compartimento
receptor separados por una membrana. En cada compartimento dador (n=4) se
depositaron 300puL de la solucidon de los compuestos a testar (1 mg/mL) en etanol:agua
(50:50). En el compartimento receptor se depositaron ~4 mL (se anotd el volumen
exacto) de etanol:agua (50:50) como medio receptor. El compartimento receptor se
mantuvo en agitacién constante (150 rpm) en un bafio termostatico a 37°C. Todos los
experimentos de difusiéon se llevaron a cabo en condiciones oclusivas sellando el

compartimento dador con un cubreobjetos.

En lo referente a la toma de muestras, se recogieron 400 plL del compartimento
receptor a los diferentes intervalos de tiempo designados (2h, 4h, 6h, 8h, 10h and 24h).
Tras el muestreo se reemplazaron rapidamente los 400 pL extraidos por nueva solucién
receptora (etanol:agua) atemperada previamente. Las muestras se almacenaron a -20°C

hasta el dia del andlisis mediante cromatografia liquida de alta eficacia (HPLC).

8.2. Recta patron y analisis cuantitativo de las muestras mediante HPLC

El analisis de las muestras se llevd a cabo mediante un equipo de HPLC (1200
Infinity Agilent Technologies) equipado con un horno de columna y un detector de
diodos G1315D, 1260 DAD VL. Los solventes empleados fueron el Acetonitrilo (ACN)
(Fisher Chemical, Leicester, GB, Europa) y agua acidulada con acido trifluoroacético

(Sigma, Deisenhofen, DE, UE) al 0,3% v/v.

Los experimentos se llevaron a cabo en una columna de fase reversa Eclipse XBD-
C18 (4,6 x 250 mm, 5 Micron) con un volumen de inyeccidén de 20 pL y un gradiente
compuesto por el eluente A (ACN) y eluente C (agua acidulada) en las siguientes
proporciones: 0 min, 5% A, 95% B; 5 min, 95% A, 5% B; 7 min, 95% A, 5% B; 9 min, 5% A,
95% B; 15 min, 5% A, 95% B. El flujo fue de 1 mL/min y la temperatura de los
experimentos 25°C. El tiempo de analisis fue de 15 minutos, incluyendo la estabilizacién
de la columna. La longitud de onda seleccionada fue de 220 nm, ya que mostraba areas
de deteccion mayores. El procesamiento de datos se llevé a cabo con Agilent OpenLAB

CDS ChemStaton Workstation.
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Los estandares se prepararon en metanol mientras que las muestras estaban
disueltas en etanol:agua 50:50. Se analizaron los estdndares mediante HPLC y se
represento el drea (mAU*s) frente a la concentracion analizada (mg/ml) obteniéndose
la recta de calibracion. Ademas de la recta de calibracion, se calcularon los coeficientes
de correlacion el limite de cuantificacién (LOC) y el limite de deteccion (LOD). Para la
cuantificacién de las muestras se empled la recta de calibraciéon de cada compuesto, y
sabiendo el drea de las muestras se calculd su concentracion (mg/ml) a cada intervalo
de tiempo. Posteriormente se calculd la acumulacién del compuesto (ug/cm?) y se
represento frente al tiempo obteniendo una linea de regresion para cada celda de Franz

cuya pendiente equivali6 al flujo de difusién de los compuestos (ug/cm?2/h).
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RESUMEN DE LOS RESULTADOS Y DISCUSION

Capitulo 1. Caracterizacion in vitro, in silico e in vivo de compuestos derivados de -

lactamas como bloqueadores de TRPMS8

Nuestro grupo de investigacion lleva afios colaborando con el grupo de la Dra.
Rosario Gédmez Muiiiz del Instituto de Quimica Médica de Madrid en la busqueda de
moduladores de los canales TRP. Ambos grupos realizaron una campania de cribado de
diversos compuestos derivados de [B,y-diamino ésteres en diferentes canales TRP
(TRPA1, TRPV1 y TRPMS). Estos derivados poseen un gran numero de enlaces rotables
que les permiten adoptar varias conformaciones y adaptarse asi a los diferentes canales
TRP, siendo poco selectivos hacia un canal en concreto. Esta hipdtesis junto con el
estudio de otras estructuras quimicas llevé a la introduccidn de un nucleo de B-lactama

en las estructuras de los derivados de B,y-diamino ésteres 172,

Las B-lactamas surgen con el descubrimiento de la Penicilina en 1928 172, aunque
su estructura no se describid hasta 20 afios mas tarde 7%, Estas B-lactamas constituyen
el grupo de antibidticos mas usado en el mundo '72. Su mecanismo de accién consiste
en inhibir la Gltima etapa de la sintesis de la pared celular bacteriana 3. Sin embargo,
en la actualidad también poseen otras indicaciones terapéuticas. Un ejemplo disponible
en el mercado es el farmaco Ezetimibe, el cual actiia como un inhibidor de la absorcidn
del colesterol 174, Estas estructuras también se estdn estudiando para el tratamiento de

177

otras condiciones como las patologias neurodegenerativas 7>7%, el céncer y la

hiperalgesia y/o alodinia al frio que cursa con algunos tipos de dolor neuropatico 78.

Entre las multiples ventajas del anillo B-lactamico en la sintesis de distintas

moléculas 171

cabe destacar la rigidez que aporta a las estructuras peptidicas mediante
su ciclacién 7%, convirtiéndolas en estructuras estables. Esta estabilidad puede llevar a
una mayor potencia y selectividad de los compuestos, acotando posibles interacciones
con otras proteinas. De este modo, para continuar con la blisqueda de moduladores mas
especificos, se prepard una serie de B-lactamas derivadas de conjugados de los
aminodacidos fenilalanina (Phe) y acido aspartico (Asp) o de Phe y acido glutamico (Glu),

en la cual se identificaron 2 compuestos (compuestos 1 y 2 de la Figura 10A) como

bloqueadores potentes y selectivos de TRPMS &, Estos dos compuestos se convirtieron
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Resumen de los resultados y discusion. Capitulo 1.

en los primeros miembros de una nueva clase de moduladores de canales TRP basados
en un esqueleto B-lactamico. A partir del descubrimiento de esta nueva clase de
moduladores de TRPM8 se ha continuado con la busqueda de modificaciones
estructurales para mejorar las propiedades farmacoldgicas y conseguir la aplicacién
terapéutica de estos compuestos en el dolor y el cancer, como veremos en las

publicaciones que forman parte de esta tesis.

Publicaciéon 1. Highly functionalized 8-lactams and 2-ketopiperazines as TRPMS8

antagonists with antiallodynic activity

En la publicacién citada previamente, de La Torre-Martinez '8, se identificaron
los compuestos 1y 2 (Figura 10 A) como bloqueadores potentes y selectivos de TRPMS.
En dichos estudios se observé que el derivado corto de Asp era mas potente que el
derivado largo de Glu y que los 3 grupos bencilos y el grupo hidrofdbico tert-
butyloxycarbonyl eran importantes para su actividad. Asi pues, en esta publicacidn, se
propuso buscar derivados B-lactdmicos mds cortos con cuatro sustituyentes
hidrofébicos que pudieran mejorar la actividad farmacoldgica de los compuestos
previos. Para ello, se prepararon una serie de conjugados de Z-fenilalaninol con
derivados de aminodcidos y se ciclaron dando lugar a 16 compuestos heterociclicos con

nucleos de B-lactama o de 2-cetopiperazina (CP) (Figura 10 B).
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Figura 10. Heterociclos derivados de aminodcidos con potencial bloqueador de TRPMS8. A) Derivados 8-lactdmicos
identificados en trabajos anteriores (1 y 2) 18, B) Ciclacion del conjugado lineal de Z-fenilalaninol dando lugar a

derivados heterociclicos con nucleos de 8-lactama y de 2-cetopiperazina. Se muestran las férmulas generales de las
moléculas que conforman este trabajo.

En un primer lugar, se realizaron cribados de las moléculas sintetizadas mediante
microfluorometria de calcio en células HEK293-rTRPM8. Estos estudios demostraron la
actividad bloqueadora de todos los compuestos sintetizados y permitieron determinar

las configuraciones mads interesantes para cada una de las estructuras principales
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(B-lactamas o CPs). Para las B-lactamas se observé una mayor actividad antagonista en
la configuracion 2'R mientras que en las CP destacan las configuraciones 5R, 1'R. Cabe
destacar que todas las CP y parte de las B-lactamas se ensayaron como mezclas de
diastereoisdmeros, por lo que las relaciones estructura-actividad no se pudieron definir
con precision. También se corrobord la importancia del fenilo en la posicién 4 como
habian demostrado los estudios anteriores 8. Posteriormente, se amplié el nimero de
concentraciones a las que se probaron los compuestos permitiéndonos calcular las
curvas dosis-respuesta y los valores de 1Cso, obteniéndose los mejores resultados para
la B-lactama 29a y la CP 30ab, con ICses de 0,4 + 1,5y 0,2 + 1,6 uM respectivamente
(Tabla 5). Sin embargo, se continuaron los ensayos solo con las B-lactamas 24ay 29a por
ser los compuestos enantiopuros con mejor actividad. Por otra parte, se realizaron
estudios de selectividad mediante las mismas técnicas frente al canal TRPV1 en células
HEK293-hTRPV1. Ninguno de los derivados mostré actividad agonista ni antagonista en

este canal, indicando selectividad hacia TRPMS.

Tabla 5. Estructura, configuracion e ICsop de los compuestos con mejores resultados en los ensayos de
microfluorometria de calcio.

Compuesto R R’ Configuracion ICso £ SEM (uM)
B-lactama 24a Me - 35,45,2°S 2,4+1,2
B-lactama 29a Me - 35,45,2°R 04+1,5

CP 30ab Me Bn 3R,5R,1’S/3R,5R,1'R 0,2+1,6

Posteriormente, se confirmé la actividad de los compuestos enantiopuros mas
potentes (24a y 29a) mediante experimentos de patch clamp configuracion whole-cell
en la misma linea celular. Ambos compuestos fueron capaces de bloquear de manera
dosis dependiente las corrientes de rTRPMS8 producidas por mentol 100 uM a un voltaje
fijo de -60 mV (Figura 11 B y D). Los valores de ICso obtenidos mediante técnicas
electrofisioldgicas confirmaron los resultados previos. Se obtuvo una ICso de 1,4 + 1,1
UM para el compuesto 24ay de 0,8 £ 1,1 uM para el compuesto 29a. También se estudid
la densidad de corriente del canal tras su estimulacién con 100 uM de mentol en
presencia y ausencia de los compuestos. Se observé que ambos compuestos a 10 uM

disminuian las corrientes mediadas por mentol (Figura 11 Ay C).
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Figura 11. Los compuestos 24a y 29a bloquearon las respuestas de rTRPM8 a mentol 100 uM en células HEK293-
rTRPMS8. A) y C) Densidad de corriente de rTRPMS8 a los diferentes voltajes (rampas de -120 a +120mV) en condiciones
basales (vehiculo), en presencia de estimulo (mentol 100 uM) y en presencia de estimulo mds el bloqueador 24a (A) y
29a (C) a 10 uM. La corriente se expresa como pA/pF (para permitir la comparacion entre células de diferentes
tamarios). B) y D) Curvas dosis-respuesta e ICsq del bloqueo de la corriente de rTRPM8 mediada por mentol 100 uM
tras la adicion de diferentes concentraciones de los compuestos 24a (B) y 29a (D) a un voltaje fijo de -60mV. Todos los
resultados se expresan como media + SEM.

Por otra parte, dada la participacion y/o sobreexpresién del canal TRPMS8 en
diferentes tumores malignos (prdstata, mama, colon, piel, etc.) 39, se quiso estudiar el
efecto de las B-lactamas 24a y 29a a 10 uM en 60 lineas celulares tumorales mediante
un screening llevado a cabo en el Instituto Nacional de Cancer de EE.UU.. En todas las
lineas celulares se observo un efecto citotdxico no selectivo, obteniéndose los mejores
resultados para las lineas celulares de leucemia, melanoma, cancer de pulmodn, colon,
ovario, rindn y préstata. También se llevaron estudios de citotoxicidad en colaboracién
con la empresa PharmaMar en cuatro lineas celulares humanas de cancer de pulmédn,
colon, mama y pancreas; y los resultados se compararon con los del agente
quimioterapéutico doxorrubicina. El compuesto 24a mostré mejor actividad citotdxica
qgue el compuesto 29a en las lineas celulares de cancer de pulmédn, colon y pancreas;
presentando potencia micromolar. Cabe destacar que los resultados no se correlacionan
con la potencia de los compuestos para bloquear TRPM8 y que ninguno de ellos fue mas

potente que el control doxorrubicina. Este hecho, junto con la escasez de datos que existen
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en la expresién de TRPMS8 en las distintas lineas celulares tumorales, no nos permite
asegurar que la actividad antitumoral de estos compuestos se deba Unicamente al bloqueo
de TRPMS, pudiendo poseer mecanismos de accion independientes de este canal. Por otra
parte, también estudiamos la citotoxicidad de los derivados B-lactamicos mediante ensayos
de viabilidad celular (MTT) en la linea celular no tumoral HEK293. Ninguno de los

compuestos mostro citotoxicidad ni a concentraciones elevadas de 500 pM.

Tras los estudios in vitro, se investigaron posibles sitios de uniéon de ambas familias
de compuestos al canal rTRPM8 mediante ensayos de modelado molecular. Se continué
con el estudio de las B-lactamas 24a (Figura 12) y 29a, vy se eligio la CP 13a como ejemplo
de este segundo grupo. Se observé que los 3 compuestos interaccionan con TRPMS8 en la
zona del poro (>80% de las soluciones) mostrando dos soluciones principales. Este sitio de
unién mayoritario se encuentra en la mitad de la regiéon TM, principalmente entre los
dominios TM5 y TM6 (dominios TM de las regiones S5 y S6) de una subunidad del canal
con los dominios TM5 y TM6 (o el segmento que los conecta) de una subunidad
adyacente. El segundo sitio de unidn, sitio 2, corresponde a la boca citosdlica del poro en
las hélices que conectan los dominios TM6 vy la regiéon TRP de las 4 subunidades que
forman el canal. En ambos sitios de union se observan principalmente interacciones
hidrofdbicas, apilamientos m-1t y puentes de hidrégeno. En el manuscrito se describen con
mayor detalle las interacciones con los diferentes aminoacidos de la proteina (Anexo |,
paginas 5-8). Ninguno de los sitios de union coincide con los identificados para otros
antagonistas del canal descritos en bibliografia como el AMTB o el TC-I '8, haciéndolos

una clase Unica de antagonistas de TRPMS.
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Figura 12. Sitios de unidn principales para el compuesto 24a. A) Sitio 1. B) Sitio 2. El compuesto 24a estd en naranja.

Mientras que las cadenas laterales de TRPMS8 que interactian con el compuesto estdn en azul. Los heterodgtomos se
indican en rojo (O) y en azul oscuro (N).
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Por ultimo, se realizaron estudios in vivo de la B-lactama 24a en un modelo de
neuropatia periférica inducida por quimioterapia (NPIC), concretamente inducida por
oxaliplatino. Varios agentes quimioterapéuticos en primera linea clinica inducen NPIC,
empeorando la adhesién al tratamiento y la calidad de vida del paciente. En las NPIC
ocasionadas por oxaliplatino, se desarrolla una hipersensibilidad al frio que se
correlaciona con un aumento de la expresién de los canales TRPMS8 y que disminuye tras
la administracion de un antagonista del canal 4748136182 Asj pues, en estos estudios se
indujo una NPIC tras administrar oxaliplatino 6mg/kg durante tres dias alternos. El
octavo dia se midid la alodinia al frio mediante el test de acetona, contabilizandose el
tiempo de lamido en respuesta a una gota de acetona. Los resultados demostraron que
1 pg del compuesto 24a administrado via intraplantar (i.pl.) disminuye de manera
significativa el tiempo de lamido 15 minutos tras su administracién. Se observa una
duracion del efecto de hasta 2 horas, mostrando su actividad maxima a los 30 y 60
minutos (Figura 13 A). Cuando se aumento la dosis del compuesto a 3 pg, se alcanzé con
anterioridad la actividad maxima y se alargo su duracidon. Comenzando a los 15 minutos
tras su administracion y prolongandose hasta los 60 minutos. Sin embargo, no se

observé efecto a las 2 horas (Figura 13 B).
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Figura 13. El compuesto 24a disminuye la hipersensibilidad al frio inducida por oxaliplatino a 1 ug (A) y 3 ug (B) via
i.pl. Se realizo el test de acetona a los animales tratados con oxaliplatino y con vehiculo antes y después de la aplicacion
del compuesto. Los datos se dan como la media + SEM (n=5). **P <0,05; ***P <0,001; ****P <0,0001.

Publicacién 2. Phenylalanine-Derived 8-Lactam TRPMS8 Modulators. Configuration

Effect on the Antagonist Activity

En el trabajo anterior se empezo a intuir el posible efecto de la configuracion de
los centros estereogénicos sobre la actividad de las B-lactamas. Este hecho nos llevo a
estudiar mas exhaustivamente el efecto de la configuracion espacial de las B-lactamas
en su actividad frente a TRPMS8 dando lugar a este trabajo. Por razones de eficiencia de
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Resumen de los resultados y discusion. Capitulo 1

sintesis, se sustituyd el grupo protector de aminas Z del precursor de las B-lactamas
empleado en el trabajo anterior por dos grupos bencilo dando lugar a la B-lactama
4-bencil-1-[(3'-fenil-2'-dibencilamino)prop-1'-il]-4-benciloxicarbonil-3-metil-2 oxoazetidina.
Esta sustitucion evitd que el nitrégeno ciclara con el carbono 2”” dando lugar a la CP (Figuras
10 y 14). Asi pues, en este trabajo se prepararon y caracterizaron mediante ensayos de
microfluorometria de calcio, patch clamp y modelado molecular los compuestos 13, 14, 15
y 16, cuatro posibles derivados diastereoisoméricos de la B-lactama previamente citada,

cuyas configuraciones se muestran en la Tabla 6.

A0 T 20

Conjugado lineal B-lactama que da lugar a este trabajo

Figura 14. Conjugado de aminodcidos inicial para la obtencion de la 8-lactama descrita en la publicacion actual.

Los cuatro compuestos diastereoisémeros fueron capaces de bloquear en mayor o
menor grado la entrada de calcio mediada por la activacion de rTRPM8 con mentol 100 uM
en ensayos de microfliorografia de calcio, mostrando una potencia mas elevada que el
antagonista de referencia AMTB (Tabla 6). El esteroisdmero mas potente resulto ser el 16,
con una configuracién R para todos sus estereocentros. Posteriormente le siguieron el
compuesto 14, confirmando la importancia de la configuraciéon R en el carbono 2’; el
compuesto 15, con una configuracién 3R,4R,2’S; y, por ultimo, el compuesto 13, con una
configuracidn S para sus tres estereocentros. Esta configuracion S reduce la potencia del

compuesto unas 10 veces. La eficacia y potencia de los compuestos se indica en la Tabla 6.

Tabla 6. Porcentaje de bloqueo de rTRPMS8 (en presencia de mentol 100 uM) mediado por los diastereoisémeros 13,
14, 15 y 16 a 5 y 50 uM en ensayos de microfluorometria de calcio. Se indica también la configuracion de los
compuestos y sus ICses. Todos los resultados se expresan como media + SEM.

oo | CoifaEdsi % Bloqueo de % Bloqueo de Potencia ICso
TRPM8 a 5uM  TRPMS a 50uM (uMm)
13 35,45,2'S 57,7+7,2 86,1+5,0 3,1+1,1
14 3S,4S,2'R 789+1,2 87,7+3,1 0,3+1,0
15 3R,4R,2’S 71,1+43 90,3+2,8 0,7+1,1
16 3R,4R,2'R 87,3+8,1 98,5+ 3,2 0,02+1,1
AMTB64 7,3+15
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Resumen de los resultados y discusion. Capitulo 1.

Para comprobar silos compuestos presentaban actividad hacia otros canales TRP
se realizaron estudios de selectividad mediante las mismas técnicas en los canales
hTRPV1 y hTRPA1l en las lineas celulares HEK293-hTRPV1 y HEK293-LTV-hTRPA1l
respectivamente. Ninguna de las cuatro configuraciones mostré actividad agonista ni
antagonista hacia estos canales TRP. Asi pues, a diferencia de la mayoria de los
antagonistas de TRPMS8 descritos hasta la fecha 8, los compuestos revelaron una

importante selectividad frente a otros miembros TRP.

Adicionalmente, se corrobord la actividad antagonista de los compuestos mas
potentes (14 y 16) mediante técnicas electrofisioldgicas (whole-cell patch clamp). Se
comprobé que los dos compuestos a diferentes concentraciones bloquearon las
respuestas de rTRPM8 a 100 uM de mentol a un voltaje fijo de -60 mV, obteniéndose
unos valores ICsp de 0,9 + 1,0 uM (14) y 0,1 £ 1,0 uM (16) (Figura 15 B y D). Hasta el
momento, podemos decir que el compuesto 16 es el mas potente identificado dentro
de esta serie de B-lactamas. También se estudid la densidad de corriente del canal
mediante rampas de voltaje y se observé que ambos compuestos inhibian las corrientes

mediadas por mentol a 100 uM (Figura 15 Ay C).
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Figura 15. Los compuestos 14 y 16 bloquearon las respuestas de rTRPM8 a mentol 100 uM en células HEK293-rTRPM8.
A)y C) Registros representativos de rampas de voltaje (-120 a +120mV) en condiciones basales (vehiculo), en presencia
de estimulo (mentol 100 uM) y en presencia de estimulo mds los bloqueadores 14 (A) y 16 (C) a 10 uM. La corriente se
expresa como pA/pF. B) y D) Curvas dosis-respuesta e ICsodel bloqueo de la corriente de rTRPM8 mediada por mentol
100 uM en presencia de varias concentraciones de compuesto 14 (B) y 16 (D) a un voltaje fijo de -60mV. Los resultados
se dan como media + SEM.
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Tras conocer la actividad bloqueadora de TRPMS8, se quiso estudiar si los
compuestos interaccionaban con otros canales idnicos alterando el potencial de
membrana celular en reposo. Para ello, se emplearon sistemas celulares mds complejos,
como son las neuronas GRD de rata, y la configuracién current clamp, aplicando los
compuestos (o vehiculo) como Unico estimulo. Ninguno de los dos compuestos altero el

potencial de membrana a 10 uM (Figura 16).
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Figura 16. Los compuestos 14 y 16 no alteraron el potencial de membrana de las neuronas GRD. A) Registros
representativos del cambio de potencial de la membrana de las neuronas en presencia de vehiculo, de los compuestos
14 y 16 a 10 uM, y de mentol a 100 uM. B) Representacion grdfica del cambio en el potencial de membrana de las
neuronas tras la aplicacion del vehiculo, de los compuestos 14 y 16 a 10 uM y de mentol a 100 uM. Los resultados se
muestran como media + SEM.

Para profundizar con el estudio de los compuestos sobre la excitabilidad
neuronal, se emplearon matrices de multielelectrodos (MEA). En este caso se
registraron los potenciales de accidn generados por una red neuronal tras la aplicacion
de los compuestos 14 y 16. Se observé que ninguno de los compuestos inducia
potenciales de accidn ni inhibia aquellos producidos por el control positivo (KCl 40 mM)
(Figura 17). Estos resultados indican que los derivados B-lactdmicos 14 y 16 no afectan
a los canales de sodio ni de potasio dependientes de voltaje, descartando un posible

efecto anestésico y corroborando la selectividad de los compuestos hacia TRPMS.
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Figura 17. Los compuestos 14 y 16 no alteraron la actividad neuronal en neuronas GRD. Se representa la frecuencia
de potenciales de accién entre dos pulsos de potasio 40mM en presencia y ausencia de los compuestos 14y 16 a 10
uM. Los resultados se dan como media + SEM.

Por ultimo, se estudid como la configuracidn espacial afecta a la interaccion
proteina ligando mediante ensayos de modelado molecular. El hecho de que todos los
isdmeros descritos en esta publicacidn bloqueen rTRPMS8 sugiere que la unidn de dichos
compuestos ocurre en un area lo suficientemente grande para acomodar a las diferentes
configuraciones tridimensionales de los sustituyentes hidrofdébicos. Los resultados
mostraron que los cuatro diastereoisdmeros se unen a la zona del poro preferencial o
exclusivamente. Dos de las cuatro soluciones mayoritarias coinciden con las de la
anterior publicacion (subsitio 1: parte media del poro, entre los dominios TM5 Y TM6 de
una subunidad del canal con el dominio TM6 de una subunidad adyacente. Subsitio 2:
parte interna del poro, entre las hélices que conectan TM6 y TRP). El subsitio 3 esta
ubicado en la parte superior del poro e involucra residuos en los dominios TM3 y TM4
de una subunidad y el dominio TM6 de una subunidad adyacente. Por ultimo, el subsitio
4 se sitla en la parte externa del poro en las dos hélices alfa que conectan las
subunidades TM5 y TM6 de 3 subunidades contiguas. En todos los casos, la mayoria de
las conexiones entre el canal y las B-lactamas son interacciones de Van de Waals (VdW)
y apilamientos m—m. Dichas interacciones se describen en mayor profundidad en el
manuscrito (Anexo Il, paginas 9-11). Estos estudios indican una vez mas un modo
diferente de interaccion de los derivados B-lactdmicos con respecto a otros antagonistas
de TRPMS descritos en la bibliografia!®!, haciéndolos una clase Unica de antagonistas de

TRPMS.
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Publicacién 3: 8-Lactam TRPM8 Antagonist RGM8-51 Displays Antinociceptive Activity
in Different Animal Models

Ademas de las B-lactamas descritas en las publicaciones anteriores, se llevaron a
cabo estudios con otros derivados de la misma serie, detacando el compuesto 51 (Figura
18) por su alta eficacia. Asi pues, en esta publicacidn se lleva a cabo una evaluacion mas
exhaustiva tanto in vitro como in vivo de la B-lactama 51. Se realizaron ensayos de
actividad, potencia y selectividad mediante diversas técnicas seguidos de estudios en
tres modelos animales de dolor: el modelo de NPIC concretamente mediada por
oxaliplatino, visto anteriormente; un modelo de hiperestesia inducida por NTG; y un

modelo de LCC del nervio ciatico.

B-lactama 51
Figura 18. 8-lactama descrita en esta tercera publicacion.

Los estudios de actividad in vitro se realizaron nuevamente mediante técnicas de
microfluorometria de calcio en células HEK293-rTRPMS, y por primera vez, en HEK293-
hTRPMS8 expresando el canal TRPM8 humano. En ambos casos, el compuesto
bloqueaba de manera dosis dependiente la entrada de calcio producida por mentol
100uM. Para ambas isoformas se obtuvieron valores de ICso de rango micromolar
siendo 1,06 £ 1,21 uM para rTRPM8y 1,74 + 1,19 uM para hTRPMS. Estos resultados se
confirmaron posteriormente mediante whole-cell patch clamp en el canal rTRPMS. En
este caso, se observd que el compuesto bloqueaba de manera dosis-dependiente las
corrientes celulares mediadas por mentol a 100uM a un voltaje fijo de -60mV,
obteniéndose una ICso de 0,97 + 1,56 uM (Figura 19 B). También se estudiaron las
corrientes celulares mediante rampas de voltajes (desde -120 a +120mV), observandose
una disminucion de las corrientes producidas por mentol 100 uM cuando se aplico el

compuesto 51 a 10 uM (Figura 19 A).
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Figura 19. El compuesto 51 bloquea la actividad de rTRPM8 mediada mentol 100 uM en células HEK293-rTRPMS. A)
Rampas despolarizantes de voltaje (-120 a +120mV) en condiciones basales (vehiculo), en presencia de estimulo
(mentol 100 uM) y en presencia de estimulo mds el bloqueador 51 a 10 uM. La corriente se expresa en J(pA/pF). B)
Curva dosis-respuesta e ICso del bloqueo de la corriente de rTRPM8 mediada por mentol 100 uM en presencia de varias
concentraciones de compuesto 51 a un voltaje fijo de -60mV. Cada punto es la media + SEM.

Para descubrir la selectividad del compuesto 51 hacia el canal TRPMS, se midié
su actividad en otros canales pertenecientes a la familia TRP y en el canal idnico sensible
al cido ASIC3 (Tabla 7). El compuesto mostroé cierta capacidad para activar y bloquear
el canal h"TRPV1 a 10 uM, una concentracién entre 10 y 6 veces mayor que la ICso para
FTRPM8 o hTRPMS8 respectivamente. En cuanto al resto de canales, el compuesto no
mostré actividad agonista ni antagonista para hTRPA1 ni actividad antagonista para
hTRPV3 y ASIC3. También se midid la capacidad de unidn del compuesto 51 a otros
receptores relacionados con el dolor como son el péptido relacionado con el gen de la
calcitonina (CGRPR), el receptor cannabinoide de tipo 2 (CB2) y el receptor musacarinico
tipo M3 (M3) en la linea celular derivada de ovario de hamster chino (CHO) transfectada
con estos receptores. A 10uM, el compuesto tampoco mostré afinidad significativa por

los receptores mencionados, reforzando asi su selectividad para el canal TRPMS.

Tabla 7. Actividad funcional del compuesto 51 a 10 uM en los canales TRPV1, TRPV3, TRPA1 y ASIC3 mediante
ensayos de microfluorometria de Ca?*. Los datos se dan como media + SEM.

hTRPV1 hTRPV1 hTRPV3 hTRPA1 hTRPA1 ASIC3

ago. (%) antago. (%) | antago. (%) ago. (%) antago. (%) antago. (%)
31,3+3,6 19,4+1,7 -6,3+5,9 0,4+0,3 43+1,1 6,0+0,9

El compuesto 51 también se caracterizd en cultivos celulares primarios de
neuronas GRD mediante técnicas electrofisioldgicas de whole-cell patch clamp. De
acuerdo con los experimentos realizados en las lineas celulares continuas, se observé

que el compuesto 51 a 1 uM era capaz de bloquear al 65,01 + 4,67% las corrientes
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mediadas por mentol 100 uM. A esta concentracion, también se observé que no tuvo
efecto en las corrientes de Na* y K* mediadas por voltaje tras aplicar un pulso de
despolarizacion a +10 mV. Por ultimo, también se comprobd si el compuesto alteraba el
potencial de reposo de las neuronas a concentraciones mayores. Para ello, se empled el
modo de registro current clamp sin inyectar corriente (Figura 20). Los resultados
demostraron que el compuesto 51 a 10 uM no altera el potencial de membrana de las

neuronas GRD.

=49 mv
Vehiculo
(0,5% DMsO) 80- ‘ — ik |
-51mv —e
o0
5110uM 604 o
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0 )
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10s

Vehiculo 51(10 uM)  Cap (0,5 uM)

“58 MV e

Cambio en el potencial de membrana (mV)

Capsaicina 0,5puM

Figura 20. El compuesto 51 no alterd el potencial de membrana de las neuronas GRD. A) Registros representativos del
cambio de potencial de la membrana de las neuronas en presencia de vehiculo, compuesto 51 a 10 uM y capsaicina a
0,5 uM. B) Representacion grdfica del cambio en el potencial de membrana de las neuronas tras la aplicacion del
vehiculo, el compuesto 51 a 10 uM y la capsaicina a 0,5 uM.

Para la B-lactama 51 se realizaron estudios adicionales de farmacocinética que
fueron subcontratados a Eurofins-CEREP. La B-lactama demostrd buena solubilidad en
condiciones gastricas (pH < 5,5) pero no pudo permear las monocapas de células
inmortalizadas de adenocarcinoma colorrectal humano (CACO-2) indicando que la
administracién oral no seria adecuada para experimentos in vivo. Tampoco mostrd
buena estabilidad en microsomas hepaticos humanos (t1/2 = 11 min) ni buen
aclaramiento intrinseco metabdlico (Clint = 614 L/min/mg), ademas de mostrar una alta
unidn a proteinas séricas (99-100%). Sin embargo, como veremos a continuacion, el

compuesto 51 demostré poseer efecto en ensayos in vivo tras su administracion i.p. e i.pl..

Antes de continuar con los ensayos in vivo, se estudié la interaccidon del
compuesto 51 con rTRPM8 mediante modelado molecular. Para esta B-lactama se

volvieron a encontrar cuatro soluciones principales coincidentes con las publicaciones
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previas (Figura 21) 164183 En el sitio 1 (58% de las soluciones), el compuesto se une a la
proteina mediante 3 apilamientos n-nt. Dos de ellos involucran el anillo aromatico del
grupo 4-Bn del compuesto 51 con los residuos Trp877 y Phe881 de TRPMS. El tercer
apilamiento m-nt se origina entre el grupo N-Bn y la Phe963. Ademas de estas tres
interacciones, la unién 51-proteina esta estabilizada por numerosos enlaces de VdW.
Por otra parte, en el sitio 2, la interaccion estd mediada por una red de interacciones
VdW que involucran a todos los sustituyentes de la B-lactama. Estos estudios indican
una vez mas un modo diferente de interacciéon de los derivados B-lactamicos con
respecto a otros antagonistas de TRPMS descritos 8, haciéndolos una clase Unica de

antagonistas de TRPMS.
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Figura 21. Interacciones principales de la 8-lactama 51 con rTRPMS. A) Subsitio 1. B) Subsitio 2. El compuesto 51 se
encuentra en naranja con los heterogtomos en rojo (O) y en azul (N). Los aminodcidos de TRPM8 que interaccionan
con el compuesto se encuentran en azul. Las interacciones VdW se indican mediante lineas punteadas grises, mientras
que los apilamientos ri-it se indican mediante lineas verdes discontinuas.

Por ultimo, el compuesto se probé en tres modelos in vivo de dolor, un modelo
de NPIC mediada por oxaliplatino, un modelo de hipersensibilidad mecanica inducida
por NTG y un modelo de LCC del nervio ciatico. En el primer modelo se indujo un NPIC
inducida por oxaliplatino (6 mg/kg) en ratones. El oxaliplatino se administré via
subcuténea (s.c.) y se realizé la prueba de acetona como se explica previamente
(publicacion 1) %4, 1 pug de compuesto administrado via i.pl. atenué las respuestas al frio
a los 15 minutos posteriores a su administracién, manteniendo un efecto significativo
hasta los 60 minutos. El compuesto continué mostrando actividad a dosis inferiores de

0,1 pg, aunque en este caso la duracién del efecto significativo fue mas corto (30
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minutos). Comparado el compuesto 51 con la B-lactama 24a de la publicacién 1 184, este

mostré el mismo efecto antialodinico al frio a dosis mas bajas (Figura 22).

® Oxalip. ¢ Oxalip. + Comp. 51(1pg) ® Oxalip. + Comp. 51 (0.1pg) @ Control + vehiculo
A e B % Je gk

Jedok gk
10
*dk kK

Tiempo de lamido (s)
Tiempo de lamido (s)

0 15 30 60 120 0 15 30 60 120
Tiempo tras el tratamiento (min) Tiempo tras el tratamiento (min)

Figura 22. El compuesto 51 disminuye la hipersensibilidad al frio inducida por oxaliplatino hasta 1 hora después de su
administracion (prueba de la gota de acetona). Se administraron 1ug (A) o 0,1 ug (B) de compuesto 51 a los ratones
tratados con oxaliplatino y con vehiculo, y se realizé el test de acetona a los 15, 30, 60 y 120 minutos. Los datos se dan
como la media + SEM (n = 5) (**** p < 0,0001).

El segundo modelo de hipersensibilidad mecanica es un modelo de migrafia
crénica en ratén inducida por la administracién intermitente de NTG. La migrafa es un
dolor de cabeza severo que constituye una de las enfermedades mas frecuentes en el
mundo, afectando a un 14% de la poblacidn y mayoritariamente a mujeres.
Recientemente, se ha demostrado que el canal TRPM8 esta relacionado con el
desarrollo de la migrafia 38, Asi pues, tras la actividad in vivo del compuesto 51 en el
modelo de NIPC, nos propusimos probarlo en este modelo de migrafia. Para el
experimento se emplearon ratones macho y ratones hembra para investigar
simultdneamente un posible dimorfismo sexual. La hipersensibilidad mecdnica se midié
con la prueba de von Frey. Tanto en ratones macho (Figura 23 A) como en hembra
(Figura 23 B) la administracién de NTG disminuyd la tolerancia a la estimulacién
mecadnica. En el caso de los ratones macho, el compuesto 51 fue capaz de aumentar esta
tolerancia mecanica de manera significativa a 30 mg/kg i.p. 60 minutos después de la
administracién. Por otra parte, en el caso de los ratones hembra, el compuesto redujo
significativamente la hiperestesia mecanica tanto a 10 como a 30 mg/kg i.p. 30 minutos
tras su administracién. En hembras, el efecto no solo comenzé antes que en machos,

sino que durd mds tiempo (hasta las 2 horas) (Figura 23). Este comportamiento
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diferencial podria deberse a la testosterona, principal hormona sexual masculina, ya que

por ser un activador de TRPMS podria estar contrarrestando el efecto de la B—lactama °2.
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Figura 23. El compuesto 51 reduce la hipersensibilidad mecdnica inducida por NTG de manera dependiente del sexo.
Se representa el umbral de retirada de la pata (PWT) en ratones macho (A) y en ratones hembra (B) en condiciones
basales, tras el tratamiento con NTG y tras la administracion del bloqueador 51 a 10 y 30 mg/kg. Se representa la
evolucion temporal del efecto del compuesto 51. Todos los datos se dan como media + SEM (n = 3-5) (** p < 0,05; ***
p <0,001; **** p <0,0001) (BL = Basal).

Por ultimo, en colaboracidn con el departamento del Dr. Antonio R. Artalejo en
la universidad Complutense de Madrid, también se estudié el efecto del compuesto 51
en un modelo de LCC del nervio ciatico. En este segundo modelo se evalud la sensibilidad
al frio mediante el test de acetona, la sensibilidad al calor mediante de la prueba de
Hargreaves y la sensibilidad mecdnica mediante la prueba de von Frey automatizada. El
efecto del compuesto se evalué antes y después de la cirugia LCC. Se observé que la
administracion i.p. del compuesto 51 (10 y 30 mg/kg) redujo de manera dosis
dependiente la hipersensibilidad al frio, la hipersensibilidad al calor y la hipersensibilidad
mecdnica. Sin embargo, la administracion local (i.pl.) de 10 ug de compuesto solo pudo
reducir la hipersensibilidad al frio y la hipersensibilidad mecdnica sin influir en la
respuesta de los ratones al calor. Este hecho podria indicar que el efecto del compuesto
se debe a la regulaciéon de la temperatura corporal mas que a la sensacién de calor. Cabe
afiadir que, en los estudios previos a la cirugia, el compuesto 51 no tuvo ningun efecto
sobre la percepcién del frio, del calor o sobre la retirada de la pata. Estos resultados
sugieren que el compuesto 51 posee un efecto antinociceptivo multisensorial (estimulos

frios, calientes y mecanicos) sin afectar a la percepcién sensorial normal.
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Tras la obtencion de estos resultados, se decidid realizar estudios
complementarios de permeabilidad cutanea con algunas de las B-lactamas, incluida la
51, para evaluar su administracion tépica. Todos estos estudios se realizaron durante la
estancia de investigacion en el Cbios-Universidade Luséfona de Lisboa, Portugal. Para
ello, se emplearon las celdas de Franz y una membrana de silicona Liveo™ simulando la
epidermis. Se estudi6 la permeabilidad de 300 pl de compuesto a 1 mg/ml (300 pg) en
etanol:agua (50:50). Las muestras se recogieron en intervalos de 2 horas hasta las 10
horas y el dia posterior (24 h), y se analizaron mediante HPLC. Todos los experimentos
se realizaron por cuatriplicado. En la actualidad, solamente se han obtenido resultados
preliminares para el compuesto 79, el cual se diferencia del 51 por poseer una amida de
isobutilo sustituyendo al ester de terbutilo del compuesto 51. Aunque el compuesto 79
presente caracteristicas que indiquen una baja permeabilidad cutdnea ' como son un
elevado peso molecular (Mw) de 588.8 Da y un alto coeficiente de particion n-
octanol/agua (Log Pow) de 5.44, este se detectd en el compartimento receptor a las 4
horas tras su administracién. Tras 24 horas, un 15,6% de la dosis inicial de compuesto
79 habia permeado la membrana de silicona con un flujo de estado estacionario (Jss) de
2,09 + 0,57 pg/cm2*h (Figura 24, Tabla 8). Por este motivo, para garantizar la inocuidad
de la administracion tdpica del compuesto, se debe continuar con los estudios de
permeabilidad, ya que los ensayos preliminares no son suficientes para establecer el
porcentaje real de absorcién cutdnea ni la seguridad del compuesto #. Para ello, se
deberian de elaborar una formulacién cosmética adecuada y llevar a cabo de nuevo los
estudios de permeabilidad en piel humana o piel porcina siguiendo la Guia para testar
la absorcién dérmica in vitro de compuestos quimicos OECD n2428 8¢ y |os criterios
bésicos de dichos experimentos SCCP/0970/06 87 como se hizo con la B-lactamas 52 en

trabajos previos 184 Dicha B-lactama (52) si resultd segura para la administracion tdpica 17,
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B-lactama 79
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Figura 24. Perfil de permeabilidad del compuesto 79. Se representa la cantidad acumulada de compuesto difundida
por unidad de drea frente al tiempo. La pendiente de la ecuacion de la recta representa el Jss. Los resultados se
expresan como la media + SD de n=4.

Tabla 8. Resumen de los resultados de permeabilidad del compuesto 79. Se recopilan los valores obtenidos en las
cuatro celdas de Franz y su promedio * SD.

Celda de Franz (n) Jss Cantidad % de compuesto
(ug/cmz*h) Acumulada alas 24h  difundido a las 24h
(ng)- (dosis inicial 300pg)
1 2,82 52,22 17,41
2 2,25 51,03 17,01
3 1,71 42,84 14,28
4 1,58 40,54 13,51
Promedio 2,09+ 0,57 46,66 + 5,83 15,55+1,95

En resumen, todos los compuestos seleccionados para su caracterizacion
farmacoldgica demostraron ser potentes y selectivos para TRPM8. Ademas, pese a no
presentar una buena farmacocinética, el compuesto 51 mostré una actividad
significativa en 3 modelos in vivo de dolor. Todos estos resultados, indican que los dos
sistemas heterociclicos derivados de fenilalaninol-Phe, especialmente los derivados B-
lactdmicos, constituyen un nuevo quimiotipo de bloqueadores de TRPM8 como punto
de partida para futuras modificaciones hacia compuestos con mejores perfiles
farmacoldgicos. Asi pues, nuestros laboratorios contintian con los estudios de dichos
derivados B-lactamicos tanto para incrementar el conocimiento sobre el canal TRPM8
como para mejorar sus caracteristicas farmacoldgicas, pensando en futuras aplicaciones
terapéuticas tanto en el campo del dolor como en el del cdncer. Paralelamente, se
siguen llevando a cabo los ensayos de permeabilidad para estudiar la administracidon

tdpica de dichas B-lactamas.
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Capitulo 2: Busqueda de nuevos esqueletos farmacolégicos moduladores de TRPMS8

Desde hace varios afios, nuestro grupo de investigacion colabora con la Doctora
Isabel GGmez Monterrey de la Universidad de Napoles, Italia, en el desarrollo de nuevas
estructuras capaces de modular el canal TRPMS8 188191 Hasta el momento se han
identificado diversas estructuras capaces de modular dicho canal. Entre ellas destacan
las triptaminas N-sustituidas >>'8, concretamente la triptamina 31a [(5R,11aS)-5-(4-
chlorophenyl)-2-(4-fluorobenzyl)-5,6,11,11a-tetrahydro-1H-imidazo[1',5":1,6] pyrido[3,4-b]
indole-1,3(2H)-dione], la cual se ha identificado como un potente antagonista del canal
(ICso = 4,1 + 1,2 nM), selectivo, metabdlicamente estable y con actividad en diversos
modelos animales como son el modelo de WDS inducido por icilina, el modelo de
alodinia al frio inducida por oxaliplatino y la hiperalgesia térmica inducida por LCC.
Constituyendo este nucleo de triptamina un farmacdéforo a estudiar en el disefio de

potentes moduladores de TRPMS >°,

Recientemente, debido a la implicacién de TRPMS8 en varios canceres, entre ellos
el cancer de prostata *2, se ha estudiado la actividad antitumoral de compuestos
mejorados. En estos compuestos se ha sustituido el nlcleo de triptamina por diferentes
aminodcidos, mostrando mejores perfiles de potencia y selectividad hacia TRPMS,
ademads de capacidad para reducir la proliferacién, migracién e invasividad de las células

tumorales en diversos modelos de cancer de préstata 1°%.

Por ultimo, existe una tercera publicacién, incluida como indice de calidad de
esta tesis (Anexo IV), en la que se emplean métodos computacionales para identificar
nuevos quimiotipos capaces de modular TRPMS8 °°, Para ello, se lleva a cabo un cribado
virtual basado en estructuras que permite estudiar la interacciéon de un alto nimero de
compuestos con la proteina diana 77%°2, Este screening virtual constituye una de las
técnicas mas prometedoras in silico para la identificaciéon y el disefio de nuevas
moléculas. Ademas de considerarse una herramienta efectiva, permite ahorrar tiempo

y costes en el proceso de identificacion de compuestos %2

, aungue es necesario tener
en cuenta que este tipo de ensayos necesitan de la validacién in vitro de los resultados

obtenidos como veremos a continuacion 77.
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Publicacién 1: In Vitro and In Vivo Pharmacological Characterization of a Novel TRPM8

Inhibitor Chemotype Identified by Small-Scale Preclinical Screening

En este trabajo se realizd un cribado virtual de la biblioteca molecular EDASA
Scientific, disponible comercialmente, frente al canal hTRPMS8 con el fin de encontrar
nuevas estructuras quimicas capaces de bloquear su actividad. Posteriormente, los
resultados se validaron mediante ensayos de microfluorometria de calcio y se continué
con la caracterizacién de los compuestos mdas potentes mediante técnicas
electrofisiolégicas. También se estudié la interaccion de los compuestos mas
interesantes con hTRPM8 mediante técnicas de modelado molecular con el fin de
identificar las caracteristicas estructurales responsables de su potencia. Por ultimo, el
compuesto con mejores propiedades farmacoldgicas se estudié en ensayos in vivo de

alodinia al frio, revelando su eficacia e idoneidad para un posterior desarrollo.

El screening virtual de la quimioteca EDASA Scientific (2543 compuestos) se llevd
a cabo en dos modelos de hnTRPMS8 construidos a partir de las estructuras de Parus major
interaccionando con dos bloqueadores de TRPM8: AMTB y TC-1 2014. Ambos modelos
estan disponibles en Protein Data Bank (PDBs ID: 606R y 6072 respectivamente). Toda
la biblioteca se lanzé hacia las dos estructuras mediante un protocolo que consta de dos
etapas de acoplamiento proteina-ligando, usando Glide SP y Glide XP. Se seleccionaron

los 21 compuestos con mejores energias de interaccion.

Posteriormente, se validaron los resultados de los 21 compuestos mediante
ensayos de microfluorometria de calcio en las células HEK293-rTRPMS. En primer lugar,
se probaron los compuestos a 3 concentraciones (50, 5y 0,5uM) y se estudio el % de
actividad del canal mediado por mentol 100 uM en presencia de los compuestos (Figura

25).
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Figura 25. Porcentaje de actividad del canal rTRPMS tras la administracion de mentol 100 uM en presencia de los
compuestos 1-21 a 3 concentraciones (50, 5 y 0,05uM) en la linea celular HEK293-rTRPM8 mediante ensayos de

microfluorometria de calcio. Los resultados estdn normalizados frente al efecto del agonista de referencia (mentol a
100 uM) y se expresan como la media + SEM (N=3, n=3).

De los 21 compuestos, destacaron los compuestos 1, 5, 13-15 y 19 por demostrar
un mayor porcentaje de bloqueo de TRPMS8 en presencia de mentol 100 uM. Se estudiaron
un mayor numero de concentraciones de los compuestos mencionados para estudiar su
potenciay calcular su ICsg (Tabla 9). Los compuestos 14 y 15, cuyas estructuras se muestran
en la Figura 26, se identificaron como los mas potentes, presentando unas ICses de 0,25 +
0,15y 0,22 £ 0,10 uM, valores 30 veces inferiores a los del antagonista de referencia AMTB
(7,15 + 1,24) 8, Ambos compuestos, ademds de ser los mds potentes, resultaron ser los

mas eficaces bloqueando el 100% de la actividad del canal a 50 uM.

o]
0
Q/N
Compuesto 14 Compuesto 15
(BB 0322703) (BB 0322720)

Figura 26. Estructuras de los compuestos mds activos y eficaces bloqueando el canal TRPM8 en ensayos de
microfluorometria de calcio. Entre paréntesis estdn los codigos originales de la libreria EDASA Scientific.
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Tabla 9. ICses y eficacias de los compuestos seleccionados como mds potentes en los ensayos de microfluorometria de
calcio (N=3,n=3).

Compuesto ICso pM Eficacia a 50 pM*
(media £ SD)

1 (BB 0220221) 10,21+1,31 85%
5 (BB 0304240) 11,10 £ 1,32 90 %
13 (BB 0310244) 1,01+0,51 90 %
14 (BB 0322703) 0,25 +0,15 100 %
15 (BB 0322720) 0,22+0,10 100 %
19 (BB 0310198) 5,52+1,45 90 %

AMTB!88 7,15+1,24 100 %

*Expresado como porcentaje de inhibicion de la actividad del mentol 100 pM.

Como se explica en el capitulo anterior, uno de los principales problemas que
presentan los bloqueadores de TRPMS es su interaccidn con otros canales TRP 122188 Agj
pues, se estudid la selectividad de estos 6 compuestos frente al canal h"TRPV1 en la linea
celular HEK293-hTRPV1, empleando las mismas técnicas. Solamente los compuestos 13
y 19 mostraron actividad agonista frente a hTRPV1, obteniéndose unos valores de ECso
entre 1,34y 1,68 uM (Figura 27). El estudio de estos compuestos seria interesante para

la identificacion de las estructuras que discriminan la selectividad hacia los distintos

canales TRP.
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Figura 27. Curvas dosis-respuesta para los compuestos 13 (A) y 19 (B) en las que se muestra la activacion de hTRPV1
en la linea celular HEK293-hTRPV1. La respuesta se expresa como porcentaje de activacion de TRPV1 normalizado al
efecto del agonista de referencia, capsaicina a 10 uM. Se representa la media + SEM. La linea discontinua muestra los
intervalos de confianza del 95%.

Posteriormente, con el fin de tener una mejor caracterizacion funcional de los
compuestos 14 y 15, se estudiaron mediante técnicas electrofisioldgicas de whole-cell

patch clamp en el canal rTRPMS8. A voltajes constantes de -60mV, ambos compuestos
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bloquearon las corrientes de rTRPM8 mediadas por mentol 100uM a distintas
concentraciones (0,1; 1; 5y 10 uM), obteniéndose una curva dosis-respuesta para cada
compuesto (Figura 28 By C) y unos valores de ICso de 1,25 + 0,26uM para el compuesto
14 y de 2,95 + 1,83uM para el compuesto 15. Los resultados corroboraron una mayor
potencia para el compuesto 14. También se empled un protocolo de rampas de voltaje
(-120 a +120mV) mediante el que se observé que ambos compuestos a 10uM
bloqueaban todas las corrientes mediadas TRPM8 en presencia de mentol 100uM

(Figura 28 Ay C).
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Figura 28. Los compuestos 14 y 15 bloquearon las corrientes de rTRPM8 mediadas por mentol 100uM en células
HEK293-rTRPMS8. A) y C) Densidad de corriente de TRPM8 a los diferentes voltajes (rampas de -120 a +120mV) en
condiciones basales, en presencia de estimulo (mentol 100 uM) y en presencia de estimulo mds los bloqueadores 14
(A) y 15 (C) a 10 uM. La corriente se expresa como pA/pF. B) y D) Curvas dosis-respuesta e ICsos del bloqueo de la
corriente de rTRPM8 mediada por mentol 100 uM en presencia de los compuestos 14 (B) y 15 (D) a diferentes
concentraciones (0,1; 1; 5y 10uM). Cada punto es la media + SEM.

Tras los estudios funcionales se quiso estudiar con mas detalle la interaccion
ligando-proteina de los compuestos 14 y 15 en hTRPMS8. Se observé que ambos
compuestos interaccionaban de manera similar. Ambos se dirigieron al dominio VSLD,
rodeados por los dominios TM1-TM4 y los residuos TRP, y alejados del sitio de unién del
AMTB vy del TC-I 2014 181, El compuesto 14 interacciond de manera estable con los

residuos Val742, Tyr745, 11e846, Tyr1005 Y Phel013 en la regidon VSLD. El oxigeno del
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grupo éster interacciond mediante un enlace de hidrégeno con el residuo Tyr745,
mientras que el grupo fenilo interacciond mediante apilamiento m-mt con el residuo
Tyr1005. Por otra parte, el compuesto 15 interacciond de manera estable con los
aminodcidos Phe735, Phe738, Arg842, His845, Leu1001 en la parte inferior de la regién
VSLD, por encima de la caja TRP. Su grupo bencilo interacciond mediante apilamiento
-t con el grupo aromatico del aminoacido Phe735; el anillo indol interaccioné
mediante enlaces de hidrégeno con el nitrégeno de la Leu1001 y mediante apilamiento
n-t con el aminoacido Phe738; y por ultimo, el grupo bencenosulfonilo interaccioné
mediante enlaces de hidrégeno con los aminoacidos His845 y Arg842. Existen muchas

otras interacciones menores que se muestran en el manuscrito (Anexo |V, paginas 4-6).

El compuesto 14, tras mostrar los mejores perfiles de potencia, eficacia y
selectividad, se selecciond para estudiar su efecto en un modelo animal de alodinia al
frio. Como se ha descrito en varias ocasiones a lo largo de la tesis, los antagonistas de
TRPMS8 son capaces de contrarrestar el dolor neuropatico inducido por algunos agentes
quimioterapéuticos como el oxaliplatino °%. Asi pues, se emplea el modelo animal de
dolor neuropatico inducido por oxaliplatino explicado en la publicacién 1 del capitulo 1.
Para estudiar la alodinia al frio se empled de nuevo el test de acetona y se contabilizaron
el nimero de respuestas dolorosas. Como demuestra la Figura 29, la administracion i.pl.
de 30 pg del compuesto 14 llevé a una disminucién de la alodinia al frio mediada por
oxaliplatino que se mantuvo durante al menos 1 hora. Los resultados obtenidos para
10 pyg de compuesto también muestran una tendencia a disminuir la alodinia al frio

respecto al grupo control. Sin embargo, no se observaron diferencias significativas.
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Figura 29. La administracion i.pl. del compuesto 14 disminuyd la alodinia al frio inducida por oxaliplatino en el test de
acetona. Tras inducir la alodinia al frio mediante el tratamiento con oxaliplatino, se administraron via i.pl. 10 o 30 ug del
compuesto. Se representa la evolucion temporal del efecto del compuesto a ambas concentraciones. Los datos se dan
como media + SEM. * p < 0,05 oxaliplatino frente al valor inicial. # p < 0,05 oxaliplatino frente a 30 ug del compuesto 14.
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En resumen, en este trabajo se demuestra como el empleo de técnicas de
cribado in silico constituye una primera aproximacion muy adecuada para identificar
compuestos bloqueadores del canal TRPM8. Los resultados obtenidos mediante estas
técnicas se validaron mediante ensayos funcionales obteniéndose 6 compuestos
bloqueadores del canal, de los cuales dos poseen doble actividad tras activar al canal
TRPV1. De esos 6 compuestos se seleccionaron los compuestos 14 y 15 por ser los mas
potentes y efectivos. Los resultados obtenidos para ambos compuestos se confirmaron
mediante técnicas electrofisioldgicas. También se quiso estudiar la interaccion de los
compuestos con el canal humano, resultando ser distintos a los antagonistas
identificados hasta la fecha (AMTB y TC-I 2014). Por ultimo, el compuesto 14 demostré
su eficacia en un modelo animal de alodinia al frio inducido por oxaliplatino, indicando
su idoneidad para seguir con un posterior desarrollo del compuesto. Cabe destacar que
este compuesto es una mezcla diastereoisomera de (R)-etilo 2-((2-(((S)-1-
feniletil)carbamoil)fenil)amino)propanoato y (R)-etilo 2-((2-(((R)-1-feniletil) carbamoil)
fenil) amino) propanoato, siendo la configuracion S el eutémero, ya que la configuracién
R no obtuvo una buena puntuacién en el screening inicial. Un estudio mas exhaustivo de
este quimiotipo y de ambos enantidmeros podria ayudar al descubrimiento de
derivados mas potentes. En lo referente al compuesto 15, aunque no se hayan realizado
estudios in vivo, los resultados de potencia, efectividad y selectividad obtenidos in vitro,
lo convierten en otro quimiotipo interesante a investigar en la modulacién de TRPMS.
Por otro lado, respecto a los compuestos de doble acciéon 13 y 19, capaces de inhibir
TRPMS8 y activar TRPV1, podrian ser utiles en el estudio de las estructuras que
discriminan la selectividad de los distintos canales TRP. Ademas, seria interesante
estudiar este tipo de compuestos de doble accidén con fines terapéuticos en procesos

patoldgicos que impliquen a ambos canales como el dolor y el cancer.
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CONCLUSIONES

En lo referente al Capitulo 1, Caracterizacidn in vitro, in silico e in vivo de

compuestos derivados de B-lactamas como bloqueadores de TRPMS8, concluimos que:

e Los derivados B-lactdmicos 24a, 29a, 13, 14, 15, 16 y 51 demostraron una potente
actividad antagonista y selectividad hacia el canal TRPM8 en ensayos de
microfluorometria de calcio, presentando ICsos en el rango micromolar.

e Los compuestos 24a, 29a, 14, 16 y 51 bloquearon las corrientes de TRPM8 mediadas
por mentol en ensayos electrofisioldgicos de patch clamp, corroborandose su
potencia en el rango micromolar.

e La configuracion R de todos los estereocentros (3R,4R,2'R) de los derivados B-
lactamicos mostré mejores resultados de actividad que la configuracién S.

e Los derivados B-lactdmicos 14, 16 y 51 no alteraron el potencial de membrana en
reposo de neuronas GRD ni afectaron a la excitabilidad neuronal a concentraciones
10 veces superiores a su concentracion eficaz.

e Las B-lactamas 24a y 29a también mostraron actividad antitumoral no selectiva en
diferentes lineas celulares tumorales. Ambas B-lactamas resultaron inocuas en
ensayos de viabilidad celular (MTT) en la linea HEK293.

e Los estudios de modelado molecular propusieron dos sitios de unién en la zona del
poro. Ambas regiones halladas resultaron distintas a los sitios de unién descritos
para otros antagonistas de TRPMS.

e Las B-lactamas 24a y 51 mostraron ser efectivas en ensayos in vivo. Ambas B-
lactamas disminuyeron la alodinia al frio inducida por oxaliplatino. La B-lactama 51
también atenud la hipersensibilidad mecanica y al frio en el modelo de dolor
neuropatico mediado por LCC y mitigd, de manera dependiente del sexo, la
hipersensibilidad mecdnica inducida por NTG en un modelo de migrafia.

e Los ensayos preliminares de permeabilidad con la B-lactama 79 demostraron una
permeabilidad del 15,6% a través de membranas artificiales a las 24 horas tras su
administracion. Sin embargo, son necesarios estudios adicionales en piel para

concluir la seguridad de su administracién tépica.
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Todas estas conclusiones, convierten al anillo de lactama 1,3,4,4-tetrasustituido
en una valiosa estructura central en la busqueda de nuevos bloqueadores de TRPMS. El
estudio de la mejora farmacoldgica de este tipo de compuestos continla en nuestros
laboratorios con la finalidad de obtener un producto neurocosmético para el alivio de la

alodinia al frio que cursa con diversas neuropatias periféricas.
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En lo referente al Capitulo 2, Busqueda de nuevos esqueletos farmacofdricos

moduladores de TRPM8 mediante cribados virtuales y su posterior caracterizacion in

vitro, in silico e in vivo, concluimos que:

Los compuestos 1, 5, 13, 14, 15 y 19 mostraron los mejores resultados en el bloqueo
de rTRPMS8 en ensayos de microfluorometria de calcio, destacando los compuestos
14 y 15 por ser los mas potentes y eficaces.

Los compuestos 1, 5, 14 y 15 no demostraron actividad hacia el canal hTRPV1
presentando selectividad hacia TRPM8. Sin embargo, los compuestos 13 y 19 si
activaron hTRPV1 convirtiéndose en moduladores de doble accién.

Tanto el compuesto 14 como el 15 bloquearon las corrientes de rTRPM8 mediadas
por mentol corroborandose los valores de ICso en el rango micromolar.

Ambos compuestos interaccionaron con h'TRPM8 en el dominio VSLD, entre las
regiones TM1-TM4 vy los residuos TRP, constituyendo sitios de unidn diferentes a
otros antagonistas de TRPM8 descritos.

El compuesto 14 mostré actividad en ensayos in vivo disminuyendo la alodinia al frio

mediada por oxaliplatino hasta 1 hora después de su administracidn.

Tanto los compuestos 14 y 15, por su potencia y efectividad hacia TRPMS8, como

los compuestos 13 y 19, por su actividad dual, constituyen nuevos quimiotipos a

explorar en la modulacion del canal. Los cuatro compuestos constituyen una base hacia

el estudio del funcionamiento de TRPMS8 y las estructuras que discriminan la selectividad

frente a los diferentes canales TRP.
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CONCLUSIONS

Regarding the Chapter 1, In vitro, in silico and in vivo characterization of B-

lactam derivatives as TRPMS8 blockers, it can be concluded that:

e [-lactam derivatives 24a, 293, 13, 14, 15, 16 and 51 behaved as potent and selective
TRPMS8 antagonist in calcium microfluorometry experiments, exhibiting 1Csos in the
micromolar range.

e Compounds 24a, 29a, 14, 16 and 51 were able to block menthol evoked TRPMS8
currents in electrophysiological patch clamp experiments, confirming the
micromolar ICso values.

e The R configuration of all compounds’ stereocenters (3R,4R,2'R) exhibited better
activity results than the S configuration.

e [B-lactam derivatives 14, 16 and 51 did not affect the GRDs’ resting membrane
potential or the neuronal excitability at concentrations 10 times higher than their
effective concentration.

e Compounds 24a and 29a also displayed non-selective antitumoral activity in
different tumoral cell lines. Both B-lactams demonstrated to be innocuous in cell
viability assays (MTT) in the HEK293 cell line.

e Molecular modelling results proposed two main binding sites near the pore zone.
Both regions are different to the ones identified for other TRPM8 blockers described.

e [-lactams 24a and 51 showed good results in in vivo assays. Both B-lactams
diminished the cold allodynia in a model of NPIC induced by oxaliplatin. B-lactam 51
also reduced the mechanical and cold hypersensitivity in a neuropathic pain model
induced by LCC and alleviated the mechanical hypersensitivity in a nitroglycerin
induced migraine model in a sex-dependent manner.

e Preliminary permeability tests concerning B-lactam 79 indicated a permeability of
15.6% across artificial membranes 24 hours after administration. However,
additional skin studies are required to conclude the safety of its topical

administration.

All these conclusions, turn the 1,3,4,4-tetrasustituted lactam scaffold in a

valuable structure in the search for new TRPMS8 blockers. Therefore, our laboratories
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keep studying the pharmacological improvement of these molecules with the aim of
obtaining neuro-cosmetics for the alleviation of cold allodynia that appears in several

peripheral neuropathies.

102



On the other hand, regarding Chapter 2, Searching for new pharmacophoric
scaffolds able to modulate TRPMS8 through virtual screenings and their subsequent in

vitro, in silico and in vivo characterisation, it can be concluded that:

e Compounds 1,5, 13, 14, 15 and 19 exhibited the best rTRPM8 blocking results using
calcium microfluorometry techniques, highlighting compounds 14 and 15 as the
most potent and effective.

e Compounds 1, 5, 14 and 15 did not display activity towards the hTRPV1 channel
behaving as selective TRPMS8 blockers. However, compounds 13 and 19 did activate
hTRPV1 becoming dual action modulators.

e Both compounds 14 and 15 blocked rTRPM8 menthol-evoked currents confirming
the micromolar ICsp values.

e Molecular modelling studies demonstrated that compounds 14 and 15 interact with
hTRPMS in the VSLD domain surrounded by TM1-TM4 and TRP residues, differing
from the binding sites of other described TRPM8 antagonists.

e Compound 14 also demonstrated activity in vivo by decreasing the cold allodynia in

a model of NPIC induced by oxaliplatin even 1 hour after its administration.

Compounds 14 and 15 constitute new interesting chemotypes in the modulation
of the channel due to its potency and efficacy towards TRPMS; as well as compounds 13
and 19 due to its dual activity. All four represent a baseline towards the study of the
TRPMS8 functionality and the structures that discriminate the selectivity towards the

members of the TRP family.
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ANEXO . Publicacién 1 del capitulo 1
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Highly functionalized 3-lactams
and 2-ketopiperazines as TRPM8
antagonists with antiallodynic
activity

M.Angeles Bonache?, Cristina Martin-Escura’*, Roberto de la Torre Martinez?, Alicia Medina?,
Sara Gonzalez-Rodriguez?, Andrés Francesch?®, Carmen Cuevas®, Ana Maria Roa*,

Gregorio Fernandez-Ballester?, Antonio Ferrer-Montiel?, Asia Fernandez-Carvajal** &
Rosario Gonzalez-Mufiiz!™

The cool sensor transient receptor potential melastatin channel 8 (TRPM8) is highly expressed in
trigeminal and dorsal root ganglia, playing a key role in cold hypersensitivity associated to different
peripheral neuropathies. Moreover, these channels are aberrantly expressed in different cancers,

and seem to participate in tumor progression, survival and invasion. Accordingly, the search for
potent and selective TRPM8 modulators attracted great interest in recent years. We describe new
heterocyclic TRPM8 antagonist chemotypes derived from N-cloroalkyl phenylalaninol-Phe conjugates.
The cyclization of these conjugates afforded highly substituted B-lactams and/or 2-ketopiperazine
(KP) derivatives, with regioselectivity depending on the N-chloroalkyl group and the configuration.
These derivatives behave as TRPM8 antagonists in the Ca?* microfluorometry assay, and confirmed
electrophysiologically for the best enantiopure B-lactams 24a and 29a (IC;, 1.4 and 0.8 pM).

Two putative binding sites by the pore zone, different from those found for typical agonists and
antagonists, were identified by in silico studies for both B-lactams and KPs. B-Lactams 24a and 29a
display antitumor activity in different human tumor cell lines (micromolar potencies, A549, HT29,
PSN1), but correlation with TRPM8 expression could not be established. Additionally, compound 24a
significantly reduced cold allodynia in a mice model of oxaliplatin-induced peripheral neuropathy.

The transient receptor potential melastatin 8 (TRPMS) receptor is a multimodal channel, activated by cold and
cooling compounds, such as menthol and icilin, but also by membrane depolarization and changes in extracel-
lular osmolarity'. In the periphery, these channels are highly expressed in the afferent AS and C fibbers of sensory
neurons, where they have been implicated in the perception and transduction of pain. Thus, cumulative evidence
is signaling TRPMS8 channels as pivotal players in cold hypersensitivity, especially that provoked by cancer
chemotherapy®™. Acute and chronic oxaliplatin-induced cold hypersensitivity has been reproduced in rats and
correlated with TRPMS expression and function®®. Similarly, it is known that TRPMS8 channels are implicated in
inflammatory pain and migraine’. The thesis that migraine locus lies in the peripheral nervous system®, and the
identification of TRPMS as a candidate susceptibility gene for migraine®'°, points to the modulation of TRPMS8
channels as a plausible mechanism for the treatment of this pathology*'.

TRPMS channels are also expressed in prostate, pancreas, and vascular, bronchopulmonary and urogenital
tissues'>"'¢. There are also numerous experimental evidences demonstrating that TRPMS8 channels play impor-
tant roles in tumor development and progression, including prostate, pancreas, breast, lung, colon, bladder and
melanoma malignancies, among others''. In many cases, the aberrant expression of TRPM8 channels is cor-
related to tumor growth, progression and invasion capacity, at least in initial stages'®-*!, while sometimes TRPMS8
channels are downregulated in final phases of the disease, and their activation seems to have a protective role*.

nstituto de Quimica Médica (IQM-CSIC), Juan de la Cierva 3, 28006 Madrid, Spain. 2IDiBE, Universidad
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1, 28770 Colmenar Viejo, Spain. “Alodia Farmacéutica SL, Santiago Grisolia 2, Tres Cantos, 28760 Madrid,
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Figure 1. Representative TRPM8 modulators, B-lactams TRPMS antagonists and general formula for
phenylalaninol-derived analogues (I, this paper).

It is also described that TRPMS is expressed in the central nervous system, thus opening new opportunities to
study and understand its potential role within the brain®.

Cryo-electron microscopy has demonstrated that the TRPM8 channel is a tetrameric protein, with 6TM
helical segments (S1-S6) and intracellular N- and C-terminal domains, with the pore delimitated by a region
situated between S5 and S6 helices?*. The structure of TRPMS in complex with some agonist compounds is dis-
closed, indicating a cavity for agonists delimited by S1, $4 and the TRP domain?. This highly adaptable pocket,
delineated by the lower part of the S1-54 transmembrane and the TRP domain, has also been described as the
main cleft to bind AMTB and CT-I antagonists®.

Because of the physiological and therapeutic significance of TRPMS8 channels, many efforts have been devoted
to the search for selective modulators, both agonists and antagonists*’~*. Among the agonists, we can found
menthol, diverse menthol derivatives, icilin, tertiary amides and different natural products®-*!. As for the antago-
nists, most important chemotypes encompass different heterocyclic systems, including monocyclic central cores,
like thiazole and B-lactam, and bicyclic structures, as benzothiophene, benzimidazole, and isoquinoline, among
others?”***2, Also different acyclic central scaffolds (amide, sulfonamide, urea, glycine, tryptophan), decorated
with aromatic and heterocyclic rings are reported as TRPMS antagonists (Fig. 1)**~*°. Among the latter, AMG-
333 and PF-05105679 reached phase I clinical trials for the oral treatment of cold induced pain and migraine,
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respectively®**, but both studies were discontinued due to adverse secondary effects, including non-tolerated
hot sensations. Therefore, there is still a need for TRPMS8 antagonists with improved properties.

In this context, we have recently described a series of compounds derived from Phe and Asp/Glu amino acid
conjugates and having a monocyclic B-lactam central core, which were able to potently and selectively inhibit
the activation of TRPM8 by menthol, cool and voltage®”. Among this series, the shorter Asp derivative 1 (n=2,
Fig. 1) was more potent than the longer Glu analogue 2 (n=3, Fig. 1), while all the three benzyl and the Boc
hydrophobic moieties are important for activity’.

Looking for shorter B-lactam derivatives, bearing four hydrophobic substituents, in this manuscript we
describe the preparation of conjugates of Z-phenylalaninol with amino acid derivatives and their cyclization
to heterocyclic compounds having a B-lactam or a 2-ketopiperazine central scaffold. Both series of compounds
behave as TRPMS8 antagonists and, among them, selected p-lactam derivatives display antitumor activity, and
antiallodynic properties in a model of chemotherapy-induced cold allodynia.

Results

Design. The preparation of a shorter analogue of compounds 1 and 2 was initially projected starting from
Boc-Ser-OBn (n=1). However, all attempts to condense this Ser derivative with Ns-Phe-OBn, were unsuccessful
due to the formation of the corresponding dehydroalanine analogue, as described in related reactions®. As the
structure of TRPM8 channel was unknown at the moment of conceiving this work, we hypothesized that com-
pounds of general formula I (Fig. 1), which maintain the B-lactam ring, its substitution at position 4, but change
the Asp- or Glu-derived N-substituent by phenylalaninol-derived moieties, could constitute a new chemoptype
for TRPM8 modulation. Although the changes are not bioisosteric, compounds I preserve two hydrophobic
substituents on the N-appendage, which were demonstrated to be important for the activity of 1 and 2.

Chemistry. As previously described for Phe-Asp conjugates®, the preparation of chloroacetyl derivatives 10
and 11 started by a Mitsunobu reaction between Ns-L-Phe-OBn (3) and the corresponding Z-phenylalaninol
derivative (4 or 5) to give compounds 6 and 7 (Scheme 1). Then, the removal of the nosyl group afforded NH
derivatives 8 and 9 that, finally, were reacted with chloroacetyl chloride to give key intermediates 10 and 11
(Scheme 1). The cyclization of these L-Phe-phenylalaninol conjugates in the presence of phosphazene bulky
bases (BTPP, BEMP) led almost exclusively to the 2-ketopiperazine (KP) derivatives 13 and 15 (Scheme 1,
Table 1), resulting from the cyclization through the NH group of the phenylalaninol-derived moiety. Under
these conditions, formation of less than 3% of the expected -lactams was observed in the HPLC chromatograms
of the crude reaction mixtures. The ratio of f-lactams 12 and 14 increased slightly when the smaller Cs,CO; base
was employed in the cyclization, allowing their isolation in 8 and 11% yield, respectively (Table 1). The chloroa-
cetyl phenylalaninol-D-Phe-OMe-derived conjugate 19, despite bearing a smaller methyl ester that could favor
the four-membered ring formation, exclusively led to the KP derivative 20 (Scheme 1, Table 1), independently
of the base used. The benzyl ester analogue 21 was prepared by transesterification of 20, in order to compare its
activity with those of diastereoisomers 13 and 15.

All these KP derivatives were obtained as mixtures of two diastereoisomers at C1' in variable proportions
(Table 1). The configuration was indirectly assigned by the preparation of Ala dipeptide derivatives from 13ab
(see supplememntary information for details), and applying the known rule of differential HPLC retention
times and chemical shifts of the Ala CH; group between homochiral and heterochiral dipeptide derivatives®*.

B-Lactam derivatives 12 and 14 were also formed as mixtures of two diastereoisomers at C4. Considering that
the memory of chirality favors the formation of 4S isomers when starting from L-Phe**!2, the configuration
of the major diastereosiomer was assigned as 4S.

To attempt to obtain B-lactams as single isomers, we prepare enantiopure 2-chloropropanoyl Z-phenylalani-
nol-Phe-OBn conjugates 22, 23, 27 and 28 (Scheme 2). For this, conjugates 8 and 9 were reacted with 2S- or
2R-chloropropionic acid in the presence of trichloroacetonitrile and triphenylphosphine. We have previously
demonstrated that related 2-chloropropanoyl derivatives afforded pure B-lactams, with the stereochemistry at
C3, C4 dictated by the configuration of the chloropropionic moiety*. In good agreement with our precedents,
cyclization of the all § isomer 22 with BTPP led almost exclusively to the formation of the 35,45,2"S -lactam 24a
(Table 2), along with less than 11% of the corresponding KP (not isolated). Again, the percentage of conversion to
the four-membered ring was higher when Cs,CO; was used as base (Table 2). Similarly, the basic treatment of the
2'R,2"S-chloropropanoyl derivative 27 with BTPP afforded enatiopure 3$,4S,2'R 2-azetidinone 29a. However, in
this case, the indicated B-lactam was obtained along with about 50% of the corresponding KP 30ab (a:b, 81:18).
Cyclization of 27 with Cs,COj; afforded a mixture of f-lactam and KP in the same ratio (48:52), but in this case
the 2-azetidinone derivative was obtained as a mixture of two diastereoisomers (29ab, 73:27, see SI for a pos-
sible explanation). The KP derivative 26ab was the main reaction product (>85%) during the treatment of the
2'§,2"R-chloropropanoyl precursor 23, and the minor -lactam was also obtained as a diastereomeric mixture
(25ab, Table 2). Contrastingly, the 2-azetidinone derivative 31ab was the main product (>70%) after the cycliza-
tion of the 2'R,2"R-chloropropanoyl precursor 28. Therefore, the configuration of the linear precursor influenced
both the regioselectivity (B-lactam versus KP) and the stereoselectivity in the formation of B-lactam derivatives.

A similar reactivity was observed during the cyclization of Ala derivatives (Supplementary Scheme SI).
Accordingly, treatment with BTPP of the chloroacetyl derivative 36 afforded exclusively the 6-membered KP 38ab
(a:b, 86:14, Table 1), while chloropropanoyl analogue 37 led to a 42:58 mixture of the 2-azetidinone derivative
39a (single isomer, 35,45,2'R , Table 2) and the KP 40ab (a:b, 58:42).

TRPMB8 invitro activity. The ability to inhibit menthol-induced Ca?* intracellular influx into the cytosol on
HEK293 cells heterologously expressing the rat TRPMS8 channel was measured and compared to that of AMTB,
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B-L/KP ratio B-Lactam# Yield | Configuration Configuration

Starting Compd | Base Time (h) | (HPLC) (%) (Isomer ratio) KP # Yield (%) | (isomer ratio)
BTPP |5 3:97 | NI - 13ab (77) ?g&;%/)ss,l'R
10 BEMP |3 2:98 | NI - NI ?gSé}g/SS,l'R
Cs,CO; |3 11:89 | 12ab (8.5) 1(153?1'57/)41(,2'5 13ab (68) ?g;g/SS,I'R
BTPP |5 2:98 | NI - 15ab (77) ?éll,:ll’g;SR,rR
11 BEMP |6 2:98 | NI - NI i(sé% :12'3;511,1'11
Cs,CO; |6 27:73 | 14ab (11) ?;é?l'lg‘leZ’R 15ab (69) 1(59126:11'3;511,1%
, BTPP |5 0:100 | - NI 1(556};%/)55,1%
Cs,CO; |6 0:100 | - - 20ab (60) ?i,glg/SS,l'R
20ab - - - - - 21ab (55) 5(556}9'%/)55,1%
36 BIPP |5 0:100 | - - 38ab (81) ?;‘6’:11%5&1'1*

Table 1. Results of the cyclization reaction of chloroacetyl phenylalaninol-Phe conjugates. NI not isolated.

a well-known TRPMS antagonist. The results obtained for $-lactam and KP derivatives are depicted in Table 3.
Representative recordings of fluorescence obtained in microfluorometry experiments for selected compounds
are in Supplementary Fig. S3. No agonist activity was observed for these compounds in the absence of menthol.

As shown in Table 3, slightly better antagonist activity was observed for -lactam with an N-2'R-appendage
(compare 2'R-derivatives 14ab, 29a and 31ab to 2'S-analogues 12ab, 24a and 25ab, respectively). However, in
the case of distereoisomeric mixtures (ab), the exact contribution to the activity of each individual isomer can-
not be assessed. As previously described for the first generation of B-lactam TRPMS8 antagonists®, the phenyl
group at position 4 is important for Ca** entrance inhibition, since the 4-CH; derivative 39a was one order of
magnitude less active than the 4-Bn analogue 29a.

All KP derivatives were assayed as mixtures of two diastereoisomers, therefore the structure-activity rela-
tionships should be considered as tendencies, not as absolute statements. As for the p-lactam derivatives, the
configuration of the stereocenter coming from the phenylalaninol moiety seems to dictate the antagonist activity,
with 5R-KPs more potent than 5S-isomers (compare 15ab to 13ab) (Table 3). The 1'-configuration appears also
to play a role for the inhibition of menthol-induced TRPMS activation, with a preference for the 1'R- (21ab,
10:90) over the 1'S-isomer (13ab, 80:20). The OBn group in 21ab could participate in the direct interaction
with the TRPM8 channel, as the corresponding OMe analogue 20ab shows an important drop in activity. In the
3-methyl derivatives, a 3R,5R configuration (in 30ab) is preferred over the 35,58 combination (in 26ab), while
the 3S,5R-configured diastereoiomers (32ab) showed the lowest activity in this series. In this case, a 4-CH; group
led to slightly less active derivatives (38ab, 40ab) compared to the corresponding 4-Bn analogues (15ab and
30ab, respectively), although the fall in activity due to this modification is less acute than in the B-lactam series.

B-Lactam and 2-ketopiperazine derivatives were also assayed for their activity in cell expressing hTRPV1
channels. No significant antagonist activity was measured for any derivatives within both chemotypes (Sup-
plementary Tables S1, S2, and Fig. $3), indicating their selectivity for TRPM8 channels.

The TRPMS antagonist activity of the enantiopure p-lactams 24a and 29a was further confirmed electro-
physiologically by Patch-clamp experiments, using the whole cell configuration in HEK293 cells expressing
TRPMS channels.

As shown in Fig. 2, perfusion with 100 uM menthol gives rise to a strongly outward rectifying ionic current
characterized by the presence of negligible current at negative potential and the presence of a linear current
increase (ohmic) at positive voltages>40 mV (I-50 mV/I+120 mV =0.07). When 10 pM of 24a was applied
(Fig. 2A, blue), an important reduction on the menthol-mediated TRPMS activity at depolarizing voltages
(+120 mV) was observed. A similar behaviour was detected for diastereomeric f-lactam 29a (Fig. 2C, blue).
The dose-response curve for both compounds was obtained at a holding potential of -60 mV (Supplementary
Fig. S4). The IC;, values were 1.4+ 1.1 uM for 24a (Fig. 2B) and 0.8 + 1.1 uM for 29a (Fig. 2D).

Docking studies. In order to investigate possible binding pockets within the TRPMS channel for these
families of KP and fB-lactam TRPMS antagonists, we performed computational studies with compounds 13a,
24a, and 29a. A model of the rat TRPM8 channel, created from the cryo-electron microscopy structure of the
Ficedula albicollis (PDB code 6BPQ)*, was used, and docking simulations were performed with the software
implemented in Yasara*-.

These docking studies predicted that the three compounds most likely (>80% solutions) interact with the
TRPMS by the pore zone, with two major solutions having the best binding energies (Supplementary Fig. S5,
Table S3). Site 1 was identified in the middle of the transmembrane region, mainly involving TM5 (S5) and
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Scheme 2. Preparation of 2-chloropropanoyl phenylalaninol-Phe conjugates and cyclization reactions.
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B-L/KP ratio B-Lactam# Yield | Configuration Configuration
Starting Compd | Base Time (h) | (HPLC) %) (Isomer ratio) KP # Yield (%) | (Isomer ratio)
" BTPP |4 89:11 24a (65) 35,45,2'S NI -
Cs,CO; | 24 93:7 24a (70) 35,4S8,2'S NI -
3 3R,4R,2'S/38,4R,2 38,58,1'S/38,58,1'R|
s BTPP 4 14:86 25ab (10) 'S (85:15) 26ab (63) (81:19)
3 3R,4R,2'S/3S,4R,2 38,58,1'S/38,58,1'R|
Cs,CO; | 336 11:89 NI 'S (85:15) NI (85:15)
BTPP |5 ) 292 (39) 3845,2R 30ab (32) ARSIN
27
. 38,48,2'R/3RA4S,2 3R,5R,1'S/3R,5R,1
Cs,CO, | 168 48:52 NI R (7327) NI R (6535)
» 3R4R,2'R/38,4R,2 3S,5R,1'S/38,5R,1
. BTPP 56 72:28 31ab (44) R (77:23) 32ab (21) 'R (85:15)
. 3R,4R,2'R/3S,4R,2 38,5R,1'S/3S,5R,1
Cs,CO; | 336 82:18 31ab (59) R (7822) NI R (964)
37 BTPP 6 42:58 39a (30) 35,48,2'R 40ab (41) 35@5;1;;3&5&1

Table 2. Results of the cyclization reaction of 2-cloropropanoyl phenylalaninol conjugates. NI: not isolated.

Compd ‘ Isomers ‘ Isomers ratio ‘ % Blockade 50 uM | % Blockade 5 uM | IC;, (uM)
B-Lactams

12ab 48,2'S/4R,2'S 83:17 100.0+3.1 92.3+6.2 1512
14ab 4S,2'R/4R2'R 88:12 103£2.7 91.0+4.3 12+1.0
24a 35,45,2'S - 110.7+11.7 65.416.4 24+1.2
25ab 3R4R,2'S/35,4R,2'S | 85:15 89.2+9.2 68.2+5.6 39+1.9
29a 35,45,2'R N 100.0+5.0 97.2+4.8 0.4+1.5
31lab 3R,4R,2'R/3S,4R2'R | 77:23 105.0+5.5 91.0+4.3 16+1.3
39a 35,4S,2'R = 100.4+3.5 46.6+11.1 6.2+1.1
2-Ketopiperazines

13ab 58,1'S/58,1'R 80:20 102.1+7.7 48.9+6.2 17,9+1.3
15ab 5R,1'S/5R,1'R 81:19 106+5.06 101.4+6.1 1.8+£1.9
20ab 55,1'S/58,1'R 4:96 61.0£5.6 22.3%5.5 18.8+1.7
21ab 58,1'S/58,1'R 10:90 92.5+4.3 70.0+6.8 20+1.5
26ab 38,58,1'S/38,5S5,1'R 81:19 102.4+1.5 93.5+3.4 2,4+1,3
30ab 3R,5R,1'S/3R,5R,1'R | 82:18 101.2+11.4 101.7+5.3 0.16£1.6
32ab 3S8,5R,1'S/3S,5R,1'R | 96:4 115.1+4.5 47.4+6.8 17.4+1.6
38ab 5R,1'S/5R,1'R 86:14 105.5+3.2 66.0+3.3 2.5+1.3
40ab 3R,5R,1'S/3R,5R,1'R | 58:42 107.9+2.5 79.1+£3.3 0.8+1.2
AMTB 7.3+1.5

Table 3. Activity at TRPMS of B-lactams derived from phenylalaninol conjugates.

TME6 (S6) of one monomer and segments of an adjacent subunit (S5 or S6 and/or the S5-S6 segment forming
the pore). The second binding compartment, Site 2, correspond to the cytosolic mouth of the pore, involving the
loops connecting TM6 and TRP domains of the 4 protein subunits forming the channel. As for the compounds,
mainly hydrophobic interactions can be distinguished at both binding pockets, with some n-m stacking and a
few H-bonds identified.

Ketopiperazine 13a binds TRPMS8 channel at Site 1 through two n—m stacking connections, a face-to-face
stacked interaction between the phenyl group of the 1'-Bzl moiety and Y963 at subunit 1 (S6), and secondly
a T-shaped (edge-to-face) contact encompassing the phenyl group of the a-CO,Bzl moiety and F874 residue
of TRPMS subunit 3 (S5) (Supplementary Fig. $6). Among hydrophobic interactions, the Ph group of the Cbz
moiety occupies a hydrophobic pocket delineated by residues located at subunit 3 (F870, L873, F874, 1962, L965,
and 1969) and subunit 2 (I844). In addition, the 1'-Bn moiety is also involved in hydrophobic interactions through
L1871 and F874 (Subunit 3), while the phenyl group of the 5-Bn is in touch with 1962 and Y963, also at subunit 3.
At Site 2, a face-to-face m-m stacking involves the Ph group of the Cbz and the aromatic ring of the Y981 residue
(subunit 1). Moreover, the hydrophobic interactions comprise the four Ph rings of 13a and residues from the
four channel subunits (see Supplementary Fig. S7).

At Site 1, B-Lactams 24a and 29a occupy similar areas of the transmembrane region, involving two neigh-
boring channel subunits, but their poses are clearly different, with the B-lactam ring pointing to the upper and
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Figure 2. Compounds 24a and 29a block TRPM8-mediated responses evoked by menthol in rTRPM8-
expressing HEK293 cells. (A, C). I-V curves obtained in HEK293 cells expressing TRPM8 and exposed to
vehicle solution (Vehicle; black trace; A,C), 100 uM menthol (red trace; A,C), 100 pM menthol + 10 uM 24a
(blue trace; A) or to 100 uM menthol + 10 uM compound 29a (blue trace; C) (B,D), Concentration — response
curves for TRPMS current blockade by compound 24a (B) or compound 29a (D) at a holding voltage of -60 mV.
Peak current data were expressed as pA/pF (to facilitate comparison among cells of different size) and expressed
as a function of antagonist concentrations. The solid lines represent fits of the experimental data to the following
binding isotherm: y = max/(1 +x/ECsy)n, where x is the drug concentration and n the Hill coefficient. The fitted
values for n were 0.97£0.05 or 0.98 +£0.6 for compound 24a or 29a, respectively. Each point is the mean +SD of
8 (for compound 24a) or 9 (for compound 29a) determinations, each obtained in different cells.

lower part of the binding pocket, respectively (Fig. 3 and Supplementary Figs. S8-S11). The 35,4S,2'S isomer
24a binds the channel through a H-bond involving its NH and the backbone CO of L959 (S5, subunit 3) (Fig. 4
and Supplementary Fig. $8). Additionally, three n-m interactions contribute to the complex stabilization, two
T-shaped contacts comprising the Ph group of the Cbz moiety and W877 and F881 side-chains (both at S5), and
a face-to-face sandwich between the aromatic groups of 2’-Bn and Y963 residue (S6), all at channel monomer
3. This monomer contributes also to the complex with nine hydrophobic interactions among a series of residue
side-chains of the channel and the four Ph groups of the antagonist, while subunit 2 (S5 and S5-S6 loop) add
three additional hydrophobic contacts (specified in Supplementary Fig. $8). The diastereoisomeric 35,4S,2'R
compounds 29a is fixed to the channel through a H-bond (NH — CO of G913, S5-S6 segment, subunit 1) and
a parallel displaced m-m connection (OBn-Y963 of S6, subunit 1, Supplementary Fig. S10). Also, a number of
residues at subunit 1 provide hydrophobic interactions with the four Ph groups of 29a. As previously, the contigu-
ous monomer (subunit 4) also supplies additional stabilizing interactions, in this case involving three residues
at the pore-forming S5-S6 segment (Supplementary Fig. S10).

Main residues involved in the hydrophobic interactions of 24a and 29a at Site 2 are Y981 (from three out of
four subunits), T982 of monomer 4, and 1985 of two subunits. In addition, a H-bond between the CO group of
Y981 (subunit 1, S6) and the NH group of 24a, and a n—n displaced stacking interaction involving the phenyl
groups of the 2’-Bn moiety in 29a and Y981 side-chain (Subunit 1, S6), contribute to the respective stabilization
of the complexes at Site 2 (Fig. 4, and Supplementary Figs. S9 and S11). Interestingly, most residues of rTRPMS8
suggested as important for the interaction with B-lactams and KPs at both sites 1 and 2 are highly conserved in
hTRPMS (Supplementary Fig. S12).

Growth inhibitory activity in tumor cells. A number of recent experimental evidences position TRPM
channels as important players in cancer growth and progression®’. Among these channels, the aberrant expres-
sion of the TRPMS8 subtype has been described in different human malignant tumors, including those of pros-
tate, pancreas, breast, colon, and skin, among others®. More importantly, sometimes the TRPM8 overexpression
was associated to poor prognosis of cancer patients. In good agreement, several, structurally different TRPM8
antagonists demonstrated good antitumor activity in prostate****°, and others human tumor cell lines®. A few
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Figure 3. Low energy binding sites for B-lactam derivative 24a, Site 1 (A), Site 2 (B). Compound 24a is in pale
orange, while side-chains of TRPMS involved in the interaction are depicted in blue and labelled. Heteroatoms
are indicated in red (O) and dark blue (N). H atoms have been removed.

years ago we have described that Phe-derived simpler p-lactams showed antitumor activity against three human
cancer cell lines”'. Based on these precedents, in this work we first aimed at evaluating the antitumor activity
of enantiopure compounds 24a and 29a. Initially, we assessed the growth inhibition percentage by a 10 pM
concentration of these compounds on a 60 tumor cell screen at the National Cancer Institute (USA). In general,
both B-lactam derivatives showed non-selective, modest cytotoxic effects in all cell assays, with the best data for
leukemia (MOLT-4 cell line), melanoma (SK-MEL-5), lung (A549), colon (COLO-5), ovarian (OVCAR-4), renal
(A498) and prostate (PC-3) cancer lines.

We then measured the in vitro cytotoxic activity of 24a and 29a in four human tumor cell lines, namely
A459 (lung), HT29 (colon), MDA-MB-231 (breast) and PSN1 (pancreas). The results are recorded in Tables 4
and S4, and compared to those of the well-known chemotherapeutic agent doxorubicin. As shown in Table 4,
compound 24a displays in vitro cytotoxic activity in the micromolar range in three out of four assayed tumor
cell lines, with no activity against the MDA-MB-231 breast cell line (at 10 uM/mL). Compared to 24a, slightly
lower potencies were measured for f-lactam 29a in lung, colon and pancreas tumor cell lines, but contrastingly
it displays better, although moderate, in vitro cytotoxic activity in the breast cell line. Hence, no significant influ-
ence neither of the configuration of the B-lactam derivative nor of the TRPM8 antagonist potency was observed
on the antiproliferative activity of these compounds. In general, these activities were one order of magnitude
less potent than the control doxorubicin.

Three steroisomeric 2-KP derivatives, having different TRPMS antagonist capacity, were also assayed for their
antitumoral activity (Table 4). In this case, compound 30ab, showing submicromolar TRPMS8 antagonist activity,
is only moderately active in A549 and PNSI cell lines, with no significant cytotoxicity in the colon and breast
cell lines. Compound 15ab, with micromolar potency as TRPM8 antagonist, is only cytotoxic in the pancreas
cell line, while the less potent analogue 13ab did not show any significant antiproliferative activity. It seems that
for the 2-KP series the in vitro cytotoxicity follows the same order than TRPMS8 antagonist potency. The lower
antitumor potential, compared to f-lactams, could be due either to the evaluation of diasteroisomeric mixtures
in 2-KPs versus enantiopure -lactams, or to the fact that the cytotoxicity of B-lactam derivatives is independent
of the TRPMS activity or both.
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Licking time (s)

Lung-NSCLC | Colon | Breast Pancreas
Compd. Family TRPMS IC;, (uM) | A549 HT29 | MDA-MB-231 | PSN1
24a B-Lactam 24+12 329 4.16| >17.3 5.55
29a B-Lactam 0.4+1.5 5.90 7.11 12.7 6.42
13ab 2-KP 17,9+1.3 >17.8 >17.8 | >17.8 >17.8
15ab 2-KP 1.8+1.9 >17.8 >17.8 | >17.8 6.4
30ab 2-KP 0.16+1.6 12.7 >17.3 | >173 8.3
Doxorubicin.HCI - 0.24 0.19 0.17 0.17

Table 4. In vitro cytotoxicity (GI5y, tM) of compounds 24a and 29a on four human cell cancer lines.
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Figure 4. Effects of compound 24a on the oxaliplatin-induced cold allodynia (acetone test). Male mice were
treated with oxaliplatin (6 mg/Kg, ip) or vehicle on days 1, 3 and 5. Then, compound 24a (1 pg/ipl, A or 3 ug/
ipl, B) was administered to the oxaliplatin treated animals, and the time-course of cold allodynia was measured.
Data are given + SME (n=5). **P <0.05; ***P <0.001; ***P <0.0001.

The expression of TRPM8 channels in different cancer cell lines has been scarcely studied®. To the best
of our knowledge, there are no data on expression levels in A549, HT29 and PSN1 tumor cell lines, while for
MDA-MB-231 the results described so far are contradictory. Thus, while the TRPMS antagonist AMTB decreases
viable cells in MDA-MB-231 breast cancer cells and TRPM8 levels are high in basal breast cancers, the TRPM8
expression does not seem very high in this and other breast cancer cell lines®*. On the contrary, a work by Liu
and coworkers identified high levels of channel expression in different breast cancer cell lines, including MDA-
MB-231%*. Because this lack of information and the controversial results, we cannot assure that the antitumor
activity displayed by our compounds is partially due to a high expression of TRPMS in the indicated cell lines
or if it could be an effect totally independent of these channels.

No apparent, significant cytotoxic effects were observed for the -lactam derivatives in HEK293 cells (up to
500 uM concentration, MTT assay).

Antiallodynic effects in vivo. Cold allodynia (painful sensation at cold temperatures that do not usually
cause pain) and cold hyperalgesia (increased sensitivity to distressing cold temperatures) are associated to dif-
ferent peripheral neuropathies®. Several chemotherapeutic agents in first clinical line induce peripheral neu-
ropathies (known as CIPN), affecting million patients worldwide and limiting the dose administered to them,
as well as the quality of life of many survivors®. In oxaliplatin CIPN, the increased sensitivity to cold has been
correlated to an augmented expression of TRPM8 channels, among others* ", In good correlation, there are
recent experimental evidences describing that TRPM8 antagonists are able to decrease oxaliplatin-induced allo-
dynia and cold hypersensitivity***S. According to these discoveries, we decided to explore the effects of f-lactam
24a in an in vivo model of oxaliplatin CIPN, using acetone assay for monitoring cold allodynia. In male mice,
the injection of oxaliplatin on days 1, 3 and 5 at a 6 mg/kg dose produces peripheral cold allodynia. As shown in
Fig. 4, the intraplantar (i.pl.) administration of B-lactam derivative 24a (1 pg), attenuates the cold-induced paw
licking in a significant manner 15 min after administration, showing the maximum activity from 30 to 60 min.
At a 3 pg dose, the antagonist activity is clearly increased at 15 min, and firmly maintained up to 60 min.

Discussion

To search for new TRPMS8 antagonist chemotypes, we explore the base-assisted cyclization of linear phenyla-
laninol-Phe conjugates, which afforded chiral p-lactam and/or 2-ketopiperazine (KP) heterocyclic derivatives.
The regioselectivity (B-lactam versus KP) was dependent on the chloroalkyl substituent and the configura-
tion of the linear precursor. While 2-chloroacetyl derivatives gave almost exclusively to the KP six-membered
ring heterocycle, the cyclization of 2-chloropropanoyl analogues is governed by the configuration of both the
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phenylalaninol-derived (2') and the 2-chloropropanoyl (2") stereocenters. In short, 2'S,2”S and 2'R,2"R isomers
provides P-lactams as the very major component of the reaction, while the KP heterocycle predominates after the
cyclization of the 2'S,2"R diastereoisomer, and the 2'S,2"R linear precursor provides almost the same amount of
the four- and six-membered heterocyclic systems. The epimerization at the C-3 stereocenter in 3-methyl-p-lactam
derivatives, not previously observed for related 2-azetidinones®, was low for 35,4S-configured compounds and
more important for 3R,4R-analogues.

Both, the phenylalaninol-Phe-derived p-lactams and KPs behave as new TRPMS8 antagonist chemotypes,
blocking the channel activation by menthol (Ca** entry assay) with micromolar or submicromolar potencies,
and did not show activity at hTRPV 1. Single isomer p-lactams 24a and 29a display IC, values of 2.4 and 0.4 uM,
respectively, indicating that a 2'R-configuration of the phenylalaninol-derived substituent is preferred for TRPM8
antagonist activity. These antagonist activities were further confirmed using electrophysiology experiments, with
Patch-clamp measurements sustaining that the 2'R diastereoisomer is slightly more potent than the correspond-
ing 2'S isomer. In general, these phenylalaninol-Phe-derived B-lactams maintain significant TRPMS8 blockade
activity, although they showed somewhat decreased potency compared to the longer Asp-Phe analogues®. For
KPs, a 1'R- and a 5R-configuration seem to favor the inhibition of TRPM8 channel activation.

Docking studies, using a homology model of rat TRPM8 channel, built on the cryo-electron microscopy
structure of the TRPMS8 from Ficedula albicollis**, propose two putative binding sites, by the pore zone, for the
phenylalaninol-Phe-derived heterocyclic compounds described here. The first site involves transmembrane S5
and S6 of one channel subunit and the S5 or S6 and/or the S5-S6 segment forming the pore of one adjacent
monomer, suggesting an allosteric modulation of the channel. The second most probable binding point is located
at the bottom part of the pore, involving mainly hydrophobic interaction among the phenyl rings of the molecules
and hydrophobic and aromatic residues of the four channel subunits, with the compound acting as a channel
blocker. The sites predicted by these models of interaction differs from those proposed for tryptophan-derived
antagonists®, and that from AMTB and TC-I/TRPMS8 complexes solved by cryo-electron microscopy®®, which
adopt different poses within the channel, but all around the menthol-binding pocket (delineated by the lower
half of the TM4-TMS5 helices and the TRP domain)?. The larger volume of our molecules could be behind this
different behaviour.

TRPMS channels are overexpressed in a number of tumors, like prostate, melanoma, lung and colon adeno-
carcinomes, and some TRPMS8 antagonists demonstrated good antitumor activity’>*®%°, Interestingly, enantiopure
B-lactams 24a and 29a exhibited non-selective antitumor activity in different tumor cell lines, showing micro-
molar potency in four of them, while 2-KP regioisomeric compounds displayed lower antifloliferative activity.
No direct correlation between TRPMS8 antagonist and antitumor activity could be established. Abnormalities
in TRPMS8 expression was also found in models of chemotherapy-induced peripheral neuropathy®’. To evaluate
the usefulness of this family of compounds in relieving persistent pain associated to antineoplastic agents, we
evaluated 3-lactam 24a in a mice model of oxaliplatin-induced peripheral neuropathy. Compound 24a demon-
strated significant antiallodynic effects in vivo, with maximum activity from 30 to 60 min. Compared to litera-
ture reported results, the antiallodynic activity of compound 24a seems superior or comparable to that of other
described TRPMS antagonists. Thus, its potency is higher than that of a described spirochromene derivative *,
and seems to span longer than that of a Trp-OMe derivative, which showed more potent antagonist activity at the
Ca’* assay than 24a®. At 1 ug i.pl., f-lactam derivative 24a showed slightly lower potency and similar duration
of action than a biphenyl amide TRPMS antagonist recently reported®.

In conclusion, the two phenylalaninol-Phe-derived heterocyclic systems, highly functionalized B-lactam
and/or 2-ketopiperazine, allow the identification of new hits for TRPM8 modulation. Therefore, these two new
chemotypes could constitute the starting point for further modifications on the road to improved compounds
for future therapeutic applications in both pain and cancer.

Experimental section
Chemistry. Preparation of synthetic intermediates, their characterization and that of most final compounds
are detailed in Supplementary Information.

Cyclization reactions. BTPP (2.4 mmol, 0.75 mL), or BEMP (2.4 mmol, 0.69 mL) or Cs,CO; (3.2 mmol,
1.04 g) was added to a solution of the corresponding N-alkyl-N-chloroacetyl- or N-alkyl-N-chloropropanoyl-
Xaa derivative (1.6 mmol) in dry CH;CN (4 mL), under Ar atmosphere. The reaction mixture was stirred until
consumption of the starting material. Then, the solvent was removed and the residue was extracted with EtOAc,
and washed with 0.1 M HCI, H,O and brine, successively. Finally, the organic phase was dried over Na,SO,,
filtered, and concentrated. The resulting residue was purified by flash chromatography on silica gel, using the
eluent indicated in each case.

4S-Benzyl-4-benzyloxycarbonyl-3S-methyl-1-[(2'S-benzyloxycarbonylamino-3'-phenyl)
prop-1'-yl]-2-oxoazetidine (24a). Syrup. Yield: 65% (from 22, B: BTPP). Eluent: EtOAc:Hexane (1:2).
HPLC: ty =16.20 min (gradient of 30% to 95% of A, in 20 min).[a]y,=-35.04 (c 1, CHCl,). Isomer ratio M(35,4S
,2'S):m(3R,4S,2'S) =97:3. 'H NMR (400 MHz, CDCL,): § 7.35-6.96 (m, 20H, Ar), 5.75 (d, 1H, J=7.4 Hz, 2-NH),
5.24 (d, 1H, J=12.0 Hz, OCH,), 5.14 (d, 1H, J=12.0 Hz, OCH,), 5.05 (s, 2H, OCH,), 4.17 (m, 1H, 2-H), 3.43 (d,
1H, J=14.5 Hz, 4-CH,), 3.23 (dd, 1H, J=14.5, 8.0, 1'-H), 3.11 (q, 1H, J=7.6 Hz, 3-H), 3.05 (d, 1H, J=14.5 Hz,
4-CH,), 3.00 (dd, 1H, J=14.5, 4.0 Hz, 1'-H), 2.86 (dd, 1H, J=14.0, 8.0 Hz, 3'-H), 2.72 (dd, 1H, J=14.0, 7.0 Hz,
3'-H), 1.08 (d, 3H, J="7.5 Hz, 3-CH,)."*C NMR (75 MHz, CDCL,): § 171.0 (COO), 170.6 (C2), 156.0 (OCON),
137.8,137.0, 134.9, 134.8, 129.7, 129.2, 128.9, 128.85, 128.8, 128.7, 128.5, 128.45, 127.9, 127.8, 127.5, 126.5 (Ar),
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68.7 (C4), 67. 7, 66.3 (OCH,), 53.8 (C3), 51.9 (C2'), 46.1 (C1"), 40.7 (4-CH,). 39.1 (C3'), 10.6 (3-CHS,). MS (ES)":
577.3 [M+H]*. Exact Mass calculated for C3sH;¢N,O5: 576.26242; found: 576.26457.

45-Benzyl-4-benzyloxycarbonyl-3S-methyl-1-[(2'R-benzyloxycarbonylamino-3’-phenyl)
prop-1'-yl]-2-oxoazetidine (29a). Syrup. Yield: 39% (from 27, B: BTPP). Eluent: EtOAc:Hexane (1:3).
HPLC: ty =16.36 min (gradient of 30% to 95% of A, in 20 min).[a]p=-72.67 (c 1, CHCl;). Isomer ratio M(3S5,4S,
2'R):m(3R,48,2'R) =97:3. 'H NMR (400 MHz, CDCL): § 7.37-6.99 (m, 20H, Ar), 5.83 (d, 1H, J=8.1 Hz, 2-NH),
527 (d, 1H, J=12.0 Hz, OCH,), 5.17 (d, 1H, J = 12.0 Hz, OCH,), 5.05 (s, 2H, OCH,), 4.07 (m, 1H, 2'-H), 3.56 (d,
1H, J=14.5 Hz, 4-CH,), 3.43 (q, 1H, J=7.6 Hz, 3-H), 3.03 (d, 1H, J=14.5 Hz, 4-CH,), 2.99 (m, 2H, 1’-H), 2.71
(dd, 1H, J=13.5, 7.4 Hz, 3'-H), 2.64 (dd, 1H, J=13.4, 6.6 Hz, 3’-H), 1.08 (d, 3H, J=7.5 Hz, 3-CH;). *C NMR
(100 MHz, CDCL): § 171.3 (CO0), 170.3 (C2), 156.3 (OCON), 137.5, 135.1, 134.8, 129.7, 129.5, 129.2, 129.0,
128.9,128.8,128.7,128.5, 128.4, 127.9, 127.5, 126.5 (Ar), 69.0 (C4), 67.8, 66.3 (OCH,), 54.1 (C3), 51.6 (C2'), 47.0
(C1'), 41.2 (4-CH,). 39.3 (C3'), 10.6 (3-CH;). MS (ES)*: 577.25 [M + H]". Exact Mass calculated for C;sH;4N,O54:
576.26242; found: 576.26248.

Functional assays by calcium microfluorimetry. Human embryonic kidney cell line (HEK) stably
transfected with rTRPMS8 or h-TRPV1 were used as previously described”. Briefly, cells were seeded in 96-well
plates at a cell density of 30,000 cells 2 days before treatment. Buffer used was HBBS (in mM): 138 NaCl, 5.33
KCl, 1.26 CaCl,, 0.5 MgCl-6H,0, 0.4 MgSO,-7H,0, 4 NaHCO3 0.44 KH,PO,, 0.3 Na,HPO,, pH 7.4. The day
of treatment the medium was replaced with 100 L of the dye loading solution Fluo-4 NW supplemented with
probenecid 2.5 mM. After incubation, plates were transferred to a fluorescence plate reader (Polastar BMG). In
the experimental protocol, the baseline fluorescence was recorded (Em 485 nm/Ex 520 nm) for 3 cycles. After,
vehicle, compound at different concentrations and the corresponding antagonist, 10 uM AMTB for TRPMS8 or
10 uM Ruthenium Red for TRPV1 were added to the well. Fluorescence intensity was recorded during 7 cycles
more. Finally, the agonist 100 uM menthol for TRPM8 or 1 uM capsaicin for TRPV1 was added and fluorescence
intensity was recorded during 10 cycles more.

Data analysis. The degree of inhibition of TRPMS8 channel gating was calculated by comparison to calcium
increase signal elicited by test substances and menthol at 100 uM. Decrease of menthol signal was expressed
as percentage of inhibition (%). All data are expressed as mean +standard deviation (SD). Each condition was
assessed by triplicate (n=3) in 3 independent experiments (N =3). Z-factor was calculated in each assay using
the following equation: (3*(SDmax + SDmin))/(Mean max-Mean min). In all the experiments Z-factor was > 0.5.
To calculate ICy, normalized responses (%) versus log [uM] were adjusted to a non-linear fit with variable slope,
a four-parameter dose-response curve following curve Y=100/(1+ 10~ ((Log ICs,-X)*HillSlope)) where X =%
normalized response and Y =log [uM].

Functional assays by Patch-clamp electrophysiology. Electrophysiological recording was carried
out 1-3 days after cells seeded. Membrane currents and voltages were recorded by patch clamp using the whole-
cell configuration. For whole-cell recordings of HEK-rTRPMS cells”, pipette solution contained (in mM) 150
NaCl, 5 EGTA, 3 MgCl, and 10 HEPES, adjusted to pH 7.2 with NaOH, and bath solution contained (in mM)
150 NaCl, 6 CsCl, 1.5 CaCl,, 1 MgCl,, 10 p-glucose and 10 HEPES, adjusted to pH 7.4 with NaOH. Data were
sampled at 10 kHz (EPC10 amplifier with PatchMaster 2.53 software, HEKA Electronics, Lambrecht, Germany)
and low-pass filtered at 3 kHz for analysis (PatchMaster 2.53 and GraphPad Prism 5, Graphpad Software, USA).
The series resistance was <10 MQ and to minimize voltage errors was compensated to 60-80%. All measure-
ments were performed at 24-25 °C. The TRPMS response was quantified as the ratio P2/P1, being P2 the second
menthol pulse in the presence of the vehicle or antagonist tested, and P1 refers to the first menthol pulse. This
paradigm considers the extend of receptor desensitization as the P2/P1 obtained with the vehicle. Thus, the esti-
mated IC50 values are corrected from receptor desensitization.

Docking Studies. The molecular model for rat TRPM8 was obtained using the structure of the TRPM8
from Ficedula albicollis determined by cryo-electron microscopy at 4.01 resolution®’. First, the missing loops
in the structure from Ficedula albicolis was completed by using Yasara*°!. Second, the rat TRPM8 sequence
(Uniprot Q8R455) was modeled on completed Ficedula a. structure, although the N-term (44-719) and C-term
(1,031-1,104) were removed for docking. The homology modelling was performed with the standard homology
modelling protocol implemented in Yasara (version 19.9.17)*%*. Sequence alignment between rat and Ficedula
a. TRPMS was performed with ClustalO%, from the European Bioinformatic Institute (EBL, https://www.ebi.
ac.uk). The visualization and edition of the molecules were also done with Yasara (https://www.yasara.org).
Figures were drawn with open source Pymol (The PyMOL Molecular Graphics System, Version 1.8 Schrodinger,
LLC) at https://www.pymol.org.

The global docking procedure was accomplished with AutoDock*, implemented in Yasara, in which a total of
800 flexible docking runs were set and clustered around the putative binding sites. The program then performed
a simulated annealing optimization of the complexes, which moved the structure to a nearby stable energy mini-
mum, by using the implemented Assisted Model Building with Energy Refinement (AMBERO03) force field®*. The
Yasara pH command was set to 7.0, to ensure that molecules preserved their pH dependency of bond orders and
protonation patterns. The best binding energy complex in each cluster was stored, analyzed, and used to select
the best orientation of the interacting partners.
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Antitumor activity. Celllines. Human tumor cell lines used in this study were purchased from the ATCC.
A-549 (CCL-185), lung carcinoma; HT-29 (HTB-38), colorectal adenocarcinoma; MDA-MB-231 (HTB-26),
breast adenocarcinoma; PSN1, pancreas adenocarcinoma.

Cell culture.  All cell lines were maintained in DMEM (Dulbecco’s Modified Eagle’s Medium) culture medium
supplemented with 10% FBS (Fetal Bovine Serum), 100 Units/mL penicillin/streptomycin at 37 °C, 5% CO, and
95% humidity.

Cytotoxicity Assay. Triplicate cultures were incubated for 72 h in the presence or absence of test compounds
in dose-response curves (10 concentrations, typically ranging from 10 to 0.0026 pg/mL). A colorimetric assay
using sulforhodamine B (SRB) was adapted for quantitative measurement of cell growth and cytotoxicity”. A
more detailed information on this assay is provides in the supplementary information. G5, is the compound
concentration that produces 50% inhibition on cell growth as compared to control cells.

In vivo anti-allodynic effects. Male C57-mice (=30 g) (Harlam, Holland) were used for the study. All
experiments were approved by the Institutional Animal and Ethical Committee of the Universidad Miguel Her-
nandez where experiments were conducted and they were in accordance with the guidelines of the Economic
European Community and the Committee for Research and Ethical Issues of the International Association for
the Study of Pain. All parts of the study concerning animal care were performed under the control of veterinar-
ians.

As previously described™, oxaliplatin (Tocris) was dissolved in water with gentle warming and was subcu-
taneously (s.c.) injected on days 1, 3 and 5 at a 6 mg/kg dose. The day 7 after administration, experiments were
performed. Together with Oxaliplatin injection, saline and a 5% Mannitol solution were intraperitoneally injected
to prevent kidney damage and dehydration. The compound 24a stock was prepared in DMSO (Sigma-Aldrich)
and diluted in saline for injections. Compound at different doses (1 to 3 ug) was injected into the plantar sur-
face (25 pL) of the right hind paw of mice. Cold chemical thermal sensitivity was assessed using acetone drop
method. Mice were placed in a metal mesh cage and allowed to habituate for approximately 30 min in order to
acclimatize them. Freshly dispensed acetone drop (10uL) was applied gently on to the mid plantar surface of
the hind paw. Cold chemical sensitive reaction with respect to paw licking was recorded as a positive response
(nociceptive pain response). The responses were measured for 20-s with a digital stopwatch. For each measure-
ment, the paw was sampled twice and the mean was calculated. The interval between each application of acetone
was approximately 5 min.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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Abstract: Transient receptor potential cation channel subfamily M member 8 (TRPMS) is a Ca>" non-
selective ion channel implicated in a variety of pathological conditions, including cancer, inflam-
matory and neuropathic pain. In previous works we identified a family of chiral, highly hydropho-
bic f-lactam derivatives, and began to intuit a possible effect of the stereogenic centers on the an-
tagonist activity. To investigate the influence of configuration on the TRPM8 antagonist properties,
here we prepare and characterize four possible diastereoisomeric derivatives of 4-benzyl-1-[(3’-phe-
nyl-2’-dibenzylamino)prop-1’-yl]-4-benzyloxycarbonyl-3-methyl-2-oxoazetidine. In microfluorog-
raphy assays, all isomers were able to reduce the menthol-induced cell Ca* entry to larger or lesser
extent. Potency follows the order 3R,4R,2'R > 35,45,2'R =3R,4R,2’'S > 35,4S5,2’S, with the most potent
diastereoisomer showing a half inhibitory concentration (ICso) in the low nanomolar range, con-
firmed by Patch-Clamp electrophysiology experiments. All four compounds display high receptor
selectivity against other members of the TRP family. Furthermore, in primary cultures of rat dorsal
root ganglion (DRG) neurons, the most potent diastereoisomers do not produce any alteration in
neuronal excitability, indicating their high specificity for TRPMS8 channels. Docking studies posi-
tioned these (3-lactams at different subsites by the pore zone, suggesting a different mechanism than
the known N-(3-aminopropyl)-2-[(3-methylphenyl)methoxy]-N-(2-thienylmethyl)-benzamide
(AMTB) antagonist.

Keywords: TRPMS; antagonists; -lactams; absolute configuration; Ca?" microfluorimetry; Patch-
Clamp

1. Introduction

Transient receptor potential cation channel subfamily M member 8 (TRPMS), is a cal-
cium-permeable ion channel, activated by innocuous cooling to cold temperatures (below
28°C), membrane depolarization, changes in osmolarity and pH [1,2]. In addition, it is
activated by chemical agents such as (-)-menthol and icilin, and by different endogenous
molecules, such as the lipid PIP2 [3], testosterone [4], artemin [5] and Pirt (phosphoinosi-
tide interacting regulator of TRPs) [6]. TRPMS is a cold-sensing multimodal nociceptor of
the somatosensory nervous system and a major sensor of cold nociception in humans
[7,8]. On one hand, they are highly expressed in primary sensory neurons (Ad and C-
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fibers) of the dorsal root ganglia (DRG) and trigeminal ganglia (TG) [9], which participate
in the sensory encoding of pain under both normal and pathological conditions. Accord-
ingly, TRPMS8 channels have been implicated in inflammatory pain, but also in migraine
[10-12]. On the other hand, the cold allodynia associated to oxaliplatin-induced painful
neuropathy has been correlated with TRPMS8 expression and function [13,14], while other
studies indicate that TRPMS is implicated in cold allodynia after inflammation or nerve
injury [15].

TRPMS channels are also expressed on deep visceral afferents in bronchopulmonary
tissue [16], bladder [17], prostate [18], brain [19], and other tissues such as in eyes [20],
salivary glands [21] or the oropharyngeal system [22]. Recent experimental evidence
seems to indicate that TRPMS and its modulation by testosterone is behind the regulation
of dimorphic sexual and social behaviors in mice [23]. Several tumor growth progression
and invasion capacity initial phases of different cancers (prostate, pancreas, colon, breast,
lung, and skin), have also been connected with aberrant expression of TRPMS8 channels
[24], and suggest a potential protective role for TRPMS8 antagonists. Contrastingly, for ad-
vanced metastatic tumors, it seems that TRPMS activation by agonists could have a pro-
tective function [25].

Among described TRPMS8 agonists, we mainly found tertiary amides and diverse
menthol derivatives [26-28], and some other natural products [29]. The family of TRPMS8
antagonists is highly diverse, with either different acyclic (amide, sulfonamide, urea, gly-
cine, tryptophan) or heterocyclic (tiazole, 2-azetidinone, benzothiophene, benzimidazole,
isoquinoline) central scaffolds [27,28,30-34]. Despite the big number of TRPM8 modula-
tors described to date, only a few have been extended to clinical studies, with the excep-
tion of menthol that has been profusely scrutinized as a topical antihyperalgesic agent.
Among TRPMS antagonists, only PF-05105679 and AMG 333 progressed into phase I clin-
ical trials to explore pharmacokinetics safety and tolerability pharmacodynamics in
healthy volunteers and migraneous patients, respectively [35,36]. Both compounds evi-
denced several adverse effects, including feeling hot, that preclude further progress into
the clinic. Therefore, it is of great interest to push in the discovery of new, potent and
selective TRPMS8 antagonists, and to increase the knowledge about their specific binding
sites on the target protein, to search for mechanistically different antagonists [37-39].

In a previous study, we described a library of highly substituted azetidin-2-ones, pre-
pared from Phe and Asp/Glu amino acid conjugates, that potently and selectively block
the activation of TRPMS8 by voltage, menthol, and temperature [40]. The prototype B-lac-
tams bear four hydrophobic substituents very important for activity, three benzyl groups
and a tert-butoxycarbonyl (Boc) moiety, and a short N-alkyl chain (1-2 carbons). Very re-
cently, we reported on the cyclization of a series of shorter phenylalaninol-Phe conju-
gated, affording 2-azetidinones and/or 2-ketopiperazine (KP) derivatives, depending on
the N-chloroalkyl group and on the configuration of linear intermediates [41]. Cyclization
of all S-configured linear choroppropanoyl derivatives afforded the expected 3-lactam 1
along with a small quantity of its regiomeric 2-ketopiperazine (KP), due to the cyclization
through the 2’-NH group (indicated by a red arrow, Figure 1). Depending on the config-
uration of the starting chloropropanoyls, the 2-KP species can be the predominant cycliza-
tion product. In addition, for 2’-R-chloropropanoyl derivatives, the corresponding {3-lac-
tams were obtained as inseparable mixtures of diastereoisomers, thus precluding the
study on the configuration influence. The prototype p-lactam (1, configuration 35,4S,2’S)
blocks the channel activation by menthol (Ca?* entry assay) with micromolar values, sig-
nificantly reduces the oxaliplatin-induced allodynia from 15 to up to 60 min in a mice
model in vivo, and exhibits non-selective antitumor activity (micromolar potency in four
tumor cell lines) [41]. More importantly, docking studies indicated that compound 1 lo-
calizes preferentially at two possible locations by the pore zone of the TRPMS8 channel,
suggesting either an allosteric or a pore blocking mechanism, different to that of other
described antagonists.
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Figure 1. Previously described p-lactam (1) with transient receptor potential cation channel subfamily M member 8
(TRPMS) antagonist properties and analogues in this work (II), obtained from linear conjugates I. The black arrow denotes

cyclization to f-lactam and red arrow to ketopiperazine (KP). *

Means the position of stereogenic centers.

To avoid the regioisomeric formation of diastereomeric KPs, and thus making the
synthetic approach to this type of p-lactams more efficient, here we propose the substitu-
tion of the Z-group in 1 by an NBn2 moiety (general formula II, Figure 1), lacking the
reactive 2’-NH group in linear precursors I. The dibenzylamino moiety is present in other
potent tryptamine- and tryptophan-derived TRPMS8 antagonists [32,33], and some confor-
mationally restricted tetrahydro-3-carboline derivatives [42]. The 35,45,2’R-diastereoiso-
mer of —lactam 1 showed slightly better TRPMS8 antagonist activity than the N-2’S-isomer
(1), while the corresponding 3R,4R,2’S- and 3R,4R,2’'R-isomers could not be obtained in
diasteroisomeric pure form [41]. Given the intrinsic chirality of biological systems, the ab-
solute configuration of drugs is normally an important issue. Therefore, to assess the in-
fluence of the configuration on the TRPMS8 antagonist activity in this family of com-
pounds, we first prepare enantiopure linear conjugates I, which were cyclized to four di-
astereoisomeric [3-lactams of general structure II, those which are synthetically accessible
in optical pure form linear precursors I. Then, these diastereomeric compounds were as-
sayed for their potency as TRPMS8 antagonists in a Ca?* entry assay, the best antagonists
were validated by Patch-Clamp experiments, and their selectivity over other TRPs was
assessed. Finally, we have identified possible binding sites for these compounds in the
TRPMS channel through docking studies.

2. Results and Discussion
2.1. Chemistry
N-Dibenzylphenylalaninol 2-azetidinones 13-16 were prepared from commercial al-

cohols 3 and 4 in three steps (Scheme 1), following the previously described synthetic pro-
cedure [41].



Int. ]. Mol. Sci. 2021, 22, 2370

4 of 22

The synthesis of enantiopure 2-chloropropanoyl derivatives 9, 10, 11 and 12 was
started by a Mitsunobu reaction between Ns-L-Phe-OBn (2) and the corresponding com-
mercial alcohol 3 and 4 to afford compounds 5 and 6 (Scheme 1). Then, the removal of the
nosyl group gave NH derivatives 7 and 8. Finally, compounds 7 and 8 were reacted with
25- or 2R-chloropropionic acid in the presence of trichloroacetonitrile and tri-
phenylphosphine. We have previously reported that in the cyclization of enantiopure 2-
chloropropanoyl derivatives to (3-lactams, the stereochemistry at the C3,C4 bond is exclu-
sively governed by the configuration of the chloropropanoyl moiety, with 2”’S- and 2”-R-
chloropropionyl derivatives affording 35,4S and 3R,4R 3-lactams, respectively [43]. These
configurational results were rationalized through quantum mechanics calculation, which
indicated that the energy of the possible transition states leading to ring-closure is highly
favorable for the formation of cis-3-methyl-p-lactams, with >10 KJ/mol lower energy com-
pared to the trans-diastereoisomers [44]. Therefore, the phosphazene base Pi-t-Bu-tris(tet-
ramethylene) (BTPP)-assisted cyclization of linear 2”’S-conjugates 9 («S,2’S,2”’S) and 10
(aS,2'R,2”S) afforded cis-3-methyl 3S,45-B3-lactams 13 (35,45,2’S) and 14 (35,4S,2'R), re-
spectively . In a similar manner, cis-3-methyl 3R,4R-B-lactams 15 (3R,4R,2’S) and 16
(BR/4R,2'R) were obtained as single isomers after base-promoted cyclization of the corre-
sponding 2”R-chloropanoyl derivatives, 11 (aS,2’5,2”R), and 12 (aS,2'R,2”R). As ex-
pected, enantiomeric pairs (13/16 and 14/15) show similar values of optical rotation, but
of opposite sign. As KPs are not possible in this case, the yield of 3-lactams is in general
higher than those obtained for the corresponding 2’-benzyloxycarbonyl derivatives [41],
but some hydrolysis of the benzyl ester was observed during the cyclization step workup

(higher for 2’R-diastereoisomers compared to 2’S-counterparts).

m N02£©
'/ N7(s°CO, Bn HN"(s)"CO, Bn
NO, 2 2
e QA — QL
> “N7(s)°CO; Bn
O H 2

2. aS
i /[
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5 08,2'S 7. 0528
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S) 3
ljr( ) '(S)COZBn
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Scheme 1. Synthetic pathway for the preparation of the four diastereoisomeric 3-lactam deriva-
tives.
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2.2. Biological Activity
2.2.1. Ca?* Intracellular Influx Assay

The four obtained diastereomeric compounds were evaluated for their ability to in-
hibit menthol-induced Ca?" intracellular influx into the cytosol on HEK293 cells heterolo-
gously expressing rat TRPMS8. The well-known TRPMS8 antagonist N-(3-aminopropyl)-2-
[(3-methylphenyl)methoxy]-N-(2-thienylmethyl)-benzamide (AMTB) was used as control
[45,46]. The results are depicted in Table 1. Some representative graphs for compound 14
and 16 at 10 uM on HEK-rTRPMS cells are included in Figure A1.

In the Ca? fluorometry assay, all diastereoisomeric compounds were able to antago-
nize the menthol-induced activation of TRPMS8 channels, but with different potencies.
Thus, $-lactam derivatives of 35,45 configuration (13 and 15) display micromolar and sub-
micromolar antagonist activity, respectively. Their ICso values are comparable to those
found for stereoequivalent, enantiopure N-benzyloxycarbonyl derivatives previously de-
scribed [41], thus indicating that the Z-group can be substituted by an N-dibenzyl moiety
without significant changes in the TRPMS activity. Comparing 13 to 15, it is clear that the
2’'R-stereogenic center in compound 15 results in one order of magnitude higher TRPM8
antagonist potency than the corresponding 2’S-isomer 13. All S-configured compound 13
is equipotent to AMTB, while diastereoisomer 15 shows one order of magnitude higher
ICso value than the model antagonist.

We could also prepare enantiopure 3R,4R (3-lactam diastereoisomeric compounds, a
configuration not explored already within this family of compounds. 3R,4R-Configured
p-lactams 14 and 16 are the most potent TRPMS8 antagonists in this series, showing ICso
values of 0.3 and 0.02 pM. Once again, comparison between both configurations at 2’-
position indicated that a 2'R-stereogenic center is preferred for high TRPMS8 antagonist
activity, with one order of magnitude higher potency for 16 versus 14. Both compounds
are more potent than the model antagonist AMTB, with isomer 16 showing two-orders of
magnitude higher activity.

The dependence of the TRPMS activity, activation or blocking, on the absolute con-
figuration of the ligands has also been recorded in the literature for other families of
TRPMS agonists and antagonists [33][47][48]. Thus, a N,N-dibenzyl-D-Trp derivative
showed highly reduced antagonist potency compared to the corresponding L-enantiomer
[33]. Similarly, in a family of N-(thiophen-2-ylmethyl)-2-acetamide derivatives acting as
TRPMS agonists, the change of a unique chiral center provides either a nanomolar active
or an inactive compound [47]. Approximately one order of magnitude reduced potency
was also obtained for 4S5-(+)-4-hydroxy-3,4-dihydrospiro[chromene-2,4'-piperidine] de-
rivatives compared to the corresponding 4R-(-) analogues [48]. In symetrical tetrahydroi-
soquinoline derivatives, only a trans-disposition between C-1 and C-1'-substituents led to
compounds with significant TRPMS8 antagonist activity [30]. Similarly, in a recently de-
scribed family of N-acyl-N-indanyl-a-phenylglycinamides derivatives, a-R isomers are
from one to three orders of magnitude more potent than the corresponding S-diastereoi-
somers [49].

Here, we discovered that for -lactams of general structure II, the 3R,4R-arrange-
ment is preferred over the 35,45-configuration, and the results recognize a predilection
for a 2'R stereocenter at the phenylalaninol-derived moiety. Within phenylalanine-phe-
nylalaninol-derived -lactams, and until other diasteroisomers could be prepared in en-
antiopure form, the 3R,4R,2'R isomer can be considered the eutomer. In general, for the
SS configured isomers at 3,4-positions of the -lactam ring, the N-dibenzylphenylalani-
nol-Phe-derived 3-lactams described here show similar potencies as N-Z-phenylalaninol
previous analogues [41].
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Table 1. Activity at TRPMS channels of f-lactam derivatives (Ca?* influx assay).

Compoundd Configura- % Blockade 50 % Blockade 5 ICs0 (M) 95% Confidence
tion uM uM Intervals
13 35,45,2°S 86.1+5.0 57.7+72 3.1+1.1 2.574 to 3.997
14 35,45,2'R 87.7+3.1 789+17 03+1.0 0.2162 to 0.2804
15 3R,4R,2’S 90.3+£28 71.1+43 07+1.1 0.6376 to 0.9071
16 3R,4R,2'R 98.5+3.2 87.3+8.1 0.02+1.1 0.010 to 0.019
12 35,45,2'S 24+12
AMTB 2 _ 73+1.5

2 Values taken from reference [41].

Because some molecular cross-recognition may occur within thermoTRP members
[50], we evaluated the effect of compounds 14 and 16 on recombinantly expressed hTRPV1
and hTRPA1 channels. Data shown in Table 2 indicate that these f-lactam derivatives
marginally cross-reacted with these channels, thus substantiating that they are potent and
selective inhibitors of TRPMS.

Table 2. Activity at TRPV1 and TRPA1 channels of f-lactam derivatives (Ca? influx assay).

Com- — Configura-  1ppy1 Blockade at50 uM % TRPA1 Blockade at 50 uM
poundd tion
13 35,45,2'S 7932 37+41
14 354S2'R 28441 24+14
15 3RAR2'S 53+34 26419
16  3RAR2R 42432 0.5+4.1

2.2.2. Patch-Clamp Experiments

The TRPMS antagonist activity of the most potent 3-lactams in the previous Ca? in-
tracellular influx test, 14 and 16, was then confirmed by Patch-clamp experiments, using
HEK293 cells expressing rat TRPMS8 channels. In the electrophysiology assay, both com-
pounds at 10 uM concentration were able to block TRPM8-mediated responses induced
by menthol (Figures 2 and A2, Table 3). As shown in Figure 2, perfusion with 100 uM
menthol produces a strongly outward rectifying ionic current, described by the absence
of current at negative potentials and the presence of a linear current increase (ohmic) at
positive voltages > 40 mV. After 10 uM of 14 was applied (Figure 2A, red), an important
decrease on the menthol-induced TRPMS activity at depolarizing voltages was observed.
A similar behavior was detected after application of diastereomeric p-lactam 16 (Figure
2B). The dose-response curves for both compounds were obtained at a holding potential
of -60 mV (Figure 2). The measured ICso values were 0.9 + 1.0 uM for 14 (Figure 2C) and
0.05 + 1.3 uM for 16 (Figure 2D).
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Figure 2. Compounds 14 and 16 block TRPM8-mediated responses evoked by menthol in rTRPMS8-expressing HEK293
cells. (A,C). I-V curves obtained in HEK293 cells expressing TRPMS8 and exposed to vehicle solution (vehicle; blue traces),
100 uM menthol (green trace), 100 uM menthol + 10 uM 14 (red trace) or to 100 uM menthol + 10 uM compound 16 (red
trace). Peak current data were expressed as pA/pF (to facilitate comparison among cells of different sizes) and expressed
as a function of antagonist concentrations. (B,D), Concentration/response curves for TRPMS8 current blockade by com-
pound 14 (C) or compound 16 (D) at a holding voltage of 60 mV. The solid lines represent fits of the experimental data
to the following binding isotherm: y = max/(1 + x/IC50)n, where x is the drug concentration and n the Hill coefficient. The
fitted values for ICso were 0.9 + 1.0 and 0.05 + 1.0 for compound 14 and 16, respectively. Each point is the mean + SEM of
15 determinations, each obtained in different cells.

Table 3. Patch-clamp experiments (whole cell configuration in HEK293 cells expressing TRPM8

channels).
Compound  Configuration % Blockade at 10 uM ICs0 (UM)
14 35452'R 772+27 09+1.0
16 3R4R,2'R 79.3+2.7 0.05+1.0
1 35,45,2°S 14+1.1

Electrophysiological results sustain that the 3R,4R-diastereoisomer 16 is more potent
than the corresponding 3S,45-isomer 14 blocking TRPMS8 channel activity. Compound 16,
with an ICso value of 50 nM is the most potent 3—lactam derivative described to date within
this family of TRPMS8 antagonists. Its inhibitory activity of menthol-induced TRPMS acti-
vation is comparable to many other structurally unrelated TRPM8 antagonists [28], alt-
hough lower than that of N-dibenzyl-Trp-OMe [33].

Next, we investigated the effect of the membrane of rat DRG sensory neurons. Under
current-clamp, small sensory neurons displayed an resting membrane potential of -50 mV
(Figure 3A, top trace, and 3B). Exposure of the neurons to 10 pM of the § —lactam deriva-
tives did not alter RMP of primary sensory neurons (Figure 3A, bottom traces and 3B).
Sensory neurons were functional as evidenced by action potentials fired exposed to 100
1M menthol (Figure 3A, top trace).
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Figure 3. Compounds 14 and 16 do not affect the membrane resting potential of sensory neurons. (A) Representatives
recordings of resting membrane potential measured under current-clamp configuration. The upper traces show the action
potentials (APs) firings from the dorsal root ganglion (DRG) neuron elicited by 100 uM menthol and the lower traces show
the voltage membrane in the presence of the 3-lactams derivatives. (B) Changes in Vm in the absence and in the presence

of 10 uM of compound 14 or 16 were analyzed by t-test, ns—no significance. Compounds were used at 10 uM. Data are
given as means + SEM; n > 10 cells.

2.2.3. Microelectrode Array Experiments

To further interrogate $—lactam derivatives” action on the excitability of DRG neu-
rons we next used microelectrode arrays (MEA). This technology records the electrogenic
activity of neural populations that are located near to an electrode, but it cannot differen-
tiate the number of neurons or other cells contributing to it. We used MEA chips with 60
electrodes and monitored the electrical activity at each electrode to measure if the potent
inhibitory effect of f-lactam derivatives act on voltage-gated Na* and K* channels present
in neurons and responsible for action potential propagation. Neurons isolated from neo-
natal rat dorsal root ganglions (DRG) were cultured on MEA chambers. The experimental
paradigm consisted in applying a first 15-s pulse (P1) of 40 mM KCI, to evoke action po-
tentials. After a recovery period of 10 min, a second pulse (P2) of K* in absence (vehicle,
V) or presence of 10 uM compound 14 or compound 16 was applied to measure the effect
of the compounds in K*induced electrical excitability of nociceptors. Figure 4 shows a
typical MEA recording from one electrode (upper trace). It can be observed the KCI
evoked bursts of neural action potential firing. The application of 10 uM p-lactam deriv-
atives 14 and 16 did not affected the electrogenicity induced by K* (Figure 4A, middle and
lower traces). These results suggest that the 3—lactam derivatives 14 and 16 did not affect
Kv and Nav channels, discarding a potential anesthetic effect, and further strengthening
the channel selectivity of the compounds.
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Figure 4. Compounds 14 and 16 do not alter potassium-evoked action potentials in primary cultures of rat sensory neu-
rons. (A) Representative recordings of evoked action potentials in rat DRG neurons with 40 mM KCI (K) in the absence
(top) and presence of 10 uM compound 14 (medium trace) or 10 uM compound 16 (bottom trace). (B) Mean spike fre-
quency measured on the first pulse (P1) and second pulse (P2) of 40 mM KCl in absence or presence of 10 uM compounds.

2.3. Molecular Modeling Studies

As for previous analogues [41], the fact that all isomers described here could antago-
nize TRPMS receptors suggests that the binding of these diastereomeric compounds to the
channel should occur in a pocket or area wide enough to accommodate different three-
dimensional arrangements of the hydrophobic substituents. To identify possible binding
pockets for these B-lactams in the TRPMS8 channel, docking studies were performed with
13-16 diastereomeric compounds. Docking simulations were performed with Yasara soft-
ware [51,52], in a model of a rat TRPMS channel, generated from the cryo-electron micros-
copy (cryo-EM) structure of Ficedula albicollis TRPMS (faTRPMS, PDB code 6BPQ) [37].
Results from these studies indicated that all diastereoisomers preferentialy or exclusively
bind to the pore zone, occupying up to four different subsites (Table 4). As for N-ben-
zyloxycarbonyl-described analogues [41], the most populated subsite 1 is situated at the
middle of the transmembrane region and involves TM5 (S5) and TM6 (S6) of one protein
monomer and S6 of a second monomer. Subsite 2 is located at the internal mouth of the
pore and is formed by the loops connecting TM6 and TRP domains of the four monomers
forming the channel. Subsite 3 is located upper in the pore region, and involves residues
in the S3, S4 transmembranes of one protomer and S6 of an adjacent subunit. Finally, sub-
site 4 corresponds to the external part of the pore and is delineated by the loops connecting
S5 and S6 of three contiguous protomers. In all cases, most connections between the chan-
nel and the isomeric 3-lactams are Van de Waals interactions (VdW) and n—m stacking.
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Table 4. Main sites found for compounds 13-16, and statistical distribution of the docking solu-
tions.

% of Docking Solutions (Estimated Binding Energies,

Subsite Location kcal/mol)
13 14 15 16
1 Inner pore, 5556, S6 40% (10.64)  42% (10.53)  50% (10.58)  52% (10.26)
2 Internal mouth pore 34% (11.44) 18% (10.15) 22% (10.14)  20% (11.40)
3 Pore, high S3-54, S6  12% (9.95)  24% (10.24)  10% (9.24)  12% (10.32)
4 Pore, external tower 4% (10.20) 16% (10.43)  18% (11.46)  16% (10.41)

At subsite 1, 3R,4R,2'R-p-lactam 16 interconnects, on one hand, with a subunit of the
channel through F874, W877 and F881, situated in one face of S5 helix, F912, E914 and
V915, within the S5-56 linker, and with T956, 1.959, V960, 1962 and Y963 side-chains of TM
S6 (Figure 5). On the other hand, the complex structure is stabilized by interaction with
L909 and A910 of the S5-S6 connecting segment of an adjacent subunit. Among these in-
teractions, those with W877 and F881 correspond to T-shaped m—m stackings with the phe-
nyl ring of one of the N-benzyl substituents. Quite similar interconnections were found
for diastereoisomers 13-15 at subsite 1, showing repeated VAW intermolecular forces with
F874, L909 and L959, and one or two m—m stackings (Figure A3). The interplay between
compound 16 and the TRPMS channel at subsite 2 is mediated by VAW interactions with
hydrophobic residues at the cytosolic area of the pore, namely M978 (one subunit), Y981
(all subunits), T982 (two subunits) and 1985 (three subunits). Related attachments of com-
pounds 13-15 to this subsite were observed, but compound 14 revealed three additional
ni—7 stackings with channel Y981 residues.

To exemplify the binding at subsite 3, the complex between compound 14 and the
TRPMS channel is shown in Figure A4. The main hydrophobic contacts are with 53 (Y808,
AB811, F815) and 54 (I831, L834) transmembrane segments of one protomer, and an S6 res-
idue (W945) of a contiguous subunit. Y808, F951, and W954 aromatic side-chains in the
receptor are involved in T- type mi—m interactions with the phenyl groups of 4-Bn and OBn
moieties of the ligand. Subsite 4 is defined by the loops joining S5-56, including the pore
helix, of three contiguous protomers. In this subsite, compound 16 locates above the pore
helix, and interacts with Y924 (from two subunits), D920 and D925 from subunits 1 and 2,
and forms a salt bridge between the N-tertiary amine of the ligand and the D920 carbox-
ylate of subunit 4. Very close interactions were observed for f-lactams 13-15 at subsites 3
and 4 (not shown).

The putative sites for our B-lactams at the TRPMS are different to that described for
the model TRPMS8 antagonist AMTB. Cryo-electron microscopy has demonstrated that
AMTB accommodates in a hole delimited by the lower half of 51-54 transmembrane do-
main and the TRP domain [53]. This adaptable binding pocket also lodges the TC-I antag-
onist [53], although in a different pose than AMTB, a menthol-derived agonist [39], and
was suggested by molecular modeling studies on tryptophan-derived antagonists [33].
The different behavior of our molecules could be due to their large size, and the interaction
at the upper extracellular part of the channel (subsite 4) could initiate their ulterior distri-
bution through the pore region (subsites 1-3).
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Figure 5. Subsites 1 (A) and 2 (B) found for B-lactam 16 (carbon atoms in green). WdV interactions are indicated by doted
gray lines, and m—mt stacking by centroids and non-continuous pale green lines. Channel residues involved in the interac-
tions are shown in blue and labelled.

3. Materials and Methods

Details on the preparation of suitable synthetic intermediates in the road to the de-
scribed 3-lactams form commercially available Phe and phenilalaninol derivatives are
given in Appendix A.

3.1. B-Lactam Formation

A solution of the corresponding N-alkyl-N-chloropropionyl-Phe-OBn derivative (1.6
mmol) in dry CHsCN (4 mL), under Ar atmosphere, was treated with BTPP (2.4 mmol,
0.75 mL) and stirred at rt until consumption of the starting material. After removal of the
solvent, the resulting residue was extracted with EtOAc, and successively washed with
0.1 M HCI, H20 and brine. The organic layer was separated, dried over Naz2SOs, filtered,
and concentrated. The resulting residue was purified by flash chromatography on silica
gel, using the indicated eluent system.

3.1.1. 45-Benzyl-1-[(2’S-dibenzylamino-3’-phenyl-)prop-1’-yl]-4-benzyloxicarbonyl-35-
methyl-2-oxoazetidine (13)

Syrup. Yield: 63% (from 9). Eluent: EtOAc:Hex (1:4). HPLC: tR = 7.19 min. [a]p =
+49.16 (c 1, CHCls). '"H NMR (400 MHz, CDCls): d 7.40-6.89 (m, 25H, Ar), 523 (d, 1H, | =
11.9 Hz, OCH), 5.01 (d, 1H, ] = 11.9 Hz, OCH>), 3.64 (d, 2H, ] = 13.9 Hz, NCH2), 3.49 (m,
1H, 2’-H), 3.44 (d, 2H, ] =13.9 Hz, NCH2), 3.41 (dd, 1H, ] =13.9, 4.0 Hz, 1’-H), 3.22 (dd, 1H,
J=13.8,9.8 Hz, 1’-H), 3.10 (q, 1H, | = 7.5 Hz, 3-H), 2.99 (d, 1H, ] = 14.2 Hz, 4-CH2), 2.93 (d,
1H, ] = 14.2 Hz, 4-CH>), 2.86 (dd, 1H, ] = 14.4, 5.0 Hz, 3’-H), 2.75 (dd, 1H, ] = 14.4, 9.1 Hz,
3’-H), 1.07 (d, 3H, ] = 7.5 Hz, CHs). 3C NMR (75 MHz, CDCls):  170.8 (COO), 169.1 (C2),
140.4, 139.7, 135.2, 135.0, 130.0, 129.6, 129.2, 128.9, 128.8, 128.7, 128.6, 128.2, 128.1, 127.3,
126.9, 125.9 (Ar), 68.4 (OCH>), 67.2 (C4), 57.9 (C2’), 57.8 (C3), 53.3 (NCH>), 43.0 (C1’), 40.9
(4-CH), 36.2 (C3’), 10.6 (CHs). MS (ES)*: 623.01 [M+H]*. Exact Mass calculated for
Ca2Ha2N20s: 622.31954; found: 622.31993.

3.1.2. 45-Benzyl-1-[(2'R-dibenzylamino-3’-phenyl)prop-1’-yl]-4-benzyloxicarbonyl-3S-
methyl-2-oxoazetidine (14)

Syrup. Yield: 49% (from 10). Eluents: EtOAc:Hex (1:6). HPLC: tr = 7.29 min (gradient
of 5% to 100% of A, in 20 min). [a]o = +122.29 (c 0.24, CHCls). HPLC: tr = 7.29 min (gradient
of 5% to 100% of A, in 20 min). 'H NMR (400 MHz, CDCls): 6 7.36-6.93 (m, 25H, Ar), 5.06
(d, 1H, J=12.0 Hz, OCH2), 4.84 (d, 1H, ] = 12.0 Hz, OCH>), 3.56 (d, 2H, ] =13.9 Hz, NCH>),
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3.47 (d, 2H, ] = 13.9 Hz, NCHz), 3.46 (m, 1H, 3-H), 3.37 (m, 1H, 2’-H), 3.14 (dd, 1H, ] = 14.2,
8.1 Hz, ’-H), 3.08 (m, 2H, 3’-H, 4-CHz), 2.81 (m, 3H, 4-CHz, 1’-H, 3’-H), 1.00 (d, 3H, ] = 7.5
Hz, CHs). 3C NMR (75 MHz, CDCls): d 170.9 (COO), 169.9 (C2), 140.3, 140.0, 135.5, 135.1,
129.9,129.8,129.7,129.1, 129.0, 128.8, 128.75, 128.7, 128.2, 127 .4, 126.9, 126.0 (Ar), 68.6 (C4),
67.3 (OCHy), 58.7 (C2’), 54.4 (C3), 53.2 (NCH>), 42.1 (C1’), 40.6 (4-CH>), 35.9 (C3’), 10.5
(CHs). MS (ES)*: 623.52 [M+H]*. Exact Mass calculated for C+HN20s: 622.31954; found:
622.31861.

3.1.3. 4R-Benzyl-1-[(2’S-dibenzylamino- 3’-phenyl)prop-1-yl]-4-benzyloxicarbonyl- 3R-
methyl-2-oxoazetidine (15)

Syrup. Yield: 57% (from 11). Eluent: EtOAc:Hex (1:4). HPLC: tr = 7.29 min. [a]p =
~122.76 (c 0.26, CHCl3). 'H NMR (400 MHz, CDCls) and 13C NMR (75 MHz, CDCls): d iden-
tical to its enantiomer 14. MS (ES)*: 622.95 [M+H]*. Exact Mass calculated for C4#H4N20s:
622.31954; found: 622.32219.

3.1.4. 4R-Benzyl-1-[(2'R-dibenzylamino-3’-phenyl-)prop-1"-yl]-4-benzyloxicarbonyl- 3R-
methyl-2-oxoazetidine (16)

Syrup. Yield: 38% (from 12). Eluents: EtOAc:Hex (1:6). HPLC: tr = 7.19 min (gradient
of 5% to 100% of A, in 20 min). [a]o = -49.09 (c 0.23, CHCls). 1H NMR (400 MHz, CDCls)
and 3C NMR (75 MHz, CDCls): d identical to its enantiomer 13. MS (ES)*: 623.52 [M+H]*.
Exact Mass calculated for Ce2H12N20s: 622.31954; found: 622.32026.

3.2. Functional Assays by Calcium Microfluorimetry

Compounds were evaluated for their activity against 'rTRPMS8 using microfluorome-
try based calcium flux assays with Fluo-4 NW Ca?* dye and fluorescence were measured
at excitation wavelength of 485 nm and emission wavelength of 520 nm using POLASTAR
plate reader (BMG Labtech) [40]. Briefly human embryonic kidney cell line (HEK) stably
transfected with -TRPMS8 were seeded in 96-well plates at a cell density of 30,000 cells and
2 days before the medium was replaced with 100 pL of the dye loading solution Fluo-4
NW supplemented with probenecid 2.5 mM. After 1 h incubation at 37 °C, plates were
transferred to the plate reader and the baseline fluorescence was recorded for 3 cycles
before the addition of vehicle, compound at different concentrations and the antagonist,
10 uM AMTB for TRPMS. Fluorescence intensity was recorded during 7 more cycles and
the agonist was added, 100 uM menthol. Fluorescence intensity was recorded during 10
more cycles.

Data analysis: the fluorescence values obtained for each compound concentration
were normalized to that prompted by the control agonist (100 uM menthol). Decrease in
menthol signal was expressed as percentage of inhibition (%). All data are expressed as
the mean + standard deviation (SD). Each condition was assessed in triplicate (n =3) in 3
independent experiments (N = 3). The Z-factor was calculated in each assay using the fol-
lowing equation: (3*(SDmax + SDmin))/(Mean max-Mean min). In all the experiments, the
Z-factor was > 0.5. To calculate ICs, normalized responses (%) versus log (uM) were ad-
justed to a non-linear fit with variable slope, a four-parameter dose-response curve fol-
lowing curve Y = 100/(1 + 10"((Log ICs0-X) x HillSlope)) where X = % normalized response
and Y=log (uM).

3.3. Functional Assays by Patch-Clamp Electrophysiology

Whole-cell patch-clamp recordings from HEK-rTRPMS cells were carried out 2 days
after seeding on 12-mm O glass coverslips treated with poly-L-lysine solution (Sigma Al-
drich, Spain) [40]; the intracellular pipette solution contained (in mM) 150 NaCl, 5 EGTA,
3 MgClz2 and 10 HEPES, adjusted to pH 7.2 with NaOH, and the extracellular solution
contained (in mM) 150 NaCl, 6 CsCl, 1.5 CaClz, 1 MgClz, 10 D-glucose and 10 HEPES,
adjusted to pH 7.4 with NaOH. The TRPMS activity was measured by the application of
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two pulses of 100 uM menthol in a time interval of of 2 min and a 30-s perfusion of the
different compound concentrations before the second menthol pulse.

Current-Clamp recordings from rat DRGs were carried out 24—48 h after seeding on
12-mm O glass coverslips treated with poly-L-lysine solution and Laminin (Sigma Al-
drich). The intracellular pipette solution contained (in mM): 4 NaCl, 126 K gluconate, 0.02
CaCl2, 1 MgSO4, 5 HEPES, 15 glucose, 3 ATP, 0.1 GTP and 5 EGTA, pH 7.2 with KOH.
The extracellular solution contained (in mM): 140 NaCl, 4 KCl, 2 CaCl2, 2 MgCl2, 10
HEPES, 5 glucose and 20 mannitol, pH 7.4 with NaOH. The membrane potential was
measured in the absence and the presence of compounds 14 and 16 at 10 uM in a time
interval of 1 min.

Data were sampled at 10 kHz (EPC10 amplifier with PatchMaster 2.53 software,
HEKA Electronics, Lambrecht, Germany) and low-pass filtered at 3 kHz for analysis
(PatchMaster 2.53 and GraphPad Prism 5, Graphpad Software, USA). The series resistance
was <10 MQ and to minimize voltage errors was compensated to 60-80%. All measure-
ments were performed at 24-25 °C. Cell capacitance was measured and used to estimate
the current density (J, pA/pF).

Data analysis: Results are expressed as the percentage of remaining activation of the
TRPMS channel. This is calculated by normalizing the ratio (p2/p1) of testing conditions
to the ratio (p2/pl) of the control condition. Analysis of the data was performed by
GraphPad 6.0, the Ordinary One-Way ANOVA analysis followed by the post hoc Bonfer-
roni test stablished multiple comparisons and the ROUT method (Q = 10%) identified data
outliers. A non-linear regression curve and ICso were obtained by the representation of log
(inhibitor) vs. response. All data are expressed as the mean + standard error of the mean
(SEM) (n =5-8).

3.4. Functional Assays by Microelectrode Arrays

Extracellular recordings were performed as described in Nikolaeva-Koleva et al. [54],
Briefly, measurement of neuronal firing activity was performed by applying two short 15-
s applications (defined as P1 and P2, respectively) of the stimulus (KCI 40 mM) using a
continuous perfusion system (2 mL/min). Between each stimulus, cells were washed with
external solution for 10 min. Treated cells were perfused with 3—lactam derivatives) 1 min
before and together with 40 mM KCl. All measurements were performed at ~34.5 °C (Mul-
tichannel Systems Temperature Controller).

Data analysis; Data were analyzed using an MC_RACK spike sorter with a sample
rate of 25 kHz and a Butterworth high-pass 2nd order filter applied with 200 Hz cutoff.
An evoked spike was defined when the amplitude of the neuronal electrical activity was
established by automatic threshold estimation at 5.0 uV Std. Dev. Spiking activity was
measured in a temporal interval of 30 s, starting right after instillation of the activating
stimuli. Electrodes not displaying electrical activity in the first KCl pulse were discarded.
The recorded signals were then processed to extract mean spike frequency for each pulse
(P1-P2). Then, the ratio P2/P1 of mean spike frequency was calculated and normalized to
vehicle for comparing the different conditions used.

3.5. Docking Studies

These studies were performed as previously described [41]. Briefly, starting from the
cryo-EM structure of Ficedula albicollis TRPMS [37], the missing loops were added by using
Yasara [51,55]. Then, the rat TRPMS8 sequence (Uniprot Q8R455) was modeled on com-
pleted Ficedula a. structure. Sequence alignment between rat and Ficedula a. TRPMS8 was
performed with ClustalO [56], and homology modelling with the standard protocol im-
plemented in Yasara (version 19.9.17) [51,52]. Global docking was accomplished with Au-
toDock [57] implemented in Yasara, and consisted in a total of 800 flexible docking runs
that were then set and clustered around the putative binding sites, following by a simu-
lated annealing optimization of each generated complex using an Assisted Model Build-
ing with Energy Refinement (AMBERO03) force field [58]. The best binding energy complex
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in each cluster was stored, analyzed, and used to select the best orientation of the inter-
acting partners.

Visualization and edition of the molecules were also performed with Yasara
(http://www.yasara.org accessed on: 12 December 2020). Finally, figures were drawn with
the open source Pymol (The PyMOL Molecular Graphics System, Version 1.8 Schrodinger,
LLC, New York, USA) obtained at http://www.pymol.org (accessed on: 12 December
2020).

4. Conclusions

Since interactions of drugs with macromolecules (receptors, enzymes, channels,
DNA) have long been recognized to occur in a stereoselective manner, it is important to
know how the absolute configuration of a given compound correlates to its pharmacody-
namic properties. To date, in our series of -lactam TRPMS8 antagonists we have mainly
studied all S stereoisomers. Here, we evaluated and compared to each other, four syn-
thetically accessible diastereoisomers of a f—lactam obtained from enantiopure N-diben-
zylphenylalaninol-Phe conjugates. The N-dibenzylamino group can replace hydrophobic
urethane moieties at 2’-position moieties without significant changes in the TRPMS8 an-
tagonist activity, but avoiding the formation of yield-lowering 2-ketopyperazine regioiso-
meric compounds [41]. The previously non-explored 3R,4R-configuration at the -lactam
ring, resulted in compounds that, at least, are one order of magnitude more potent than
the corresponding 3S,4S enantiomeric analogues. At the penylalaninol-derived moiety,
the results descibed here corroborate the importance of an R configuration at the 2 posi-
tion for potent TRPMS8 antagonist activity, with 2’'R-isomers clearly preferred over their
2’S-equivalents. While other enantiopure diasteroisomers could not be prepared, the
3R/4R,2'R isomer should be considered the eutomer of this family of phenylalanine-phe-
nylalaninol-derived -lactams. Docking studies with these diastereomeric compounds
strongly suggest that they interact by the TRPMS pore zone, with possible binding pockets
different from that described for AMTB and other channel modulators. Our results open
up new opportunities for isomerically pure TRPMS8 antagonists, through the synthesis
and biological study of innovative analogues within this family of —-lactams, which are
currently being investigated in our labs and will be published in due course.
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N-(3-Aminopropyl)-2-[(3-methylphenyl)methoxy]-N-(2-thienylmethyl)ben-

AMTB .
zamide
Bn Benzyl
BTPP Phosphazene base Pi-t-Bu-tris(tetramethylene)
HEK Human embryo kidney cells
HPLC High-performance liquid chromatography
KP 2-Ketopiperazine
NMR Nuclear magnetic resonance
Ns Nosyl
Phe Phenylalanine
PIP2 Phosphatidylinositol bisphosphate
SD Standard deviation
TRP Transient receptor potential channel
TRPM8  Transient receptor potential melastatin type 8 channel
V4 Benzyloxycarbonyl
Appendix A

Appendix A.1. Chemistry, General Procedures

Reaction monitoring: TLC silica gel plates (Merck 60 F254, Spain) and analytic HPLC
(Agilent Technologies 1120 Compact LC, Spain), Eclipse C18, 4.6 x 150 mm, 5 pm, re-
versed-phase column; mobile phase (A:B), CHsCN(A)/H20(0.05% TFA)(B); flux, 1.5
mL/min; detection, UV, 254 nm). Chromatographic separations: flash column, silica gel
Merck 60 (230-400). Optical rotations were measured in a Perkin Elmer 141 polarimetter.
H NMR spectra: Varian INOVA-300 (300 MHz), Bruker 300 (300 MHz), and Varian
INOVA-400 (400 MHz), with TMS as internal standard. *C NMR spectra: INOVA-300 (75
MHz) and Bruker 300 (75 MHz). Chemical shifts are expressed in ppm, the coupling con-
stants are expressed in Hz. Mass spectra; electrospray, positive mode, HPLC-MS Waters
spectrometer. Exact mass: high resolution mass spectra (ESI-HRMS) were recorded on an
Agilent 6520 Q-TOF instrument.

Appendix A.2. Preparation of Synthetic Intermediates on the Road to B-Lactam Derivatives.
Appendix A.2.1. Synthesis of N-Ns-N-alkyl-Phe-OBn Derivatives

A solution of Ns-L-Phe-OBn (2, 3.8 mmol) in dry THF (33 mL) was treated with the
corresponding alcohol derivative (3 or 4, 3.8 mmol) and PPhs (3.8 mmol, 1 g). Then, the
reaction mixture was treated with diisopropyl azodicarboxylate (DIAD) (3.8 mmol, 0.75
mL), under Ar atmosphere. The reaction mixture was stirred overnight at rt. After re-
moval of the solvent in vacuum, the resulting residue was purified by flash chromatog-
raphy on silica gel, using the indicated eluent system.

N-[(2’S-Dibenzylamino-3-phenyl-)prop-1’-yl]-Ns-L-Phe-OBn (5)

Syrup. Yield: 63% (from Ns-L-Phe-OBn (2) and 3). Eluent: EtOAc:Hex (1:5). HPLC:
tr= 18.40 min. 'H NMR (400 MHz, CDCls): d 7.52-6.77 (m, 29H, Ar), 4.66 (s, 2H, OCH>),
4.54 (dd, 1H, ] =9.7,5.5, a-Phe), 3.83 (dd, 1H, ] =14.8,5.7, 1-H), 3.68 (d, 2H, ] = 13.7, NCH>),
3.53 (d, 2H, ] = 13.7, NCH2), 3.32 (dd, 1H, ] = 14.8,8.5, 1-H), 3.20 (m, 1H, 2-H), 2.81 (dd, 1H,
J=13.9, 8.5, 3-H), 2.67 (m, 3H, -Phe and 3-H). *C NMR (75 MHz, CDCls): d 169.6 (COO),
147.8, 139.8, 139.7, 136.4, 135.0, 134.0, 133.3, 131.9, 131.9, 129.7, 129.6, 129.4, 129.2, 128.6,
128.55, 128.5, 128.45, 128.4, 128.3, 128.25, 127.0, 126.9, 126.8, 126.2, 124.4 (Ar), 67.1 (OCH>),
62.0 (a-Phe), 57.8 (2-C), 53.2 (NCHz), 47.1 (C1), 36.8 (C3), 34.6 (B-Phe). MS (ES)*: 754.35
[M+H]".

N-[(2'R-Dibenzylamino-3-phenyl-)prop-1’-yl]-Ns-L-Phe-OBn (6)



Int. ]. Mol. Sci. 2021, 22, 2370

16 of 22

Syrup. Yield: 84% (from Ns-L-Phe-OBn (2) and 4). Eluents: EtOAc:Hex (1:5). HPLC:
tr =18.36 min (gradient of 5% to 100% of A, in 20 min). 'H NMR (400 MHz, CDCls): 5 7.54—
6.76 (m, 29H, Ar), 4.92 (d, 1H, ] = 12.0 Hz, OCH2), 4.78 (m, 1H, a-Phe), 4.77 (d, 1H, ] = 12.0
Hz, OCHz), 3.85 (dd, 1H, ] = 15.0, 10.9 Hz, 1-H), 3.68 (d, 2H, ] = 14.0 Hz, NCH>), 3.58 (dd,
1H, J=15.0,3.8 Hz, 1-H), 3.53 (d, 2H, ] = 14.0 Hz, NCH>), 3.21 (m, 1H, 2-H), 3.08 (dd, 1H, |
=13.8,9.5 Hz, 3-H), 2.90 (dd, 1H, ] = 15.1, 4.4 Hz, -Phe), 2.86 (dd, 1H, ] = 13.8, 5.1 Hz, 3-
H), 2.74 (dd, 1H, ] = 15.1, 11.0 Hz, p-Phe). 13C NMR (75 MHz, CDCls): d 169.3 (COO), 148.2,
140.7, 139.7, 136.6, 134.8, 133.6, 131.7, 131.5, 129.8, 129.3, 128.9, 128.8, 128.7, 128.6, 128.3,
128.0, 127.0, 126.9 (Ar), 67.4 (OCH?2), 61.9 (Ca-Phe), 57.9 (C2), 53.1 (NCH?2), 47.4 (C1), 37.8
(C3), 35.3 (Cp-Phe). MS (ES)*: 754.42 [M+H]*.

Appendix A.2.2. Removal of the Ns Group

A solution of the corresponding N-Ns-N-alkyl-Phe-OBn derivative (1.1 mmol) in
CH3CN (20 mL) was treated with K2COs (3.3 mmol, 0.455 g). Then, thiophenol (2.2 mmol,
0.22 mL) was added to the mixture and the reaction was stirred overnight at rt. The solvent
was removed in a vacuum and the resulting residue was extracted with AcOEt and
washed successively with H20 and a saturated solution of NaCl. The organic phase was
separated and dried over dry Na:5SO;, filtered, and concentrated. The resulting residue
was purified by flash chromatography on silica gel, using the indicated eluent system.

N-[(2’S-Dibenzylamino-3’-phenyl-)prop-1’-yl]-L-Phe-OBn (7)

Syrup. Yield: 77% (from 5). Eluent: EtOAc:Hex (1:7). HPLC: tr = 7.23 min. 'H NMR
(400 MHz, CDCls): 8 7.28-6.87 (m, 25H, Ar), 4.96 (s, 2H, OCH>), 3.60 (d, 2H, J=13.7, NCH>),
3.43 (d, 2H, ] =13.7, NCH>), 3.35 (dd, 1H, ] =7.8, 5.9, a-Phe), 2.87 (m, 2H, 2’-H and 3'-H),
2.85(dd, 1H, J=13.5, 5.8, 3-Phe), 2.73 (dd, 1H, | =13.5, 7.8, 3-Phe), 2.50 (m, 2H, 1-H, 1’-H),
2.38 (dd, 1H, ] = 14.9,10.1, 3’-H). 3C NMR (75 MHz, CDCls): & 174.0 (COO), 140.2, 139.9,
137.6, 135.8,129.5, 129.45, 129.4, 128.9, 128.8, 128.75, 128.65, 128.6, 128,5 128.4, 127.0, 126.9,
126.8, 1259 (Ar), 66.3 (OCHb), 63.2 (a-Phe), 59.8 (C2’), 53.7 (NCHz), 47.5 (C1’), 39.3 (B-Phe),
33.4 (C3'). MS (ES)*: 569.27 [M+H].

N-[(2’R-Dibenzylamino-3’-phenyl-)prop-1"-yl]-L-Phe-OBn (8)

Syrup. Yield: 99% (from 6). Eluents: EtOAc:Hex (1:10). HPLC: tr = 7.19 min (gradient
of 5% to 100% of A, in 20 min). 'H NMR (400 MHz, CDCls): 6 7.31-7.00 (m, 25H, Ar), 5.30
(s, 1H, NH), 5.02 (d, 1H, ] = 12.0 Hz, OCH>), 4.98 (d, 1H, ] = 12.0 Hz, OCH?>), 3.78 (d, 2H, |
=13.3 Hz, NCH>), 3.46 (m, 1H, a-Phe), 3.36 (d, 2H, | = 13.3 Hz, NCH>), 3.10 (dd, 1H, | =
13.0, 3.7 Hz, 1’-H), 3.01 (m, 2H, 2’-H, 3-Phe), 2.90 (dd, 1H, ] =13.4, 6.9 Hz,1’-H ), 2.69 (m,
1H B-Phe), 2.29 (m, 2H, 3’-H). ¥C NMR (75 MHz, CDCls): d 174.3 (COO), 140.1, 139.9,
136.9, 135.8, 129.8, 129.3, 129.2, 128.8, 128.5, 128.4, 128.35, 128.3, 127.0, 126.8, 126.0 (Ar),
66.3 (OCHz), 62.2 (Ca-Phe), 59.8 (C2’), 53.1 (NCHz), 47.3 (C1’), 39.9 (CB-Phe), 32.5 (C3).
MS (ES)*: 569.55 [M+H]*.

Appendix A.2.3. Synthesis of N-Alkyl-N-Chloropropionyl-Xaa Derivatives

First, a solution of (R)- or (S)-2-chloropropionic acid (0.126 mL, 1.47 mmol) and
CIsCCN (0.19 mL, 1.96 mmol) in THF (8 mL) was treated at 0°C with PPhs (0.513 g, 1.96
mmol), and the reaction mixture was stirred for 30 min. Then, a solution of the corre-
sponding secondary amine (0.98 mmol) and propylene oxyde (1 mL, 14.7 mmol) in THF
(2 mL) was added dropwise to the first reaction mixture. Stirring was continued for 48 h
and the solvent was evaporated. The resulting residue was dissolved in Et:0, filtered over
celite and concentrated under a vacuum. The resulting residue was purified by flash chro-
matography on silica gel, using the indicated eluent system.

N-(2”5-Chloropropanoyl)-N-[2’S-dibenzylamino)-3’-phenyl)prop-1’-yl]-L-Phe-OBn (9)
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Syrup. Yield: 25% (from 7). Eluent: EtOAc:Hex (1:6). Mixture of rotamers M,m = 2:1.
HPLC: tr =7.93 min. "H NMR (400 MHz, CDCls, major rotamer): d 7.28-6.79 (m, 25H, Ar),
511 (d, 2H, [ =2.9, OCH2), 4.32 (q, 1H, ] = 6.6, 1”’-H), 3.62 (dd, 1H, ] =9.5, 5.7, a-Phe), 3.55
(d, 2H,]=13.9, NCH>), 3.47 (d, 2H, ] = 13.8, NCH>), 3.31-3.10 (m, 3H, 1’-H, 3-Phe), 3.07 (m,
1H, 2’-H), 2.90 (dd, 1H, ] =15.4, 8.4, 1’-H), 2.65 (m, 2H, 3’-H), 1.54 (d, 3H, ] = 6.5, 2”"-H). 13C
NMR (75 MHz, CDCls): 8 170.2 (COO), 169.5 (CON), 139.1, 137.9, 136.6, 129.9, 129.8, 129 4,
128.9,128.8,128.75,128.7, 128.5, 128.45, 128.4, 127.3, 126.8, 126.5 (Ar), 67.4 (OCH>), 64.0 (a-
Phe), 59.1 (C2’), 53.8 (NCHy), 52.1 (C1”), 50.3 (C1’), , 36.3 (B-Phe), 34.8 (C3") 21.5 (C2”). MS
(ES)*: 659.35 [M+H]*.

N-(25-Chloropropanoyl)-N-[2'R-dibenzylamino)-3’-phenyl)prop-1'-yl]-L-Phe-OBn (10)

Syrup. Yield: 20% (from 8). Eluents: EtOAc:Hex (1:7). Mixture of rotamers M/m = 2:1.
HPLC: tr = 7.88 min (gradient of 5% to 100% of A, in 20 min). "H NMR (400 MHz, CDCls,
Major rotamer): d 7.27-6.91 (m, 25H, Ar), 5.10 (d, 1H, ] =12.2 Hz, OCH>), 5.03 (d, 1H, | =
12.2 Hz, OCHz), 4.44 (q, 1H, J = 7.0 Hz, 1’-H), 3.55 (d, 2H, ] = 14.0 Hz, NCH>), 3.51 (d, 2H,
J=13.9 Hz, NCH2), 3.48 (m, 1H, a-Phe), 3.34 (dd, 1H, ] = 14.1, 5.9 Hz, 3-Phe), 3.08 (m, 1H,
2’-H), 3.03 (m, 1H, B-Phe), 2.92 (m, 1H, 1’-H), 2.89 (dd, 1H, ] = 14.0, 8.6 Hz, 1’-H), 2.76 (dd,
1H, ] =134, 7.5 Hz, 3’-H), 2.67 (dd, 1H, | = 134, 6.6 Hz, 3’-H), 1.72 (d, 3H, ] = 6.5 Hz, 2"~
H). 3CNMR (75 MHz, CDCls): 5 169.6 (COO), 168.3 (CON), 139.0, 138.2, 135.8, 130.1, 129.6,
128.7, 128.6, 128.55, 128.5, 128.4, 127.3, 126.8, 126.5 (Ar), 67.2 (OCH>), 63.2 (a-Phe), 59.2
(C2), 53.6 (NCHy), 50.9 (C1”), 48.9 (C1’), 34.6 (C3’) 34.5 (p-Phe), 21.7 (C2"). MS (ES)*:
659.56 [M+H]".

N-(2”R-Chloropropanoyl)-N-[2’S-dibenzylamino)-3’-phenyl)prop-1'-yl]-L-Phe-OBn (11)

Syrup. Yield: 52% (from 7). Eluent: EtOAc:Hex (1:6). Mixture of rotamers, M/m = 7:1.
HPLC: tr =7.25 min. "H NMR (400 MHz, CDCls, major rotamer): d 7.26—6.76 (m, 25H, Ar),
4.93 (s, 2H, OCH>2), 4.58 (q, 1H, [ = 6.5, 1”-H), 3.53 (dd, 1H, ] =15.9, 4.7, 1’-H), 3.54 (d, 2H,
J=13.9, NCH), 3.50 (d, 2H, ] = 13.9, NCH>), 3.16 (dd,1H, ] = 13.8, 10.1, 3-Phe), 3.10 (dd,
1H, ] =13.8, 4.7, 3-Phe), 3.00 (m, 1H, 2’-H), 2.89 (dd, 1H, ] =10.1, 4.7, a-Phe), 2.68 (dd, 1H,
J=13.2/6.6, 3'-H), 2.50 (dd, 1H, ] = 13.1/8.4, 3'-H), 2.04 (dd, 1H, ] =15.9, 5.7, 1’-H), 1.34 (d,
3H, ] = 6.4, 2”’-H). 3C NMR (75 MHz, CDCls): d 169.3 (COO), 169.2 (CON), 139.1, 138.9,
137.8,136.0,129.9, 129.8, 128.8, 128.7, 128.6, 128.5, 128.4, 128.3, 127.4, 126.7, 126.6 (Ar), 67.1
(OCHy), 64.8 (a-Phe), 62.4 (C2’), 53.9 (NCH>), 52.5 (C1""), 49.6 (C1’), 34.5 (3-Phe), 34.4 (C3’),
20.5 (C2”). MS (ES)*: 659.35 [M+H]*.

N-(2”"R-Chloropropanoyl)-N-[2'R-dibenzylamino)-3’-phenyl)prop-1"-yl] -L-Phe-OBn (12)

Syrup. Yield: 43% (from 8). Eluents: EtOAc:Hex (1:8). Mixture of rotamers M/m = 3:1.
HPLC: tr = 7.84 min (gradient of 5% to 100% of A, in 20 min). "H NMR (400 MHz, CDCls,
Major rotamer): d 7.32-6.92 (m, 25H, Ar), 5.21 (d, 1H, ] =12.2 Hz, OCH2), 491 (d, 1H, | =
12.2 Hz, OCHz), 4.45 (q, 1H, J=7.0 Hz, 1”-H), 3.80 (dd, 1H, ] =10.1, 4.5 Hz, a-Phe), 3.51 (d,
2H, | =14.0 Hz, NCH2), 3.35 (m, 2H, 3-Phe), 3.34 (d, 2H, ] =14.0 Hz, NCH>), 3.28 (dd,1H, |
=15.2,7.1 Hz, 1’-H), 3.12 (m, 1H, 2’-H), 2.68 (dd, 1H, J = 13.2, 8.3 Hz, 3'-H), 2.54 (dd, 1H, |
=13.2, 6.7 Hz, 3’-H), 2.45 (dd,1H, ] = 15.4, 4.0 Hz, 1’-H), 1.74 (d, 3H, ] = 7.0 Hz, 2”"-H). 13C
NMR (75 MHz, CDCls): d 169.7 (COO), 168.3 (CON), 139.0, 138.2, 135.8, 130.0, 129.6, 128.75,
128.65, 128.6, 128.45, 128.4, 127.3, 126.9, 126.5 (Ar), 67.3 (OCHz), 63.2 (a-Phe), 59.24 (C2’),
53.2 (NCHz), 50.9 (C1”), 48.9 (C1’), 34.6 (C3’), 34.5 (3-Phe), 21.6 (C2”). MS (ES)*: 659.56
[M+H]*.
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Figure Al. Effect of compounds on TRPMS activity measured by fluorometric methods. Representative graph of com-
pound 14 (A) and 16 (B) at 10 uM on HEK-rTRPMS cells. After 3 basal fluorescence measurements compounds 14 (A) and
16 (B) were applied (maroon trace) with hardly any effect. An amount of 10 puM N-(3-aminopropyl)-2-[(3-
methylphenyl)methoxy]-N-(2-thienylmethyl)-benzamide (AMTB) as a negative control was also applied in cycle 3 (blue
trace). Subsequently after cycle 10, 100 uM menthol was added being the fluorescent signal completely blocked. An
amount of 100uM menthol was also applied in absence of blockers as a positive control (green trace). An amount of 10 pM
AMTB was added together with 14 and 16 (red trace) to ensure that the small increase in fluoresce after compounds’
addition was not due to any agonist activity.

menthol menthol
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14

3
g
i
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Figure A2. Compounds 14 and 16 inhibited TRPM8-mediated currents studied by whole cell Patch
clamp. Representative menthol-evoked rTRPMS current registered at a holding potential of -60
mV for control condition with two pulses of 100 uM menthol (black traces) and test condition with
30s perfusion of 10 uM 14 and 16 (red traces) before the second menthol pulse.
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S

Figure A3. Subsite 1 (A) and 2 (B) found for -lactam 13. Subsites 1 (C) and 2 (D) found for -lactam 14. Subsite 1 (E) and
2 (F) found for B-lactam 15. WdV interactions are indicated by dotted gray lines, and m—mt stacking by centroids and non-
continuous pale green lines. Channel residues involved in the interactions are shown in blue and labelled.
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_

Figure A4. Subsite 3 (A) for B-lactam 14 and subsite 4 for 3-lactam 16 (B). WdV interactions are indicated by dotted gray
lines, and m—7t stacking by centroids and non-continuous pale green lines. Channel residues involved in the interactions
are shown in blue and labelled.
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Abstract: Transient receptor potential melastatin subtype 8 (TRPMS) is a cation channel extensively
expressed in sensory neurons and implicated in different painful states. However, the effectiveness
of TRPM8 modulators for pain relief is still a matter of discussion, since structurally diverse mod-
ulators lead to different results, depending on the animal pain model. In this work, we described
the antinociceptive activity of a f—lactam derivative, RGM8-51, showing good TRPMS antagonist
activity, and selectivity against related thermoTRP channels and other pain-mediating receptors. In
primary cultures of rat dorsal root ganglion (DRG) neurons, RGM8-51 potently reduced menthol-
evoked neuronal firing without affecting the major ion conductances responsible for action potential
generation. This compound has in vivo antinociceptive activity in response to cold, in a mouse model
of oxaliplatin-induced peripheral neuropathy. In addition, it reduces cold, mechanical and heat
hypersensitivity in a rat model of neuropathic pain arising after chronic constriction of the sciatic
nerve. Furthermore, RGMS8-51 exhibits mechanical hypersensitivity-relieving activity, in a mouse
model of NTG-induced hyperesthesia. Taken together, these preclinical results substantiate that this
TRPMS antagonist is a promising pharmacological tool to study TRPM8-related diseases.

Keywords: TRPMS channels; antagonist; 3—lactam; oxaliplatin-induced peripheral neuropathy; CCI
chronic neuropathic; nociception; NTG-induced hyperesthesia

1. Introduction

The cold-temperature thermosensor TRPMS is a non-selective cation channel, widely
expressed in peripheral sensory neurons having their soma in the dorsal root (DRG) and
trigeminal (TG) ganglia, but also in different organs and tumor malignancies [1]. The impor-
tant role of TRPMS8 channels in the pathophysiology of diverse biological processes fosters
the development of agonist/antagonist modulators, to enlarge the arsenal of pharmaco-
logical tools to study TRPMS-related diseases, including inflammatory and neuropathic
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disorders, as well as tumor growth and dissemination [1]. In fact, a number of agonists and
antagonists, belonging to different chemical families, have already been described [2,3].

The high expression of TRPMS8 channels both in sensory neurons and organs, in
addition to their activation by cold, point to these channels as mediators of cold-induced
nociception and cold-hypersensitivity developed in certain peripheral neuropathies [4].
Nevertheless, some discrepancies have been found in the literature, and the exact role of
TRPMBS in different pain types, and the usefulness of TRPM8 modulators to relieve them, is
still a matter of profuse research.

The chronic constriction injury of the sciatic nerve (CCI) is a model of neuropathic
pain that courses with hypersensitivity to cold, heat and mechanical stimuli [5]. Initial
investigations on the expression of TRPMS8 and TRPA1 channels after CCI injury, identified
a low expression level of both channels in DRG neurons, and discard their involvement in
cold hypersensitivity [6]. However, other experimental evidence indicates that sensitivity
to cold after CCl is aggravated by TRPMS activation and the increased expression of these
channels in DRG neurons, whereas their downregulation or pharmacological blockade
ameliorates CCl-induced cold hypersensitivity [7-9]. In good agreement, it has been
described that the intrathecal administration of the TRPM8-selective antagonist AMTB
reduces cold hypersensitivity in rats, but it exacerbates thermal nociception and has no
apparent influence on mechanical hypersensitivity in the CCI model [10]. Likewise, the
TRPMS antagonist AMG2850, displaying a potent nanomolar profile in vitro, was able to
reduce the number of wet-dog-like shakes induced by icilin, a TRPMS8 agonist, but was
ineffective on mechanical hypersensitivity in the complete Freund’s adjuvant (CFA) model
of inflammatory pain and the spinal nerve ligation model of neuropathic pain [11]. The
authors suggest that TRPMS8 channels could not have a relevant role in nociception in this
model, but this is in contrast with recent results found for the novel TRPM antagonists
DFL23693 and DFL23448 (imidazo[1’,5':1,6]pyrido[3,4-b]indole-1,3(2H)-dione derivatives),
which indicate that they effectively relieve thermal and mechanical hypersensitivity in CCI
rats [12,13].

Thermal and mechanical hypersensitivity are also prominent symptoms in the periph-
eral neuropathy developed after chemotherapeutic treatments for cancer (i.e., platinum-
derived drugs, vinca alkaloids and taxanes) [14] or viral infections (HIV, HCV, HSV,
HZV) [15,16]. Some channels of the TRP family expressed in nociceptors, like TRPV1,
TRPV4, TRPA1 and TRPMS seem to contribute to this painful, exacerbated sensitivity [17].
For instance, oxaliplatin (OXA) causes acute and chronic peripheral pain, characterized
by cold hypersensitivity, and seems to be related to increased activity of the TRPMS8 chan-
nels, linked to the activation of phospholipase C and reduction in phosphatidylinositol
4,5-bisphosphate production [18]. In primary sensory neurons, the overexpression of
TRPMS8 mRNA and protein in oxaliplatin-induced peripheral neuropathy seems also to
be mediated through the c-Myc regulatory gene [19]. Moreover, in both short- and long-
term oxaliplatin-induced neuropathy animal models, both TRPA1 (HC033031) and TRPMS8
(AMTB) antagonists attenuated the initially observed vasodilation after cold exposure [20].
Similarly, a recent study describes that oxaliplatin causes excitability of IB4 neurons, which
can be attenuated by antagonists of TRPA1 (A-967079) and TRPMS8 (TC-I), but not by
capsazepine, a TRPV1 blocker, suggesting the contribution of cold channels in neuronal sen-
sitization [21]. However, only the pretreatment with TC-I prevented cold and mechanical
hypersensitivity induced by oxaliplatin, denoting key importance of the TRPMS8 channel in
the initial phase of sensitization. The involvement of L-type voltage-gated Ca®* channels
in the over-expression of TRPMS receptors leading to oxaliplatin-associated peripheral
neuropathy has also been reported [22].

Cold hypersensitivity is also referred to as an important, undesirable secondary
effect by patients receiving chronic treatment with opioids [23]. The hypersensitivity after
sustained morphine administration was linked to TRPMS8 upregulation, and can be blocked
by TRPMS antagonists, while TRPMS8 knockout mice are not able to develop it [24].
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Migraine, a neurovascular disorder affecting more than 14% of the adult population
and more frequent in women than in men, is one of the most disabling conditions in the
world. Some experimental evidence indicated that TRPMS8 channels are overexpressed
in a rat model of migraine, and that these channels could be implicated in the migraine
mechanism, possibly through activation of NMDA receptors [25]. In addition, among
other genetic factors, TRPMS single-nucleotide polymorphisms (SNPs), such as rs10166942
and rs11562975, have been associated with chronic migraine and connected to allodynic
symptoms [26-28]. Similarly, the SNP rs2651899 was described as a possible genetic marker
for migraine susceptibility [27]. Concerning described TRPMS8 antagonists, AMG 333
reached phase 1 clinical trials for the treatment of migraines [29]. However, the important
side effects reported by volunteers, consisting of paresthesia, dysesthesia, dysgeusia and
intolerable hot feeling, led to the compound’s withdrawal, preventing its further progress
to later clinical studies.

A few years ago, we described a new series of f-lactams acting as potent and selective
TRPMS antagonists (i.e., compounds 1, 2, Figure 1) [30,31], with compound 2 displaying
significant activity for relieving oxaliplatin-induced cold hypersensitivity [31]. To advance
in the characterization of our f—lactam derivatives, we selected a prototype in the series,
RGMS8-51 (3) for parallel evaluation in different animal models of pain occurring with
upregulation of TRPMS8 channels. Here, we describe the in vitro properties of RGM8-51 as
a blocker of the TRPMS activation and its selectivity over other TRP channels and receptors
related to pain. In addition, we report the results of its in vivo activity in a mouse model of
oxaliplatin-induced peripheral neuropathy, in the CCI model of neuropathic pain, and in
NTG-induced hyperesthesia.

o, U

(RGM8-51)
Bn: benzyl; 'Bu: tert-butyl This work

Figure 1. 3—lactam TRPMS8 antagonists: Compounds 1 and 2 came from previous works [30,31];
Compound 3 (RGMS-51), described in this work.

2. Results and Discussion
2.1. Synthesis

The synthetic multistep procedure to prepare f-lactam 3 (RGM8-51) is depicted in
Scheme 1. Briefly, the commercial amino acid derivative HCI-H-L-Phe-O'Bu (4) is reacted
with nosyl chloride to afford N-Ns-L-Phe-O'Bu (5) in very good yield. Under Mitsunobu
conditions, using triphenylphosphine and diisopropylazido dicarboxylate (DIAD), amino
acid derivative 5 reacts with 25-(dibenzylamino-3-phenyl)propanol (6) to give the Phe-
phenylalaninol conjugate 7 in excellent yield. Subsequently, the removal of the nosyl
group, carried out with PhSH in a basic medium, led to the secondary amine 8, almost
quantitatively. Then, an acylation reaction with 25-chloropropanoyl chloride, prepared in
situ from 25-chloropropanoic acid, trichloroacetonitrile and triphenyl phosphine, allowed
the formation of the enantiopure chloropropanoyl derivative 9. Finally, the BTPP-assisted
cyclization of intermediate 9 gave rise to the desired -lactam 3, with an overall yield of
64%. A 35,45,2'S configuration was assigned to compound 3, since the configuration of the
2-chloropropanoic acid used, 2S, directs the exclusive formation of the 35,4S 3—lactam ring,
as previously demonstrated [32].
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Scheme 1. Synthetic procedure for the preparation of B-lactam 3 (RGM8-51) form H-L-Phe-O'Bu (4).
Compounds 5-9 are the synthetic intermediates in the process.

2.2. In Vitro TRPMS8 Antagonist Activity
2.2.1. Experiments in Cell Lines

Calcium (Ca®*) micro-fluorography assays were performed on HEK293 cells that
heterologously express both rat (r) or human () TRPMS8 channel isoforms, using menthol
as activation stimulus [30]. f-lactam RGMS8-51 (3) did not have any ability to activate
TRPMS channels, but produced a concentration-dependent inhibition of menthol activation.
As indicated in Table 1, compound RGMS8-51 displays antagonist activity at both isoforms
of the TRPMS8 channel. The ICsy values are in the micromolar range, 1.06 &+ 1.21 and
1.74 £ 1.19 uM, respectively, slightly higher for TTRPMS. This represents a similar activity
as B-lactam 2 and a somewhat higher potency than the model TRPMS8 antagonists AMTB.

To confirm the antagonistic activity, electrophysiology (patch-clamp) studies were
performed on HEK293 cells expressing the *TRPMS8 channel. As shown in Figure 2, perfu-
sion with 100 uM menthol (blue line) produces a strong outward rectifying ionic current,
characterized by a negligible current at negative potential and a linear increase (ohmic
behavior) at positive voltages. This current is clearly reduced by addition of f-lactam
RGMS8-51 (10 uM, red line). Then, using a holding voltage of —60 mV, different concentra-
tions of RGM8-51 were used to establish the concentration/response curve for yTRPMS8
current blockade. The obtained ICs; value, 0.97 4 1.56 uM (Table 1), confirms a micromolar
antagonist potency.
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Table 1. Antagonist activity of RGM8-51 at "TTRPMS and h'TRPMS channels (Ca?* microfluorography
and patch-clamp assays).

Ca?* Microfluorography Assays Patch-Clamp Assay
Compd. rTRPM 8 Intervals hTRPMS Intervals rTRPMS8
ICs5¢ (UM) ICso (UM) ICs5 (UM)
RGMS-51 (3) 1.06 £1.21 0.72 to 1.55 1.74 £1.19 1.23 £2.45 0.97 £ 1.56
2 31+11 2.57 to 3.99 _ _ 09+1.0
AMTB 73+15% 6.23 £ 0.02 ** _
rTRPMS: transient receptor potential melastatin, type 8 channel, rat isoform. "'TRPMS: transient receptor potential
melastatin, type 8 channel, human isoform. Three different experiments, performed in triplicate. * Reference [31].
** Versus icilin (Reference [33]).
A) B)
: 500 | —~
S ;d - ICsp= 0.97 +1.56 uM
—e— 100pM menthol 400 | o 2 % 100+
i 29
—e—10yMRGM8.51 + G2
100pM menthol 300 i
o 2 ¥
= =
o & 504
Ee
* 4 i
PV — -
0.001 0.01 0.1 1 10 100
V(mV) [ RGM8-51 ] (uM)

Figure 2. Compound 3 (RGM8-51) blocks TRPM8-mediated responses evoked by menthol in "7TRPM8-
expressing HEK293 cells. (A) IV curves obtained after exposure to vehicle solution (green trace),
100 uM menthol (blue trace), and 100 uM menthol + 10 uM RGMS8-51 (red trace). Peak current
data were expressed as pA/pF (to allow comparison among different size cells). Each point is the
mean + SEM of n = 15. (B) Concentration/response curves for "TRPMS current blockade by RGM8-51,
at a holding voltage of —60 mV. The solid line represents fits of the experimental data to the following
binding isotherm: y = max/(1 + x/ICs0)n, where x is the drug concentration and n the Hill coefficient.
The fitted value for ICsy was 0.97 £ 1.56. Each point is the mean + SEM of n = 15.

To uncover the selectivity of RGMS8-51 for the TRPMS8 channel, its activity was mea-
sured on different ion channels and receptors involved in pain-related processes. Firstly,
KhTRPV1, h'TRPV3 and h'TRPA1 ion channels were selected, since they are expressed in
primary afferent neurons, and involved in the integration of temperature and nocicep-
tion [34,35]. The hASIC3 channel was also included in the selectivity study because it is
widely distributed in the peripheral nervous system, and its activation augments excitability
of primary sensory neurons [36].

In all cases, the compound was evaluated at 10 pM, a concentration that is ~10 and
>5 times higher than the ICs, value for "TTRPM8 and h'TRPMS, respectively. As indicated in
Table 2, compound RGMS8-51 shows some ability to activate the "TRPV1 channel (~30%),
while its activity as an antagonist at this heat receptor is lower than 20%. 3—lactam RGM8-51
did not display any agonist or antagonist profile in cool-activated TRPA1 channels and has
negligible activity as TRPV3 and ASIC3 channel antagonists. In general, this f—lactam is
selective for cold-activated TRPMS8 channels, although TRPV1 channels could be activated
to some extent at high concentrations.
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Table 2. Functional activity of RGM8-51 (10 uM) in Ca®* microfluorography assays of TRPV1, TRPV3,
TRPA1 and ASIC3 channels, and percentage of inhibition of specific binding at CGRPR, CB2 and
M3 receptors.

hTRPV1 hTRPV3 hTRPA1 ASIC3 Binding Binding Binding
Compd. ZT;{II}/I} antago. antago. ZT;{I:‘;§ Antago. Antago. hCGRPR hCB, hM3
go- 1% (%) (%) go- 1% (%) (%) (%) (%) (%)

RGMS8-51 313+£36 194417 —-63+£59 04£03 43+11 6.0+09 —-1.0+43 73+£03 —41+£31

KhTRPV1: transient receptor potential vanilloid, type 1. h-TRPV3: transient receptor potential vanilloid, type 3.
hTRPA1: transient receptor potential ankirin, type 1. ASIC3: acid sensing ion channel, subunit 3. t=CGRPR: human
calcitonin gen-related peptide receptor. ®CB;: human cannabinoid receptor, subtype 2. hM3: human muscarin
receptor, subtype 3. In all cases, data is from two experiments in duplicate. Ago.: assay for agonist activity.
Antago.: assay for antagonist activity (see methods). Agonists used for activation: TRPV1 (Capsaicin, 30 nM),
TRPV3 (2-Aminoethoxydiphenyl borate, 2-APB, 30 uM), TRPA1 (Allylisothiocyanate, 10 uM), ASIC3 (Buffer, pH
5,5). Reference antagonists: TRPV1 (Capsazepin, Clsg 1.3-10~7), TRPV3 (Ruthenium red, Cls, 2.5-10~7 M), TRPA1
(Ruthenium red, 10 M), ASIC3 (Amiloride, 1 mM). Radioligand for hCGRPR: ['%1hGCRP«, agonist HIGCRP
(1 pM). Radioligand for hCB,: [PH]WIN 55212-2, agonist WIN 55212-2 (5 uM). Radioligand for hM3: [*H]4-DMAP,
agonist 4-DMAP (1 uM).

Next, the assessment of activity at other peripheral receptors related to pain, inflam-
mation or migraine was considered. Calcitonin gene related peptide (CGRP) receptors are
expressed in numerous tissues and in primary sensory neurons of TGG, where they are
involved in pain transmission and inflammatory processes [37]. CGRP levels have also
been shown to increase in cranial circulation of patients with migraine symptoms [38].
Cannabinoid receptor CB2 is highly expressed in the peripheral nervous system, where it is
rapidly regulated in peripheral neurons after injury and inflammation to dampen neuronal
excitability and has been associated with paclitaxel-induced peripheral neuropathy [39—-41].
Muscarinic acetylcholine receptors (mAChRs) are mainly located at the dorsal horn of the
spinal cord and also seem to contribute to nociceptive regulation [42]. Among mAChRs,
the M3 subtype is also expressed in different types of skin cells, such as keratinocytes and
melanocytes [43,44].

To define whether -lactam derivative RGMS8-51 could bind to CGRPR, CB2 and M3
receptors, in vitro binding assays were performed, using CHO cell lines transfected with
these receptors. The degree of binding was determined by using specific radioligands for
each receptor (Table 2, footnote). As shown in Table 2, RGMS8-51 at a 10 uM concentration
did not show significant affinity for the mentioned receptors, thus reinforcing its selectivity
for TRPMS channels.

2.2.2. Experiments in DRG Neurons

We also investigated the effect of RGM8-51 on native TRPMS channels from rat DRG
neurons. Whole-cell patch-clamp recordings from small size DRG neurons evidenced men-
thol (100 uM)-activated inward currents at a holding voltage of —80 mV (Figure 3A). As
expected from results obtained in "7TRPM8-expressing HEK293 cells, RGM8-51 (1 uM) inhib-
ited menthol-activated currents. Mean peak current inhibition amounted to 65.01 & 4.67%
(from 1.50 £ 0.19 to 0.51 £ 0.09 pA/pF; n = 8 cells) (Figure 3A). Interestingly, RGM8-51 did
not modify on its own the baseline current at -80 mV and had no effect on voltage-activated
Na* and K* currents evoked by a depolarization pulse to +10 mV (Figure 3B). Besides
extending results obtained with RGM8-51 in heterologously expressed TRPMS8 channels to
native TRPMS channels, these data rule out a direct effect of this compound on major ion
conductances responsible for action potential generation in primary nociceptive neurons.

In order to test if compound RGMS8-51 could affect the membrane resting potential
(MRP) of DRG sensory neurons, we also measured MRP of sensory neurons in the current-
clamp mode of patch-clamp. In this condition, small sensory neurons displayed a MRP
of ~—50 mV (Figure 4A, top trace, and Figure 4B). Exposure of the neurons to 10 uM of
RGMS8-51 did not alter the MRP of these neurons (Figure 4A, middle trace, and Figure 4B).
As control to ensure that neurons were able to exhibit action potential firing they were
exposed to 0.5 uM capsaicin (Figure 4A, bottom trace, and Figure 4B).
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Figure 3. Effect of RGM8-51 on TRPM8-mediated and voltage-activated Na* and K* currents in
rat DRG neurons. Currents were evoked by menthol (100 uM) (A) or a voltage depolarization to
+10 mV (B). The horizontal bar on top of the recordings in A indicates the time period of menthol
application. Holding voltage was —80 mV. Bar/scatter plot graphs in the lower part of the panels
show peak-current densities (J; pA/pF) before and after RGM8-51 (1 uM). Data are mean + S.EM
(n = 8 cells from 5 cultures). Statistical analysis was performed by using the paired t-test. *** < 0.001.
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Figure 4. Compound RGMS8-51 does not affect the membrane resting potential of sensory neurons.
(A) Representative recordings of resting membrane potential measured under current-clamp conditions.
The upper trace shows how the resting membrane potential remains constant after the addition of
vehicle, and 10 pM of compound RGM8-51 (middle trace). The bottom trace shows action potentials
firing in a DRG neuron exposed to 0.5 uM capsaicin. (B) Changes in membrane potential in the absence
and the presence of 10 uM of compound RGM8-51, and in the presence of capsaicin (Cap) 0.5 uM. Data
were analyzed by one-way ANOVA followed by Bonferroni post hoc test for multiple comparisons
(ns = no significance, *** = 0.0001) and given as mean + SEM; n > 6 cells from 2 cultures.
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2.2.3. In Vitro Preliminary Pharmacokinetic Studies

RGMS8-51 displayed quite good solubility (198 uM) in simulated gastric conditions
(pH < 5.5). This compound has a logD of 5.7 and was not able to permeate CACO-2 cell
monolayers, indicating that oral administration cannot be selected for in vivo experiments
(Table S1). RGMS8-51 shows high binding to serum proteins (99-100%). As expected by the
high number of phenyl rings, the ester moiety and the N-benzyl groups, neither the stability
in human hepatic microsome cultures is high (t; /, = 11 min) nor the intrinsic clearance is
very good (Clint = 614 uL/min/mg), although the value is better than that of terfenadine,
used as one of the reference controls. As indicated later, despite not optimal PK properties,
RGMS8-51 displayed significant activity in in vivo experiments after intraplantar (i.pl.) and
intraperitoneal administration (i.p.).

2.3. Molecular Modeling Studies

The identification of putative binding pockets for RGM8-51 within the TRPMS tetrameric
channel was performed by docking studies simulations, using Yasara software [45,46], in
a 3D model of the ¥“TRPMS channel. This model was constructed from the cryo-electron
microscopy (cryo-EM) structure of the bird Ficedula albicollis TRPMS (faTRPMS8, PDB code
6BPQ) [47].

Four main solutions were found for the accommodation of RGMS8-51 in the TRPM8
channel, most of them located by the pore zone (Table 3). The most populated subsite 1 is a
cavity formed by residues at S5-56 transmembrane helices, located at the upper part of a
protein subunit, and the S5 and the S5-to-S6 pore loop of a contiguous subunit (Figure 5,
left). As for the concrete interconnections, three incidences of 71— stacking were identified.
Two of them involve the aromatic ring of the 4-Bn group of RGM8-51 and Trp877 and
Phe881 of the channel, and are T-shape interactions, while the third one is a face-to-face
m-7 stacking between the small molecule N-Bn group and the Phe 963 of the protein. In
addition, a high number of Van der Waals interactions contribute to the stabilization of the
complex, including the tert-butyl group on the p-actam and Tyr963, the CH; of the 4-Bn
and the CH; of Tyr963, the 2/-Bn group and Phe874 and 11963, and the N-Bn, and Leu871,
Phe 874, Leu909, Thr956 and Val960.

TR ‘ - A 2 S6
\x 1 «‘ ioae 1 q’mnlﬂ

~ 1985

Figure 5. Interaction of f-lactam RGMS8-51 (carbon atoms in wheat color) at subsite 1 (left) and
subsite 2 (right). Channel residues involved in the interactions are shown in blue. WdV interactions
are indicated by doted gray lines, and 77t stacking by centroids and non-continuous pale green lines.
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Table 3. Main sites found for compound RGMS8-51 and statistical distribution of docking solutions.

% of Docking Solutions

Subsite Location (Estimated Binding Energies, kcal/mol)
1 Inner pore, S556, S5 58% (8.39)
2 Internal mouth pore 12% (8.44)
3 External pore, S354, S6 16% (6.63)
4 External loops 8% (6.65)

The second subsite locates the small molecule at the very bottom part of the pore,
interacting with the loops joining S6 and TRP domain of the four channel subunits (Figure 5,
right). In this case, the interplay is mediated by a network of Van der Waals (VdW)
hydrophobic interactions, involving all substituents on the 3-lactam. Thus, the tert-butyl
group interacts with both the CH; of Tyr981 in subunit 1 and the aromatic ring of Tyr981 in
subunit 2. This latter Tyr residue also interacts with the 3-Me group, as does Leu985 of the
same subunit. The 2’-Bn moiety connects to Thr982 in protein monomer 2 and Tyr981 of
subunit 3. Finally, the tertiary N-Bn, moiety establishes contacts with Tyr981, 11985 and
Val986, all in monomer 4.

In addition, there are two other possible binding sites. The third subsite where the
molecule interacts with the channel is a cavity formed by S3 and 5S4 from a subunit and S6
from the adjacent subunit, at the top part of this one. The fourth pocket is located between
the two small alpha helices that join S5 and S6 of the same subunit, at the top of the ion
channel. Although they are also possible binding sites, they were less populated in the
modeling studies and yielded lower binding energies than subsites 1 and 2 (Table 3).

The structure of TRPM8/AMTB and TRPMS8/TC-12014 complexes reveals interconnec-
tion of these small molecules by the menthol binding site, revealed as a highly adaptable
pocket [48]. Our modeling studies, once again, point to a different mode of interaction of
our B-lactam derivatives with respect to other described TRPMS8 antagonists, making them
a unique class within described modulators.

2.4. In Vivo Antinociceptive Activity

RGMB8-51 was further used as a chemical tool to explore the role of TRPMS in different
animal models of pain in vivo, including CIPN, CCI model of neuropathic pain, and
NTG-induced mechanical hypersensitivity.

2.4.1. Mouse Chemotherapy-Induced Peripheral Neuropathy

It is known that the painful peripheral neuropathy associated with the use of the
chemotherapeutic drug oxaliplatin (OXA) is intensified by cold [49], and that TRPMS8
channels play an important role in this debilitating condition [18,21]. In fact, the OXA-
induced peripheral neuropathy mice model is being increasingly used to characterize
TRPMS antagonists. For instance, an imidazo[1’,5:1,6]pyrido[3,4-b]indole-1,3(2H)-dione
derivative, acting as a potent nanomolar TRPMS8 antagonist, inhibited OXA-induced cold
hypersensitivity after intraplantar (i.pl.) administration of 10 and 30 ug of compound, with
remarkable effect after 15 min and up to 30 min [12]. Of special interest is a biphenylamide
N-spiro[4.5]decan-8-yl derivative that showed nanomolar potency on human TRPMS, and
attenuated cold allodynia from 15-60 min at 0.1 pug (i.pl.) dose, maintaining a significant
effect up to 60 min after administration of a 1pug dose [50].

For the OXA-induced peripheral neuropathy assay, OXA was subcutaneously (s.c.)
injected on days 1, 3 and 5 to male mice, at a 6 mg/kg dose, to induce hypersensitivity to
cold, as monitored by the acetone drop test (Figure 6).
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Figure 6. Effects of compound RGMS8-51 on the oxaliplatin (OXA)-induced cold hypersensitivity
(drop acetone test). Peripheral neuropathy was induced in male mice by injecting OXA (6 mg/kg,
s.c.) on days 1, 3 and 5. Control animals were treated with vehicle. Compound RGMS-51 (1 ug/i.pl,
(A) or 0.1 pug/i.pl., (B)) was administered to the OXA-treated animals, and the time-course of cold
hypersensitivity was measured. Data are given + SEM (n = 5). Statistical analysis, comparing with
oxaliplatin-treated mice, was performed by two-way ANOVA followed by post hoc Bonferroni test
by multiple comparisons: **** p < 0.0001.

Compound RGM8-51 was administered intraplantarly (i.pl.,, 1 and 0.1 pug), to evaluate
its potential to reduce the OXA-induced cold hypersensitivity. As shown in Figure 6A,
RGMBS-51 (1 pug) attenuates the cold-induced paw licking in a significant manner 15 min after
administration, showing the peak effect from 30 to 60 min. The compound is still highly
active at a 0.1 pg dose, again with a sustained activity from 15 to 30 min. Compared to
compound 2 [31], B-lactam analogue RGM8-51 needs lower doses (more potent) to reduce
cold hypersensitivity in a significant manner. The potency is also higher than that described
for imidazo[1’,5':1,6]pyrido[3,4-blindole-1,3(2H)-dione derivatives [12], and similar to the
best biphenylamide-spiro derivative [50]. The period of time in which RGMS8-51 effectively
decreases cold allodynia is higher than that described for an imidazo[1’,5":1,6]pyrido[3,4-
blindole-1,3(2H)-dione heterotricyclic TRPMS8 antagonist [12], despite the in vitro potency
being lower in our case.

2.4.2. Chronic Constriction Injury (CCI) of the Sciatic Nerve

The CCI model of neuropathic pain allowed the evaluation of the effect RGM8-51 on
cold, heat and mechanical sensitivity [5], as assayed by the acetone test, the Hargreaves
test, and the automatized von Frey test, respectively. RGM8-51 was applied either locally
(i.pL; 10 pg) in the affected paw or systemically (intraperitoneally, i.p., 10 and 30 mg/kg)
and the effect evaluated before (Baseline) and after CCI surgery. The nocifensive response
after administration of RGMS8-51 was compared with that of vehicle, while non-operated
animals and the uninjured (contralateral) hind paw in CCI animals were used as controls.
As expected from previous results on the role of TRPM channels and the effect of TRPM8
antagonists (DFL23448, DFL23693, IGM-18) in cold hypersensitivity in CCI animals [12,13],
RGMS8-51 reduced cold hypersensitivity following i.pl. application, and inhibited it dose-
dependently after i.p. administration (Figure 7A). Interestingly, no effect was observed
in either non-operated animals (baseline in Figure 7A) or the contralateral uninjured paw
(data not shown).
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Figure 7. Effects of compound RGM8-51 on cold, heat and mechanical hypersensitivity in the CCI
model in the rat. RGM8-51 was administered before (baseline) and after CCI surgery (CCI) by both
the intraplantar (10 ug, left panels) and the intraperitoneal (10 and 30 mg/kg, right panels) routes.
Note that vehicle administration after CCI surgery was associated to an increase in the nocifensive
response duration to acetone application, and to reductions in the paw withdrawal latency (PWL)
to heat radiation and the paw withdrawal threshold (PWT) to tactile stimulation of the injured
hind paw, indicative of cold (A), heat (B) and mechanical (C) hypersensitivity, respectively. Data
are mean & SEM of the number of animals specified between parentheses. Statistical analysis was
performed by using the paired t-test. * < 0.05; ** < 0.01; *** < 0.001; **** < 0.0001 with regard to vehicle
(Veh.) or between the two i.p. doses.
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Compound RGMS8-51 was also effective in decreasing hypersensitivity to heat follow-
ing i.p. administration and it did it dose-dependently (Figure 7B). This result is in line with
those obtained with 3-carboline-based TRPM antagonists in CCI mice by using the thermal
ring assay, which measures thermal preference behavior [11]. Curiously, i.pl. application of
RGMB8-51 did not influence the animal response to heat, which points towards the possi-
bility that the effect of RGMS8-51 could be related to body temperature regulation rather
than heat sensing. In fact, TRPMS antagonists are known to decrease the body temperature,
a phenomenon that is abrogated in TRPM™/~ mice [9,13,51,52]. As it was the case for cold
stimulation, RGM8-51 had no effect on heat perception in non-operated animals (baseline
in Figure 7B) or in the uninjured hind paw (data not shown).

Last, we tested the effect of RGM8-51 on mechanical sensitivity. Again, this compound
dose-dependently reverted paw withdrawal thresholds after i.p. administration, this effect
also being produced after local (i.pl.) delivery, whereas it could not be observed in the
absence of neuropathy (Figure 7C).

Altogether, the results obtained with RGMS8-51 in the CCI model point to a multi-
sensory modality (cold, heat, and tactile) antinociceptive effect, without affecting normal
sensory perception. Likewise, the fact that the effects on cold and mechanical sensitivity
were observed after i.pl. application suggests the involvement of a peripheral site of
action, most likely the skin terminals of the small sized (C-type) DRG neurons, which
are specialized in nociceptive transduction. This possibly provides an explanation for
the seemingly contrasting results obtained when TRPMS receptors are downregulated or
blocked by intrathecal administration of TRPMS antisense oligonucleotides or antagonists
(AMTB), where no effect could be observed on mechanical allodynia in CCI rats [6,9].

Notably, a writhing behavior was observed in a small number of animals following
i.p. injection of 30 mg/kg RGMS8-51. This behavior lasted 3-5 min and could possibly be
related to the TRPV1 agonist activity of compound RGM8-51.

2.4.3. NTG-Induced Mechanical Hypersensitivity

Recently, it has been shown that both CGRP receptors and different TRP ion channels
(TRPMS, among them) are associated to the development of migraines [53]. In addition,
treatment with TRPMS8 agonists has been claimed to alleviate topically the symptoms of
this pathology [54], whereas the clinical development of the oral antagonist, AMG333, was
stopped due to serious side effects, mainly related to body temperature dysregulation [29].
To the best of our knowledge, apart from AMG333, no other TRPMS8 antagonists have
been evaluated in vivo for migraine. Since 3—lactam RGMS8-51 possesses analgesic activity
in other animal models, we considered also its evaluation in a mouse model of chronic
migraine characterized by mechanical hypersensitivity and induced by administration of
nitroglycerin (NTG), a known vasodilator used in the treatment of angina pectoris [55].
This model has been used to evaluate the effects of known acute and preventive migraine
therapies and to demonstrate the role of miR155-5p upregulation in the pathological
mechanism of chronic migraine [56,57].

Administration of NTG intermittently produces a baseline hypersensitivity to mechan-
ical stimulation, which can be measured by the von Frey test. The mechanical stimulus
was applied at different times to obtain the time course of the effects produced after com-
pound administration, and both male and female mice were used to investigate a possible
sex dimorphism.

Figure 8A graphically compiles the results obtained in male mice. Thus, it can be
observed that the administration of NTG decreases the mechanical stimulation that the
animals are capable of bearing, compared to controls without NTG. This NTG-induced
hypersensitivity can only be significantly blocked by RGM8-51 at a 30 mg/kg i.p. dose,
60 min post-administration. Figure 8B shows the results of the same test carried out in
female mice. In this case, compound RGM8-51 significantly reduces the hypersensitivity
threshold induced by NTG at both 10 and 30 mg/kg i.p. doses. In addition, the observed
positive effect takes place faster, with significant antinociceptive activity at 30 min, and
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is of longer duration (even after 120 min post-administration). This differential behavior
could be explained by the fact that TRPMS acts as a fast integrator of the testosterone
hormone, an agonist of the channel [58,59]. As testosterone is mainly found in males,
the activation of the TRPMS receptor by this hormone could counteract the effect of the
B-lactam. Actually, previous results with TRPMS”/~ male and female mice demonstrated
that TRPMS is involved in the regulation of dimorphic sexual and social behaviors [60].
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Figure 8. B—lactam RGM8-51 reduces NTG-induced hypersensitivity in a sex-dependent manner.
(A) Paw withdrawal threshold (PWT) increased dose-dependently in C57 male mice 2 h after injection
of 30 mg/kg of NTG. (B) NTG-induced mechanical hypersensitivity was fully blocked in female mice
by the systemic injection of RGM8-51 compound in a dose dependent manner. Compound RGM8-51
was intraperitoneally injected 2h after NTG injection and 30 min before von Frey measurements.
Data are given £+ SEM (n = 3-5). Statistical analysis was two-way ANOVA followed by post hoc
Bonferroni test by multiple comparison ** p < 0.05; *** p < 0.001; **** p < 0.0001.

3. Conclusions

TRPMS channels in sensory neurons have been involved in different pain processes.
However, the dissimilar results found with different TRPMS8 antagonists demand new
studies to establish the future dimension of TRPMS8 channel inhibition for pain relief. To
shed light on the participation of TRPMS8 channels in different animal models of pain, we
selected a prototype from our family of f-lactams, RGM8-51. In in vitro experiments, we
demonstrated that this compound has good TRPMS8 antagonist activity (rat and human iso-
forms), and appreciable selectivity versus other thermoTRP channels and pain-mediating
receptors. Additionally, in DRG neurons, RGM8-51 inhibited menthol-activated currents,
while it did not have a direct effect on major ion conductances involved in action potential
generation. In vivo experiments evidenced that compound RGMS8-51 was highly effective
in different TRPM8-mediated types of pain. The inhibition of cold hypersensitivity in
oxaliplatin-induced peripheral neuropathy anticipates the potential utility of this type of
compound in the disabling condition associated to chemotherapeutic cancer treatments.
Additionally, in the CCI model of neuropathic pain, this f—lactam was shown to attenuate
cold and mechanical hypersensitivity and had some effect on heat stimulation. Lastly,
RGMS8-51 mitigates, in a sex-dependent manner, the NTG-induced mechanical hypersensi-
tivity. Despite non-optimal pharmacokinetic properties, RGM8-51 was revealed as a helpful
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chemical tool for studying TRPM8-mediated pharmacology after i.pl. and i.p. adminis-
tration. These results also ratify the 1,3,4,4-tetrasubstituted f—lactam ring as a valuable
central scaffold in the search for new TRPM8 modulators. Further research on this family
of TRPMS antagonists is ongoing in our labs.

4. Methods
4.1. Synthesis

General procedures: Reactions were monitored either by TLC and/or analytic HPLC
(UV, detection, 220 nm). Flash columns, filled with silica gel Merck 60 (230-400) were used
for chromatographic separations. A reversed-phase column, Sunfire C18 (4.6 x 50 mm,
3.5 pm), a flux of 1 mL/min, and mixtures of CH3CN, phase A, and H,O, phase B, both
containing 0.01% formic acid, were used for analytical HPLCs. Mass spectra, in electrospray,
positive mode, were obtained on a Waters Micromass ZQ spectrometer. High resolution
mass spectrum (ESI-HRMS) was recorded on an Agilent 6520 Q-TOF instrument. Opti-
cal rotation for final compound RGM8-51 was measured in a polarimeter Perkin Elmer
141 apparatus. NMR spectra were recorded in a Varian INOVA-400 (400 MHz) spectrome-
ter, operating at 400 and 100 MHz for 'H and '3C experiments, respectively (with chemical
shifts expressed in ppm and coupling constants in Hz).

4.1.1. Ns-L-Phe-O'Bu (5)

To a solution of H-L-Phe- O'Bu.HCl (11.64 mmol, 3.00 g) in dry DMF (70 mL), triethy-
lamine (TEA) (11.64 mmol, 1.61 mL) was added, and the reaction stirred 20 min at rt. Then,
the reaction mixture was cooled to 0 °C, a second portion of TEA (12.22 mmol, 1.69 mL) and
o-nosylchloride (12.22 mmol, 2.71 g) were added, and stirred overnight at rt. The solvent
was evaporated, and the reaction mixture was dissolved in EtOAc, and successively washed
with citric acid (10%), NaHCO3 (10%) and brine. The organic layer was dried over NaySOy,
filtered and evaporated to dryness. The final product was precipitated in cold Et,O, and
the precipitate filtered. Product still remaining in mother liquids was purified on a silica
gel column, using 11% EtOAc in hexane as eluent. A total of 4.37 g (93%) of compound 5
was obtained as a white solid. Mp: 90 °C (AcOEt:hexano). Published: 92-93 °C [61]. HPLC:
tr = 8.73 min (gradient from 30% to 95% of A, in 10 min). "H-NMR (300 MHz, CDCls):
6 8.02 (m, 1H, Ar), 7.87 (m, 1H, Ar), 7.68 (m, 2H, Ar), 7.30 -7.13 (m, 5H, Ar), 6.02 (d, 1H,
J =9.1 Hz, aNH), 4.35 (m, 1H, o-Phe), 3.09 (m, 2H, 3-Phe), 1.19 (s, 9H, ‘Bu). MS (ES)*:
351.10 [M-'Bu]*.

4.1.2. N-[(2S-Dibenzylamino-3-phenyl)prop-1-yl]-Ns-L-Phe-O'Bu (7)

To a solution of 25-dibenzylamino-3-phenyl-1-propanol (6) (7.49 mmol, 2.48 g), Ns-L-Phe-
O'Bu (5) (8.24 mmol, 3.35 g) and triphenylphosfine (8.24 mmol, 2.16 g) in dry THF (60 mL),
under Ar atmosphere at 0 °C, diisopropyl azodicarboxyate (8.24 mmol, 1.62 mL) was added.
Then, the reaction was stirred at rt overnight. The solvent was removed under vacuum, and
the resulting residue was purified on a silica gel column, using a gradient from 66 to 80%
DCM in hexane. Compound 7 (4.94 g, 92%) was obtained as a syrup. HPLC: tg = 5.00 min
(gradient from 80% to 95% of A, in 10 min). 1H-NMR (300 MHz, CDCly): § 7.59 (m, 2H,
Ar), 7.37 (m, 1H, Ar), 7.27-7.16 (m, 18H, Ar), 7.08 (m, 2H, Ar), 6.86 (m, 1H, Ar), 4.51 (t, 1H,
J =7.7 Hz, x-Phe), 4.01 (dd, 1H, ] = 15.0, 5.6 Hz, H;), 3.81 (d, 2H, ] = 13.7 Hz, NCHy), 3.63 (d,
2H, ] =13.8 Hz, NCHy,), 3.45 (dd, 1H, ] = 15.0, 8.8 Hz, H;), 3.29 (ddd, 1H, ] = 8.6, 5.8, 2.8 Hz,
H,), 2.83 (m, 2H, H3), 2.75 (m, 2H, B-Phe), 1.1 1 (s, 9H, CH3, ‘Bu). 13C-NMR (75 MHz, CDCl3):
6 169.0 (COO), 148.2, 140.1, 139.9, 136.8, 134.6, 133.3, 132.0, 129.7, 129.5, 128.4, 121.3, 128.2,
127.0,126.9,126.1, 124.4 (Ar), 82.0 (C, 'Bu), 62.6 (o-Phe), 57.9 (Cy), 53.3 (NCH,), 47.0 (Cy), 37.1
(B-Phe), 34.7 (C3), 27.7 (CHz, ‘Bu). MS (ES)*: 721.38 [M + H]".

4.1.3. N-[(2S-Dibenzylamino-3-phenyl)prop-1-yl]-L-Phe-O'Bu (8)
To a solution of the N-nosyl-N-alkyl derivative 7 (6.77 mmol, 4.87 g) in dry ACN
(125 mL) K,CO5 (20.30 mmol, 2.80 g) and phenylthiol (13.53 mmol, 1.38 mL) were added
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slowly and stirred at rt overnight. After evaporation of the solvent in vacuum, the resulting
residue was dissolved in EtOAc:H,O (1:1) and the phases were separated. The organic
layer was dried over NaySOy, filtered and evaporated to dryness. The resulting mixture
was purified on a silica gel column, using a gradient from 9 to 33% of EtOAc in hexane.
Compound 8 (3.56 g 98%) was obtained as a syrup. HPLC: tg = 4.50 min (gradient from
15% to 95% of A in 5 min). 'H-NMR (300 MHz, CDCl3): § 7.37-7.17 (m, 18H, Ar), 7.02 (m,
2H, Ar), 3.77 (d, 2H, ] = 13.7 Hz, NCH,), 3.59 (d, 2H, ] = 13.7 Hz, NCHy), 3.32 (dd, 1H,
] =7.9,5.8 Hz, a-Phe), 3.02 (m, 2H, H,, H3), 2.92 (dd, 1H, ] = 13.6, 5.9 Hz, 3-Phe), 2.82 (dd,
1H, ] = 13.4, 7.8 Hz, B-Phe), 2.70-2.45 (m, 3H, H;, H3), 1.78 (NH),1. 33 (s, 9H, CHj3, 'Bu).
I3C-NMR (75 MHz, CDCl;): 6 173.5 (COO), 140.4, 140.0, 138.0, 129.6, 129.4, 128.9, 128.5,
128.4,128.4,126.9, 126.7, 125.9 (Ar), 81.0 (C, ‘Bu), 64.0 (x-Phe), 60.3 (Cy), 53.9 (NCH)), 47.5
(C1), 39.4 (B-Phe), 34.1 (C3), 28.1 (CH3, 'Bu). MS (ES)*: 536.16 [M + H]*.

4.1.4. N-[(25-Dibenzylamino-3-phenyl)prop-1-y1]-N-(2’S-chloropropanoyl)-L-Phe-O'Bu (9)

A solution of 2(S)-chloropropionic acid (11.47 mmol, 1.067 mL) and trichloroace-
tonitrile (12.62 mmol, 1.265 mL), in anhydrous THF (35 mL), was cooled to 0 °C and
triphenylphosphine (12.61 mmol, 3.31 g) was slowly added. Then, the reaction mixture was
stirred at rt for 1h. This solution was slowly added, at 0 °C, to a second solution containing
the secondary amine derivative 8 (5.73 mmol, 3.06 g) and propylene oxide (114.69 mmol,
2.666 mL) in anhydrous THF (10 mL). The evolution of the reaction was controlled by
analytical HPLC. Once completed, the solvent was evaporated, the resulting residue was
dissolved in EtOAc, and washed with citric acid (10%), NaHCOj3 (10%) and brine. The
organic layer was dried over Na,SOy, filtered and evaporated in vacuum. Purification was
performed on silica gel column, using as eluent a gradient from 6 to 9% of EtOAc in hexane.
Compound 9 (3.40 g, 95%) was obtained as a syrup. HPLC: tg = 5.61 min (gradient from
60% to 95% of A in 10 min). 'H-NMR (400 MHz, DMSO-d®, rotamers ratio M:m, 12:1): §
major rotamer 7.30-7.10 (m, 12H, Ar), 6.90 (m, 8H, Ar), 4.09 (q, 1H, ] = 6.5 Hz, Hy/), 3.64
(dd, 1H, ] = 9.5, 5.6 Hz, x-Phe), 3.56 (d, 2H, ] =13.8 Hz, NCH,), 3.45 (d, 2H, | =13.8 Hz,
NCHy), 3.25 (dd, 1H, | = 14.2, 4.8 Hz, Hy), 3.19 (dd, 1H, ] = 14.2, 9.6 Hz, H;), 3.04 (m, 3H,
-Phe, Hy), 2.82 (dd, 1H, | = 13.6, 4.9 Hz, H3), 2.65 (dd, 1H, ] = 13.6, 9.3 Hz, H3), 1.54 (d, 3H,
J = 6.5Hz, Hy), 1. 44 (s, 9H, CHj, ‘Bu). 13C-NMR (75 MHz, DMSO-d®): § major rotamer
169.9 (COO0), 168.8 (CON), 139.3, 139.2, 139.1, 138.6, 129.8, 129.4, 128.8, 128.7, 128.3, 127.3,
126.7, 126.4 (Ar), 82.0 (C, 'Bu), 64.9 («-Phe), 58.3 (Cy), 53.7 (NCHy), 52.3 (C1), 49.9 (Cy/), 35.5
(B-Phe), 34.8 (C3), 28.1 (CH3, 'Bu), 21. 3 (Cy). MS (ES)*: 625.43 [M + H]*.

4.1.5. 4(S)-Benzyl-3S-methyl-4-(tert-butoxy)carbonyl-1-[(2' S-dibenzylamino-3'-phenyl)prop-
1’-yl]-2-oxoazetidine (RGM8-51, 3)

A solution of compound 9 (5.15 mmol, 3.22 g) in dry ACN (20 mL), was treated, under
Ar atmosphere, with BTPP (7.73 mmol, 2.360 mL) and stirred at rt until the chloropropanoyl
derivative disappeared. Then, the solvent was evaporated and the residue dissolved in
EtOAc and washed with 0.1 M HCl and brine. The organic layer was dried over Na;SOy,
filtered and evaporated in vacuum. Purification was performed on silica gel column,
using as eluent a gradient from 9 to 50% EtOAc in hexane. Compound 3 (2.43 g, 80%)
was obtained as a syrup. HPLC: tg = 2.33 min (gradient from 50 to 95% of A in 5 min).
[«]p = —1.64 (c 1, CH5Cl). 'H-NMR (400 MHz, CDCl3): 6 7.31-7.04 (m, 20H, Ar), 3.76 (d,
2H, ] = 13.9 Hz, NCH), 3.56 (d, 2H, | = 13.8 Hz, NCHy), 3.57 (m, 2H, Hy/, Hy), 3.42 (m, 1H,
Hy/),3.14 (q, 1H, ] = 7.5 Hz, H3), 2.95 (m, 3H, Hy, 4-CHy), 2.92 (d, 1H, | = 14.3 Hz, 4-CH),),
1.46 (s, 9H, CH3, 'Bu), 1.19 (d, 3H, ] = 7.6 Hz, 3-CH3). '*C-NMR (75 MHz, CDCl3): 6 170.2
(COO0), 169.7 (Cy), 140.2, 139.6, 135.6, 129.8, 129.5, 128.6, 128.3, 128.1, 127.9, 127.0, 126.8,
125.7 (Ar), 82.8 (C 'Bu), 68.3 (C4), 58.0 (Cy), 53.3 (NCHp), 53.1 (C3), 42.7 (Cy/), 41. 3 (4-CHp),
36.4 (Cy), 28.0 (CH3, Bu), 10.7 (3-CHj3). MS (ES)*: 589.47 [M + H]*. Exact mass calculated
for C39H44N>O3: 588.33519, found 588.33556. Before biological assays, compound 9 was
transformed into its hydrochloride salt by treatment with 0.1. M HCI (1 equiv) in a mixture
of ACH/HO (1:1), followed by lyophilization. TH-NMR (400 MHz, Methanol-dy) & 7.79
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(m, 1H, Ar), 7.60 (m, 3H, Ar), 7.43 (m, 3H, Ar), 7.33 (m, 3H, Ar), 7.24 (m, 7H, Ar, NH), 7.12
(m, 2H, Ar), 6.99 (m, 2H, Ar), 5.10 (d, ] = 12.9 Hz, 1H, NCH,), 4.53 (d, ] = 13.6 Hz, 1H,
4-CHy), 445 (d, ] = 13.6 Hz, 1H, 4-CH,), 430 (d, ] = 12.9 Hz, 1H, NCH,), 4.16 (m, 1H, Hy/),
4.02 (dd, ] = 16.6, 10.6 Hz, 1H, H,/), 3.56 (m, 1H, H,/), 3.49 (d, ] = 14.6 Hz, 1H, NCH,), 3.22
(q,] = 7.6 Hz, 1H, Hz), 2.96 (d, ] = 14.3 Hz, 1H, NCH,), 2.72 (t, ] = 12.9 Hz, 1H, Hy), 2.51 (d,
J =158 Hz, 1H, Hy), 1.23 (s, 9H, CH3, 'Bu), 0.88 (d, ] = 7.6 Hz, 3H, 3-CHs).

4.2. Molecular Modeling Studies

Molecular modeling studies started from the TRPMS cryo-EM structure of Ficedula
albicollis (PDB code: 6BPQ [45]), as previously described [30]. The homology modeling
of rat TRPMS8 was performed on completed TRPMS8 sequence (Uniprot code Q8R455),
using the Ficedula albicollis structure as template, and adding the missing loops with the
standard protocol implemented in the program Yasara [43,44,59] (version 20.12.24). The
sequence alignment between Ficedula a. and rat TRPMS8 was performed with ClustalO [60],
a service located in the European Bioinformatics Institute EMBL-EBI (https://www.ebi.ac.
uk/ accessed on 2 December 2020). Docking studies were accomplished with AutoDock [61]
implemented in Yasara and consisted in a total of 800 flexible global docking runs that were
set and clustered around the putative binding sites, following by a simulated annealing
optimization of each generated complex, using the force field AMBERO03 (Assisted Model
Building with Energy Refinement) [62]. The best binding energy complex in each cluster
was analyzed, stored, and selected as the best orientation of the interacting partners.
Edition, modeling and visualization of the molecules were performed with Yasara (http://
www.yasara.org accessed on 2 December 2020). Figures were drawn with Pymol, the open
source version of the PyMOL Molecular Graphics System, version 2.4.1 (Schrodinger, LLC,
New York, NY, USA) obtained at http:/ /www.pymol.org accessed on 2 December 2020.

4.3. Functional Assays by Calcium Microfluorimetry

To measure the effect of the compounds against TRPM8 activity we used microfluorometry-
based calcium flux assays with Fluo-4 NW Ca?* dye and fluorescence as described in [30].
Briefly, human embryonic kidney cell line (HEK293) cells stably transfected with rTRPMS8
or hTRPMS were seeded in 96-well plates at a cell density of 30,000 cells. After 2 days the
medium was replaced with 100 puL of the dye, Fluo-4 NW, loading solution supplemented
with probenecid 2.5 mM and incubated 1 h at 37 °C. The TRPMS activity was measured
using POLASTAR plate reader (BMG Labtech) setting the excitation wavelength at 485 nm
and the emission wavelength at 520 nm. The baseline fluorescence was recorded for 3 cycles
before the addition of vehicle compound at different concentrations and the antagonist,
10 uM AMTB. Fluorescence intensity was recorded during 7 more cycles and 100 uM
menthol was added. Fluorescence intensity was recorded during 10 more cycles.

Data analysis: The Z-factor was calculated in each assay using the following equation:
(3 x (SDmax + SDmin))/(Mean max-Mean min). In all the experiments, the Z-factor was
>0.5. The effect of the compounds against TRPMS activity was determined by normalizing
their effect on the maximum fluorescence observed after application of 100 uM menthol.
Decrease in menthol signal was expressed as percentage of inhibition (%). All data are
expressed as the mean =+ standard deviation (SD). Data are expressed as the concentration
exerting a half-maximal inhibition of agonist-induced [Ca2*]i elevation (ICsp), which was
calculated again using GraphPad Prism®software. All determinations were performed in
triplicate (n = 3) in 3 independent experiments (N = 3).

4.4. Isolation of Rat DRG Neurons

Voltage-activated Na* and K* currents and TRPMS8-mediated currents were recorded
in DRG neurons isolated from 6-8 weeks old Sprague-Dawley rats, as previously de-
scribed [62]. Rats were sacrificed by cervical dislocation followed by decapitation and
lumbar segments of the spinal column were removed and placed in a cold Ca?*, Mg?*-free
Hank’s solution (Sigma-Aldrich, Madrid, Spain). The bone surrounding the spinal cord was
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removed and the right L4, L5 and L6 DRG were exposed and pulled out. After removing the
roots, DRG were chopped in half and incubated for 30 min at 37°C in Dulbecco’s modified
Eagle’s Medium-low glucose (DMEM,; Sigma-Aldrich) containing 5 mg/mL collagenase
XI (Sigma-Aldrich, Madrid, Spain), 100 U/mL penicillin (Sigma-Aldrich), and 0.1 mg/mL
streptomycin (Sigma-Aldrich). Then, the cell suspension was washed with DMEM by
centrifugation (300 G, 5 min at 4 °C), filtered through a 100 um mesh to eliminate cell
clumps and washed again by centrifugation. The cell pellet was resuspended in DMEM
and 40 pL were dropped onto 10 mm diameter glass coverslips treated with poly-L-lysine
(1 mg/mL, 30 min; Sigma-Aldrich) placed in 35 mm diameter Petri dishes. Finally, plated
cells were flooded with 2.5 mL of DMEM supplemented with 10% fetal calf serum (Sigma-
Aldrich, Madrid, Spain), 100 U/mL penicillin and 0.1 mg/mL streptomycin, and stored in
an incubator (Hera Cell, Heraeus, Hanau, Germany) with a 5% CO,/95% air atmosphere at
37 °C. This protocol yields spherical cell bodies without neurites, from which only small to
medium DRG neurons (diameter < 30 um) were chosen for electrophysiological recording
within 12-24 h of plating.

Changes in membrane potential were studied in neonatal DRGs isolated from 3-5 days-old
Wistar rats. After isolation, DRGs were digested first using collagenase type IA (0.25% w/v)
in DMEM GlutaMax with penicillin/streptomycin (P/S) solution (1% v/v) for 1 h (37 °C,
5% CO,, ThermoScientific incubator) and secondly by mechanical dissociation. Single cell
suspension was passed through a 100 uM cell strainer and washed with DMEM GlutaMax
with FBS (10%v/v) and P/S solution (1% v/v). Cells were seeded in a drop on 24-well plates
containing 12 mm @ glass coverslips pretreated with poly-L-lysine (8.3 ug/mL) and laminin
(5 ug/mL). After 1 h, medium was replaced with DMEM GlutaMax with FBS (10%v/v)
and P/S solution (1% v/v), supplemented with mouse 2.5S NGF (50 ng/mL) and cytosine
arabinoside (1.25 ug/mL). All cell culture procedures were performed in a laminar flow
cabinet (Model Telstar AV-100, Institut Catala de Nanociencia i Nanotecnologia, Bellaterra,
Spain). Experiments were performed 24-48 h after cell seeding [63].

4.5. Functional Assays by Patch-Clamp Electrophysiology

Whole-cell patch-clamp recordings from HEK293-rTRPMS cells were carried out
2 days after seeding on 12 mm J glass coverslips treated with poly-L-lysine solution (Sigma
Aldrich, Spain) [30]; the intracellular pipette solution contained (in mM) 150 NaCl, 5 EGTA,
3 MgCl, and 10 HEPES, adjusted to pH 7.2 with NaOH, and the extracellular solution
contained (in mM) 150 NaCl, 6 CsCl, 1.5 CaCl,, 1 MgCl,, 10 D-glucose and 10 HEPES,
adjusted to pH 7.4 with NaOH. The TRPMS activity was measured by the application
of two pulses of 100 pM menthol in a time interval of 2 min and a 30 s perfusion of the
different compound concentrations before the second menthol pulse.

The extracellular solution used in whole-cell voltage-clamp recordings from rat DRG
neurons contained (mM) 145 NaCl, 2.8 KCl, 3 CaCl,, 1 MgCl,, 10 4-(2-Hydroxyethyl)piperazine-
1-ethanesulfonic acid, N-(2-Hydroxyethyl) piperazine-N'-(2-ethanesulfonic acid) (HEPES),
and 12 glucose (pH 7.35 adjusted with NaOH; ~320 mOsm); the internal solution contained
(mM) 145 KCl, 2 MgCl,, 0.3 EGTA, 0.3 GTP.Li3, 2 ATP.Na,, 10 HEPES (pH 7.2 adjusted
with KOH; ~310 mOsm). Menthol (100 uM) or RGM8-51 (1 uM; 2-4 min superfusion) were
applied directly onto the cell under investigation by means of a multibarrel concentration-
clamp device coupled to electronically driven miniature solenoid valves under the control
of PatchMaster software (HEKA Electronics, Lambrecht, Germany). Voltage-activated
currents were elicited by a step depolarization to +10 mV, 100 ms long, associated to a P/4
protocol for on-line leak and capacitive current subtraction.

For current-clamp recordings from rat DRG neurons the intracellular pipette solution
contained (in mM): 4 NaCl, 126 K gluconate, 0.02 CaCl,, 1 MgSOy, 5 HEPES, 15 glucose,
3 ATP, 0.1 GTP and 5 EGTA, pH 7.2 with KOH and the extracellular solution contained (in
mM): 140 NaCl, 4 KCl], 2 CaCl,, 2 MgCl,, 10 HEPES, 5 glucose and 20 mannitol, pH 7.4
with NaOH. The membrane potential was measured in the absence and the presence of
compound RGMS8-51 at 10 uM in a time interval of 1 min.
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Data were sampled at 10 kHz (EPC10 amplifier with PatchMaster 2.53 software, HEKA
Electronics, Lambrecht, Germany) and low-pass filtered at 3 kHz for analysis (PatchMaster
2.53 and GraphPad Prism 6.0, Graphpad Software, San Diego, CA, USA). The series
resistance was <10 MQ) and to minimize voltage errors was compensated by 60-80%. All
measurements were performed at 24-25 °C. Cell capacitance was measured and used to
estimate the current density (J, pA/pF).

Data analysis: For the whole-cell patch-clamp experiments, results are expressed as the
percentage of remaining activation of the TRPMS channel. This is calculated by normalizing
the ratio (p2/p1) of testing conditions to the ratio (p2/p1) of the control condition. Analysis
of the data was performed by GraphPad 6.0, the Ordinary One-Way ANOVA analysis
followed by the post hoc Bonferroni test for multiple comparisons and the ROUT method
(Q =10%) identified data outliers. A non-linear regression curve and ICsy were obtained
by the representation of log (inhibitor) vs. response. Paired or unpaired Student’s t-tests
were also used for data comparison between two groups. All data are expressed as the
mean = standard error of the mean (SEM) (n = 5-8). In the current-clamp experiments, the
change in membrane potential is expressed as the difference between the resting membrane
potential and the membrane potential after the addition of a stimuli. Data were analyzed
as previously described (GraphPad 6.0, one-way ANOVA followed by Bonferroni multiple
comparisons test, and ROUT method, Q = 10%).

4.6. Selectivity and Preliminary PK Properties

These studies were subcontracted to Eurofins-CEREP or Eurofins-PANLABS. Briefly,
agonists and antagonist assays were performed in cell cultures overexpressing the cor-
responding channel (CHO: TRPV1 and TRPA1; HEK293: TRPV3 and ASIC3). In vitro
pharmacology, cellular channel functional assays: the compound was prepared in assay
buffer to the final concentration, 10 pM. The compound wells, reference agonist and back-
ground vehicle controls were prepared in DMSO at 0.3%. The reference agonist for each
Ion Channel assayed was prepared in a similar manner to serve as the assay control. The
reference agonist for each Ion Channel was included at Emax (the concentration where
the reference agonist elicited a maximal response). The agonist assay was conducted on
fluorimeter instruments where the test compound, vehicle controls, and reference agonist
were added to the assay plate after a fluorescence baseline was established. The agonist
assay was used to assess each compound’s ability to activate each Ion Channel assayed.
For the antagonist assay, the compound was pre-incubated for five minutes at room tem-
perature, and then challenged with the EC80 concentration of the reference agonist after
establishment of a fluorescence baseline. Vehicle controls and EC80 concentration of refer-
ence agonist were added to appropriate wells. The antagonist assay was used to assess each
compound’s ability to inhibit activation by the corresponding Ion Channel agonist. ASIC3
ionflux antagonist assay: all recordings were obtained from a holding potential of -60 mV.
The compound addition sequence was as follows: one addition of pH5.5 buffer was added
to establish the baseline response, the test concentration of compound was applied for 30 s,
followed by the addition of pH5.5 of compound for 2 s. Binding assays were performed in
CHO cell cultures overexpressing human CGRPR, CB2 and M2 receptors. RGM8-51 (10 uM)
was tested, and reference compounds used as control agonists and antagonists are detailed
in Table 2, footnote. Binding assay results are expressed as a percent of control specific
binding. Preliminary PK analysis, namely solubility, log D, in vitro Caco-2 permeability,
human binding to plasma protein and in vitro metabolism (human liver microsomes) was
performed at Eurofins-CEREP, using established methods. Aqueous solubility (uM) was
determined by comparing the peak area of the principal peak in a calibration standard
(200 uM) containing organic solvent (methanol /water, 60/40, v/v) with the peak area of the
corresponding peak in a buffer sample. Partition coefficient: the total amount of compound
was determined as the peak area of the principal peak in a calibration standard (100 M)
containing organic solvent (methanol/water, 60/40, v/v). The amount of compound in
buffer was determined as the combined, volume-corrected, and weighted areas of the
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corresponding peaks in the aqueous phases of three organic-aqueous samples of different
composition. An automated weighting system was used to ensure the preferred use of raw
data from those samples with well quantifiable peak signals. The amount of compound in
organic phase was calculated by subtraction. Subsequently, Log D was calculated as the
Log10 of the amount of compound in the organic phase divided by the amount of com-
pound in the aqueous phase. Protein binding: percentage of compound bound to serum
proteins. Permeability was measured in CACO-2 monolayers. Percentage of compounds
in the receptors wells was measured using HPLC. Lucifer yellow was used to assess cell
monolayer integrity. In vitro metabolism was measured in human liver microsomes. The
half-life (t; ;) was estimated from the slope of the initial linear range of the logarithmic
curve of compound remaining (%) vs. time, assuming the first-order kinetics. The apparent
intrinsic clearance (CLint, in pL./min/mg) was calculated from the half-life time.

4.7. Mouse Model of Oxaliplatin-Induced Peripheral Neuropathy

For the experiments, 6-8 weeks C57 male mice (~30g) (Harlam, Holland) were
used. All experiments were approved by the Institutional Animal and Ethical Commit-
tee of the Universidad Miguel Hernandez and Comunidad Valencian ethical committees
(2021/VSC/PEA/0089) where experiments were conducted and they were in accordance
with the guidelines of the Economic European Community and the Committee for Re-
search and Ethical Issues of the International Association for the Study of Pain. All parts
of the study concerning animal care were performed under the control of veterinarians.
Experiments were performed blinded for NTG and compound treatment.

Oxaliplatin (OXA, Tocris, Bristol, UK) was used to induce peripheral neuropathy
and was dissolved in water with gentle warming as formerly described [34]. OXA was
intraperitoneally injected on days 1, 3 and 5 at a 6 mg/kg dose. On day 7, experiments were
carried out. Additionally, and in order to prevent kidney damage or dehydration, animals
were also i.p. injected with saline solution and a 5% mannitol solution. The compound
RGMS8-51 stock was prepared in DMSO (Sigma-Aldrich) and freshly diluted in saline just
before injections. RGM8-51 compound was injected i.pl. at different doses (0.1-1 ug) in
a volume of 25 puL in the right hind paw of mice. Cold chemical sensitivity was assessed
using the acetone drop test. Briefly, animals were kept in a metal mesh cage and allowed
to habituate for approximately 30 min in order to acclimatize them. An acetone drop
(10 uL) was applied on the plantar surface of one of the hind paws. Positive nociceptive
responses (licking time in seconds) were recorded with a digital stopwatch during 20 s
(cut-off). Acetone was applied twice in an interval of 5 min between each application and
the mean was calculated.

4.8. Rat Chronic Constriction Injury (CCI) Model

Adult male Sprague-Dawley rats (weighing 200-220 g/6-8 weeks old) were used in
these experiments. All experimental procedures were conducted according to the animal
welfare guidelines of the European Community (European Directive 2010/63/UE) to
minimize animal suffering and were approved by Universidad Complutense de Madrid and
Comunidad de Madrid ethical committees on animal experimentation (PROEX 207.8/21).

CCI was performed according to Bennett and Xie (1988) [5]. Briefly, rats were anes-
thetized with i.p. ketamine (100 mg/kg; Merial Labs, Barcelona, Spain) and medetomidine
(100 ug/kg; Esteve Labs, Barcelona, Spain). Under sterile conditions, approximately 7 mm
of the right nerve was freed proximal to the sciatic trifurcation, and four barely constricting
ligatures (1 mm apart) using 4/0 chromic catgut were applied. The incision was closed in
layers with silk thread 6/0. Animals were then allowed to recover from surgery for 7 days
before being used in additional procedures.

For behavioral testing, rats were placed in individual methacrylate boxes with a wire
mesh floor, and after a period of 15 min acclimatization, the cold, heat and mechanical
sensitivity of the ipsilateral and contralateral paws was determined. Cold sensitivity was
assessed with the acetone test. In total, 100 uL acetone were locally applied to the plantar
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surface of the hind paw and the duration of the subsequent nocifensive response (licking,
brushing, and flinching of the paw) was determined during 60 s. Acetone application and
assessment were repeated 2 times with a 5 min interval and the sum of the two values
was recorded. Heat sensitivity was determined with the Hargreaves test, which uses
infrared light as a heat source, with a Hargreaves apparatus (Serie 8, Model 336, IITC Life
Science, Woodland Hills, CA USA). The light beam was directed to the plantar surface
of the hind paw and the time from the beginning of irradiation to the appearance of first
paw withdrawal movement was measured (paw withdrawal latency). A cut-off of 20 s
was set to prevent tissue injury. Two measurements were taken separated by a 1 min
interval, and the mean value was calculated. Mechanical sensitivity was evaluated with
a dynamic plantar aesthesiometer (Ugo Basile, Gemonio, Italy) by means of a 0.5 mm
filament exerting increasing force (up to 50 g over 20 s) onto the plantar surface of the hind
paw until the animal lifted its paw, the actual force at that time was automatically registered
(paw withdrawal threshold). Measurements were repeated 3 times at 5 min intervals, and
the mean value was reported. Behavioral tests were carried out before surgery (mean of
3 measurements on alternate days the week preceding surgery, collectively designated as
baseline) and on days 7-21 post-surgery.

Rats were allocated into 2 groups to receive RGM8-51 and vehicle (DMSO 2% i.pl., or
150 pL/kg i.p.) by either the i.pl. (10 ug in 20 uL; n = 5 animals) or i.p. (10 or 30 mg/kg
in 150 pL/kg; n = 8 animals) route. Responses to cold /heat/mechanical stimulation were
assessed 30 min before and 30 min after RGMS8-51 or vehicle injection. Behavioral testing
prior to drug administration served to ascertain baseline conditions and the stability of cold,
heat and mechanical hypersensitivity after surgery. RGM-8-51 stock was prepared in DMSO
(Sigma-Aldrich) and diluted in saline for injections. Data are given as the mean + standard
error of the mean (SEM) of the corresponding number of behavioral measurements/animals
used. Statistical analysis was performed by using the paired t-test (GraphPad 8; San Diego,
CA, USA).

4.9. Mouse Model of NTG-Induced Mechanical Hypersensitivity

C57BL6 mice (males and females, ~25 g) (Envigo, Blackthorn, UK) were used for the
study. All experiments were approved by the Institutional Animal and Ethical Committee
of the Universidad Miguel Hernandez where experiments were conducted and they were in
accordance with the guidelines of the Economic European Community and the Committee
for Research and Ethical Issues of the International Association for the Study of Pain. All
parts of the study concerning animal care were performed under the control of veterinarians.
Commercially available nitroglycerin (NTG) formulation (Nitro Pohl, 10 mg/kg) was
administered i.p. 2h before measurements. The NTG stock solution was diluted in saline
up to a final dose of 10 mg/kg, which was injected to the animals. RGM-8-51 stock was
prepared in DMSO (Sigma-Aldrich) and diluted in saline for injections. Compound was
i.p. administered. The first von Frey measurement was performed 30 min after RGMS8-51
injection, and subsequently at the indicated times (60, 120, and 180 in females). Mechanical
threshold values were obtained by performing the von Frey test as previously reported [1].
Mice were placed on a wire mesh platform and, after a 20 min habituation period, von
Frey filaments (Stoelting, Wood Dale, IL, USA) were applied to the plantar side of the
paws. von Frey filaments 2.44, 2.83, 3.22, 3.61, 4.08 and 4.56 were used and, starting with
the 3.61 filament, 6 measurements were taken in each animal randomly starting by the
left or right paw. Based on the “up and down” method [2], the observation of a positive
response (lifting, shaking or licking of the paw) was followed by the application of the
immediate thinner filament or the immediate thicker one if the response was negative. The
50% response threshold was calculated using the following formula:

50% (g) threshold = (10 %) /10,000
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where Xf is the value of the last von Frey filament applied; k is a correction factor based on
pattern of responses (from the Dixon’s calibration table); d is the mean distance in log units
between stimuli (here, 0.4).

Von Frey threshold for each animal was calculated, according to the formula, and
data analysis was performed by using GraphPad 6.0. Ordinary two-way ANOVA analysis
followed by the post hoc Bonferroni test for multiple comparisons.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms23052692/s1.
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Abstract: Transient receptor potential melastatin type 8 (TRPMS) is a target for the treatment of
different physio-pathological processes. While TRPMS8 antagonists are reported as potential drugs for
pain, cancer, and inflammation, to date only a limited number of chemotypes have been investigated
and thus a limited number of compounds have reached clinical trials. Hence there is high value in
searching for new TRPMS8 antagonistic to broaden clues to structure-activity relationships, improve
pharmacological properties and explore underlying molecular mechanisms. To address this, the
EDASA Scientific in-house molecular library has been screened in silico, leading to identifying
twenty-one potentially antagonist compounds of TRPMS. Calcium fluorometric assays were used to
validate the in-silico hypothesis and assess compound selectivity. Four compounds were identified as
selective TRPMS antagonists, of which two were dual-acting TRPM8/TRPV1 modulators. The most
potent TRPMS antagonists (BB 0322703 and BB 0322720) underwent molecular modelling studies
to highlight key structural features responsible for drug—protein interaction. The two compounds
were also investigated by patch-clamp assays, confirming low micromolar potencies. The most
potent compound (BB 0322703, IC5 1.25 £ 0.26 M) was then profiled in vivo in a cold allodinya
model, showing pharmacological efficacy at 30 uM dose. The new chemotypes identified showed
remarkable pharmacological properties paving the way to further investigations for drug discovery
and pharmacological purposes.

Keywords: TRPMS antagonist; virtual screening; calcium fluorimetry; in silico studies; patch-clamp
electrophysiology; oxaliplatin-induced allodynia model

1. Introduction

Transient receptor potential melastatin type 8 (TRPMS) is emerging as a potential target
for the treatment of a variety of disorders, given its key role in many physio-pathological
processes [1]. It is a non-selective Ca>* permeable channel that shows a highly complicated
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gating behaviour regulated by multiple factors [2,3] including temperature, endogenous
and exogenous modulators or mechanisms, and depolarizing voltages [4,5].

TRPMS is expressed mainly in a subpopulation of primary afferent neurons present
in dorsal root and trigeminal ganglia, and in the nodose and geniculate ganglia of the
peripheral nervous system. In these neurons, TRPMS participates in the amplification of
pain sensation after injury [6], suggesting that TRPMS8 channel blockers could be effective
for the treatment of chronic pain and migraine [7,8]. Furthermore, TRPM8 modulators
have been investigated as therapeutics for the symptomatology of bladder pain syndromes,
given their increased expression in patients suffering from these disorders [9]. Moreover,
the channel overexpression in different kinds of tumors, such as prostate tumor [10],
melanoma [11], breast cancer [12], and human pancreatic adenocarcinoma [13], together
with the evidence of its implication in cellular proliferation, survival, and invasion, makes
it an attractive target for cancer modulation [14]. The critical role of this receptor in humans
and all living beings [15-17] has also been witnessed by the 2021 Nobel prize in Physiology
and Medicine [18].

Despite the high interest in this area, to date, the number of known TRPMS8 modu-
lators is limited to a few natural agonists, such as menthol, or synthetic derivatives, like
icilin [19,20] and a few synthetic and natural antagonists, including BCTC, CTPC, and
capsazepine [21]. Of note, the antifungal drug clotrimazole has strong TRPMS8 antagonistic
activity [22], while SKF96365, a non-specific blocker of several types of calcium channels,
also inhibits TRPMS in vitro [23]. Finally, a cyclic peptide specifically targeting the outer
pore of the channels has been described as a potent antagonist endowed with anti-allodynic
effects [24]. Nevertheless, none of the described TRPMS antagonists has reached the clinical
stage, so far [25]. Thus, the discovery of new chemotypes acting as TRPMS8 antagonists
appears important in order to improve the knowledge about their structure-activity re-
lationships, to reduce some of the reported side effects [26], and to further investigate
the molecular mechanisms underlying TRPMS8 antagonism. Our research group has been
deeply involved in the design and synthesis of new TRPM8 modulators. In particular, we
have identified several chemotypes, showing a very remarkable inhibitory effect against
TRPMS channels and selectivity over other TRPs [27-29]. Some of these derivatives exhib-
ited in vivo analgesic activity [30], while other compounds were characterized for their
inhibitory effect over androgen-dependent prostate cancer cell proliferation, migration,
and invasiveness [31]. On the other hand, structure-based virtual screening represents an
outstanding alternative tool for putative hit compounds discovery, allowing the investiga-
tion of large chemical libraries through computational methods by applying knowledge
about the protein target [32]. This approach has been profitably used for the identification
of several chemotypes as TRPMS8 antagonists [25,33].

In this work, starting from the recently released cryo-EM structure of the antagonist-
bound Parus major TRPMS [2], we have built a homology model of the human TRPM8
binding site. Then, a virtual screening (VS) protocol was applied to a commercially available
molecular library (http://zinc12.docking.org/catalogs/edasa/targets/clustered, lastly
accessed on 31 December 2021), leading to the identification of two novel chemotypes as
potent and selective inhibitors of menthol-evoked TRPMS currents, as assessed by Ca”*-
microfluorometric imaging and patch-clamp assays. The effect of one of these compounds
was also studied in an in vivo model of cold allodynia, revealing its efficacy and suitability
for further development.

2. Results
2.1. Virtual Screening

In order to maximize the chances to identify active inhibitors by testing just a small
number of molecules, the library was submitted to a docking-based virtual screening (VS)
workflow using a two targets ensemble. In particular, we used two homology models
of human TRPMS8 (hTRPMS8) domains S1 to TRP (residues 723-1013) in homotetrameric
assembly. The models were built by homology modelling using as templates the Cryo-EM
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structures of Parus major TRPMS in complex with AMTB (PDB ID: 606R) and TC-I 2014
(PDB ID: 6072) [2]. The whole library was docked into the two target structures using
a stepwise protocol consisting of two docking stages. Compounds were initially flexibly
docked using Glide SP, and the best scoring ones were advanced to the following step that
refined and rescored the docking poses using Glide XP (see materials and methods), finally
giving a list of compounds ranked according to their XP GlideScore values, that ranged
from —11.982 to —8.903. Twenty-one compounds were selected (Table 1) from the list of
top-scoring 100 compounds (Table S1) for the following experimental screening, on the
basis of their stock availability and quality control results.

Table 1. Compounds selected for experimental screening.

Compound XP GlideScore VS Rank ?

1 (BB 0220221) -9.315 57
2 (BB 0301246) —9.556 34
3 (BB 0301259) —9.621 29
4 (BB 0301261) —9.382 49
5 (BB 0304240) —9.019 85
6 (BB 0304398) —9.432 39
7 (BB 0304425) —9.245 64
8 (BB 0305409) —9.786 22
9 (BB 0305411) —9.004 87
10 (BB 0305430) —9.528 35
11 (BB 0310197) —9.400 43
12 (BB 0310217) —9.349 51
13 (BB 0310244) —9.589 31
14 (BB 0322703) —9.242 66
15 (BB 0322720) —9.063 81
16 (BB 0323219) —9,092 79
17 (BB 0323225) —9.106 77
18 (BB 0301235) —10.104 14
19 (BB 0310198) —10.235 10
20 (BB 0310207) —10.694 6
21 (BB 0237332) —8.964 90

2 Compounds ranking by XP GlideScore. Full ranking of top scoring 100 compounds, together with their structures
and XP GlideScore values, is given in supporting information.

2.2. Screening by Ca®*-Microfluorometric Assay

The inhibitory activity of the 21 selected compounds over TRPMS8 was challenged by
Ca?* fluorometric assays using HEK293 cells stably expressing the rat isoform of TRPMS
channels. Menthol and AMTB were used as reference agonist and antagonist, respectively.
The compounds were initially tested at three different concentrations (50 uM, 5 uM, and
0.5 uM) to assess their ability in blocking 100 uM menthol evoked currents. As shown
in Figure 1, six out of twenty-one compounds (1, 5, 13-15, and 19) showed a remarkable
antagonist activity.

Calculation of the ICsps for these compounds led to the identification of TRPMS8
inhibitors with a potency that was comparable or higher than the canonical TRPMS8 an-
tagonist AMTB [27], in the 11.1-0.22 uM range (Table 2). Moreover, two compounds,
namely 14 (BB 0322703) and 15 (BB 0322720), together with the lowest IC5) among this set
of derivatives (0.25 and 0.22 uM respectively), showed 100% of efficacy in TRPMS blocking.
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Figure 1. (A) Molecular structures of the most active compounds as TRPMS8 blockers in Calcium
fluorometric assays. In brackets are the original library codes (B) Bar-graph reporting the blocking
activity of the 21 compounds arising from the virtual screening protocol against TRPM8 menthol-
evoked currents.

Table 2. IC5qs and efficacy for the selected compounds. Results are given as mean + SD of at least
three independent measurements.

Compound IC5 (UM) Efficacy ?

1 (BB 0220221) 10.21 +£ 1.31 85
5 (BB 0304240) 11.10 £ 1.32 95
13 (BB 0310244) 1.01 + 0.51 90
14 (BB 0322703) 0.25 £+ 0.15 100
15 (BB 0322720) 0.22 +0.10 100
19 (BB 0310198) 552 +1.45 90

AMTB 715+ 1.24 100

2 Expressed as a percentage of inhibition of menthol evoked currents at the maximum concentration used (50 uM).

Results obtained for the prototypical TRPM8 blocker AMTB are in accordance with the
literature [27]. Among the selected compounds 1, 5, and 19 showed comparable potencies to
AMTB. On the other hand, compound 13 showed a 7-fold decrease in potency, maintaining
90% of efficacy. Compounds 14 and 15 were the most promising compounds of the series.
They both showed 100% efficacy in blocking the menthol-evoked currents, with ICsg
about 30-folds lower than the reference compound AMTB, comparable with the calcium
fluorometric results obtained for the most potent in vitro TRPMS inhibitor described so
far [25-27].

2.3. Molecular Modeling

The VS docking poses of compounds 14 (BB 0322703) and 15 (BB 0322720) (Figure 2)
were submitted to molecular dynamics (MD) simulations in explicit solvent and membrane
to get insight into the ligand /hTRPMS interactions.

The two inhibitors dock into the VSLD (voltage-sensor-like domain) assuming similar
bound conformations, surrounded by S1-54 and TRP residues, with both of them lacking
interactions with the “roof” of the binding site, that is instead exploited by AMTB and TC-I
2014 (Figure 2).

The compound 14 (BB 0322703) docks into the VSLD, where it stably interacts with
residues V742, Y745, 1846, Y1005, and F1013. (Figure 3A,B). The terminal phenyl moiety
m-7 stacks with Y1005, while another tyrosine residue, i.e., 745, interacts with the ligand
ester oxygen through a hydrogen bond. Tyrosine 745 interacts, although to a lesser extent,
by 7-7t stacking with the ligand core phenyl ring.
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Figure 2. Docking-predicted bound conformations of 14 (BB 0322703) and 15 (BB 0322720) into
hTRPMS87,3 1913. hTRPMS is represented in blue cartoons. 14 (BB 0322703) and 15 (BB 0322720) in
their hTRPMS8-bound conformations are represented in yellow and green thick sticks, respectively.
TC-12014 (PDB ID: 6072) and AMTB (PDB ID: 606R) experimental bound conformations are shown
in cyan and magenta thin sticks, respectively, for reference.

W ILE

Figure 3. (A) Docking-predicted pose of 14 (BB 0322703) into hTRPMS87,3 1913. hTRPMS is
represented in cartoons, and its residues interacting with the ligand are represented in sticks.
14 (BB 0322703) in its h\TRPM8-bound conformation is represented in solid green sticks. H-bonds are
highlighted by yellow dashed lines, -7t interaction by green dashed lines. (B) Ligand interaction
diagram of 14 (BB 0322703) in complex with hTRPMS. Only residues interacting with the ligand
for at least 40 ns out 120 ns of MD simulation are shown. Hydrophobic residues are colored green.
Grey halos highlight solvent exposure. H-bonds are represented by magenta arrows (dashed when
side-chain atoms are involved); green solid lines represent 7— interactions.
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The compound 15 (BB 0322720) docks in the lower part of the VSLD, on top of the
TRP box, where it stably interacts with several residues. (Figure 4A,B) In particular, the
benzyl moiety sticks out of VSLD, in a region surrounded by hydrophobic residues P734,
V1002, Y1005, and F735. The latter phenylalanine residue stably makes 7—m interaction with
the aromatic group. The indole ring, surrounded by residues V849, L853, L1001, V1002,
E1004, Y1005, F735, and F738, makes an H-bond with the backbone of L1001 by its nitrogen
atom, and 7-7t interacts with F738. The benzenesulfonyl moiety is surrounded by residues
1846, Y1005, F738, R1008, and R842, and its sulfonyl oxygens make both direct and water-
mediated H-bonds with H845 and R842. It is worth noting that, in our model, the phenyl
group does not make any specific and stable interaction during the MD simulation time but
offers a handle to grow the molecule toward the VSLD roof, where additional interaction
with residues such as Y745, L778, L806, F839, D802, Q782, D781 might be established, as in
the case of AMTB, TC-1-2014, and many other TRPM8 modulators.

P
{ His
RB42Y, H45

PiE )
‘846

HO

Figure 4. (A) Docking-predicted pose of 15 (BB 0322720) into hTRPMS87,3 1913. hTRPMS is
represented in cartoons, and its residues interacting with the ligand are represented in sticks.
15 (BB 0322720) in its hTRPMS8-bound conformation is represented in solid green sticks. H-bonds are
highlighted by yellow dashed lines, t— interaction by green dashed lines. (B) Ligand interaction
diagram of 15 (BB 0322720) in complex with hTRPMS. Only residues interacting with the ligand
for at least 40ns out 120ns of MD simulation are shown. Residues are coloured according to the fol-
lowing scheme: cyan—polar; blue—charged (positive); green—hydrophobic; gray—water molecule.
Grey halos highlight solvent exposure. H-bonds are represented by magenta arrows (dashed when
side-chain atoms are involved); green solid lines represent — interactions.

2.4. Selectivity Studies

The lack of selectivity of TRPM8 modulators over other members of the TRP chan-
nel family is widely reported in literature [25-27]. Cross modulation of TRPV1 by pro-
totypical TRPMS8 agonists and antagonists, such as menthol [34] and BCTC [35] is re-
ported and reciprocal modulation of these two channels has been proposed as suitable
strategy to attain synergistic pharmacological effects [36-38]. Therefore, we decided
to screen the library members showing TRMPS8 inhibition over TRPV1 using calcium-
fluorometric experiments. None of the compounds proved modulatory ability over TRPV1
either as activators or inhibitors (data not shown), with the exceptions of compounds
13 (BB 0310244) and 19 (BB 0310198) showing low micromolar potencies as TRPV1 ago-
nists, with 1.34 < EC5p5 < 1.68 uM (Figure 5).
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Figure 5. Dose-response curve for 13 (BB 0310244) (left panel) and 19 (BB 0310198) (right panel)
for TRPV1 activation. Response is expressed as percentage of TRPV1 activation normalized to the
effect of the prototypical agonist capsaicine at 10 uM, considered as 100% of activation. The discon-
tinuous line shows the 95% confidence intervals. The solid line represents fits of the experimental
data to the following equation: Y = Bottom + (Top — Bottom)/(1 + 10(LogEC50-X) x HillSlope)y yyvith
the restriction of the minimum (Bottom = 0).EC50 = 1.69 (0.26-10.73) uM with r?= 0.82 and Hill
Slope = 0.53 for 13 (BB 0310244) and EC50 = 1.34 (0.49-3.62) uM with 12 = 0.85 and Hill Slope = 0.67
for 19 (BB 0310198).

2.5. Patch-Clamp Electrophysiology Assays

Considering the potency, efficacy, and selectivity shown, further investigation about
TRPMS antagonistic activity of compounds 14 and 15 (BB 0322703 and BB 0322720) were
performed by patch-clamp protocols. This study confirmed the efficacy of the two com-
pounds, administered at 10 uM, in abolishing the TRPMS8 menthol-evoked currents, re-
ducing the current density at a lower level than the vehicle (Figure 6A). Dose-response
curves were then recorded to evaluate the compound relative potencies. As shown in
Figure 6B,C, both compounds showed low micromolar inhibitory potencies, with com-
pound 14 (BB 0322703) slightly more potent. For this reason, the compound was selected
for the following in vivo studies.

2.6. In Vivo Assays

TRPMS antagonism is deeply related to analgesic in vivo effects and has been pro-
posed as a suitable pharmacological strategy for the treatment of chronic pain, migraine,
and painful syndromes [39—-41]. TRPMS8 antagonists are particularly known to counteract
the chemotherapy-induced neuropathic pain evoked by oxaliplatin [24,27-29]. For these
reasons we challenged compound 14 (BB 0322703) in vivo using the oxaliplatin-induced
cold hypersensitivity assay. As shown in Figure 7, repeated oxaliplatin administration
induced, as expected, cold hypersensitivity in the acetone drop test, reflected in longer
duration of the response to acetone application to the hind paw (p < 0.05 vs. Baseline). In-
terestingly, mice receiving an intraplantar dose of 30 ug 14 (BB 0322703) showed significant
inhibition of this cold hypersensitivity for at least 1 h (p < 0.05 vs. Oxaliplatin), whereas
mice receiving 10 pg 14 (BB 0322703) or vehicle did not show significant modification of
their nociceptive sensitivity at these time points. These results are in good accordance
with previous reports concerning the use of TRPMS antagonists as anti-allodynic agents in
the oxaliplatin-induced allodynia model [28,29]. In particular, a correspondence between
the in vitro potency and the effective in vivo dose is typical for TRPM8 modulators in the
oxaliplatin-induced neuropathic pain model. Extremely in-vitro potent compounds are
effective also at lower doses (10 mg) [28]. When in vitro potency is reduced [29], as also
in the present case, in vivo efficacy decreases correspondingly. It is also worthy of note
that non metabolically stable TRPMS8 antagonists exhibit a short-acting effect (30 min, [28])
while metabolically stable analogs prolong the antiallodynic affect up to 1 h [29]. This
is also the case of compound 14, which for these reasons could be considered a promis-
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ing hit-compound for the development of new chemotypes as TRPMS8 antagonists and a
pharmacological tool for the treatment of neuropathic pain.
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Figure 6. Compounds 14 and 15 (BB 0322703 and BB 0322720, respectively) blocks TRPM8-mediated
responses evoked by menthol in rTRPM8-expressing HEK293 cells (A) Curves obtained after: ex-
posure to vehicle solution (black trace) 100 uM menthol (blue trace), 100 uM menthol + 10 uM
14 (BB 0322703) (red trace), and 100 uM menthol + 10 uM 15 (BB 0322720) (green trace). Peak current
data were expressed as pA/pF (to allow comparison among different size cells). Each point is the
mean + SEM of n = 15. (B) Dose-response curve for the inhibitory effect over the currents evoked
by 100 uM menthol in HEK293 cells expressing TRPMS8 by compound 15 (BB 0322720). (C) Dose-
response curve for the inhibitory effect over the currents evoked by 100 uM menthol in HEK293 cells
expressing TRPMS8 by compound 14 (BB 0322703). The solid line represents fits of the experimental
data to the following equation: Y = Bottom + (Top — Bottom)/(1 + 10((LogEC50-X) x HillSlope)) yyjth the
restriction of the minimum (Top = 100) IC59 = 1.25 (1.00-1.56) uM with 2 =0.99 and Hill slope = —1.23
for 14 (BB 0322703) and ICs; = 2.95 (0.82-10.61) uM with r2 = 0.97 and Hill slope = —0.71 for
15 (BB 0322720) Each point is the mean £ SEM of n = 15.
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Figure 7. Reduced oxaliplatin (OXP)-induced cold allodynia by TRPMS blocker 14 (BB 0322703). Mice
were treated with three i.p. injections of OXP (6 mg/kg) or the vehicle (VH) on alternate days and on
day 7 the cold allodynia behaviour was evaluated by the acetone test, before (baseline) and after OXP
treatment. Time course effect of the TRPMS blocker at 10 or 30 pg. Data are given as mean = SEM
(n = 6). one-way ANOVA with Tukey post hoc test. * p < 0.05 OXA vs. baseline. # p < 0.05 OXP vs.
30 pg 14 (BB 0322703).

3. Discussion

The stepwise application of virtual and experimental screening to the selected molec-
ular library allowed the identification of different compounds characterized by efficacy
and potency in TRPMS8 inhibition, confirming the robustness and the yield of this ap-
proach. In particular, two of these compounds showed low micromolar potencies when
challenged in patch-clamp measurements, with compound 14 (BB 0322703) also exhibiting
in vivo efficacy in a model of oxaliplatin-induced cold allodynia. It should be considered
that this compound has been administered as a diastereoisomeric mixture of (R)-ethyl
2-((2-(((S)-1-phenylethyl)carbamoyl)phenyl)amino)propanoate and (R)-ethyl 2-((2-(((R)-1-
phenylethyl)carbamoyl)phenyl)amino)propanoate. Molecular modelling studies suggest
that the configuration S at the phenylethyl moiety represents the eutomer, since the other
enantiomer was not retrieved among the top scoring compounds This prompts for further
investigation about this chemotype, biological characterization of both the enantiomers
would indeed help the discovery of more potent and promising derivatives.

On the other hand, 15 (BB 0322720), with its sulphonamide moiety, represents another
interesting chemotype to be further investigated for hit-to-lead development of a new
potent TRPMS8 antagonist in consideration of its biological profile, chemical versatility,
and metabolic stability. Moreover, selectivity studies of the reported compounds led to
the identification of two dual-acting compounds, able to inhibit TRPMS8 while activating
TRPV1. Further studies involving these chemotypes would help in improving the knowl-
edge about the structural discriminants for selectivity among these two channel subtypes.
Additionally, considering the recent evidence about the analgesic and anticancer activity
of both TRPV1 and TRPMS8 modulators, it would be interesting to further explore the
potential pharmacological activity of the dual-acting compounds 13 and 19 (BB 0310244
and BB 0310198, respectively), in the search for more potent and effective pain-reliever and
anticancer drug candidates. Nevertheless, further experiments have to be addressed in
order to determine more accurate ECs values for these two compounds.
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4. Materials and Methods
4.1. Chemistry

NMR spectra were acquired on Bruker Avance 400 spectrometer (Bruker comporation,
Billerica, MA, USA) at room temperature; the chemical shifts 5 were measured in ppm with
respect to solvent (1H: CDCl3, 6 = 7.28 ppm; DMSO-dg: 6 = 2.50 ppm; 13C: CDCl3, 6 =77.2
ppm; DMSO-dg: § = 39.5 ppm). Splitting patterns are designated as s, singlet; d, doublet; t,
triplet; q, quadruplet; quint, quintet; m, multiplet; dd, double doublet, br., broad. Coupling
constants (J) are given in Hertz. The structures of synthesized compounds were elucidated
with the aid of 'H, 13C spectroscopy. Low-resolution mass spectra were on Finnigan MAT
mass spectrometer using electron ionization (direct inlet) and an ITD-700 detector with the
ionizing electron energy being 70 eV and the mass range being 1 /z 35-400. The melting
points (m.p.) were measured in open capillaries and presented without correction.

Ethyl (R)-N-[2-{[(1-Phenylethyl)amino]carbonyl}phenyl]-2-aminopropionic acid (14)

CH3

HN 0

ZT

07 “CHj

CH;3

14 (BB 0322703)

A mixture of a-methylbenzylamine (2.25 g, 2.1 mmol) in DMF (4 mL) and (R)-Ethyl-2-
(2,4-dioxo-2H-3,1-benzoxazin-1(4H)-yl)propanoate [42] (3.26 g, 2.0 mmol) in DMF (10 mL)
was stirred at 45-50 °C for 3 h. The reaction mixture was cooled to rt, diluted with cold water
(100 mL), and then basified with 50% KOH to pH of 9. The resulting mixture was extracted
with CH,Cl,, washed with water until the pH was ~7, and dried over anhydrous NaySOy.
The solvent was evaporated under reduced pressure. The crude product was purified by
column chromatography on silica gel (eluent: ethyl acetate/petroleum ether = 1/10) to
afford 14 (80%) as a yellowish oil (mixture of diastereomers Dy;:Dy, = 1:1).

H NMR (400 MHz, CDCl3, 25 °C), §: 7.88-7.84 (m, 1H, NH), 7.41-7.34 (m, 5H,
5 x CHa,), 7.30-7.23 (m, 2H, 2 x CHa,), 6.64-6.60 (m, 2H, 2 x CHa,), 6.58-6.55 (m, 1H,
CHAr), 6.33-6.30 (m, 1H, NH), 5.33-5.25 (m, 1H, CHCH3), 4.29-4.08 (m, 4H, PhCHCHj,
CH,CH3), 1.60 (d, ] = 6.9, 3H, CHCH3), 1.52 (dd, J; = 7.0 Hz, ], = 2.1 Hz, 3H, Ph\CHCH3),
125, 1.22 (bOth t, ]D#l = 71, ]D#Z = 71, sum 3H, CH2CH3) ppm.

rt (D#1) = 1.376 min. LC-MS: m/z [M + H]* = 341 Da.

rt (D#2) = 1.390 min. LC-MS: m/z [M + H]* = 341 Da.
3-(Benzenesulfonyl)-6-benzyl-1H-indole (15)

15 (BB 0322720)

To a suspension of 540 mg (22.5 mmol) of sodium hydride in anhydrous dimethylfor-
mamide (40 mL), portions of 1.76 g (15.0 mmol) of 6-benzyl-1H-indole [43] were added,
and the mixture was stirred at a temperature until the evolution of hydrogen completely
ceases. Then diphenyl disulfide 3.6 g (16.5 mmol) was added portion wise and a mixture
was stirred at room temperature for 18 h. The mixture is diluted with water (300 mL) and
extracted with ether (3 x 45 mL). The extracts were combined and washed several times
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with water and dried over anhydrous Na;SOy. The solvent was evaporated. The crude was
recrystallized from a mixture of toluene-hexane. Yield of 6-benzyl-3-(phenylthio)-1H-indole
2.95 g (95%).

6-Benzyl-3-(phenylthio)-1H-indole 2.90 g (9.2 mmol, 1 equiv) was dissolved in CH,Cl,
(250 mL) and to this solution m-chloroperbenzoic acid 5.55 g (32.2 mmol, 3.5 equiv) was
added portion wise. The mixture was stirred at room temperature for 18 h. The reaction
mixture was then poured into water (350 mL) and extracted with CH,Cl, (3 x 50 mL).
The extracts were combined and washed with water, an aqueous solution of sodium
metabisulfate, sodium bicarbonate, and dried over Na;SOy. The crude was recrystallized
from CH,Cl,. Yield 2.50 g (78%). M.p. 247-248 °C.

1H NMR (400 MHz, CDCls), &: 12.29 (1H, ¢, NH), 8.00 (s, 1H), 7.57 (d, ] = 8.1 Hz, 1H),
7.32-7.26 (m, 6H), 7.25-7.18 (m, 4H), 7.15 (dd, ] = 8.4, 6.0 Hz, 1H), 6.55-6.47 (m, 1H), 4.11 (s,
2H) ppm.

rt = 1.420 min. Purity = 100%. LC-MS: m/z [M + H]* = 348 Da.

4.2. In Vitro Biological Assays
4.2.1. Cell Cultures

Cells, HEK-293 cells stably expressing rTRPMS8 or hTRPV1, were cultured in a mono-
layer in Earle’s minimum essential medium with Earle’s salts supplemented with 10% fetal
calf serum, 1% nonessential amino acids, 2 mM L-glutamine, 100 pg streptomycin/mlL,
100 U penicillin/mL, and 0.4 pg/mL puromycin (referred to as Puro-EMEM) and kept at
37 °C in a humidified atmosphere of 5% CO, in a suitable incubator (STERI-CyCLE CO,
Incubator Hepa Class 100, Thermo Electron Corporation, Waltham, MA, USA). Cells were
stored under liquid nitrogen and used for 15 generations from unfreezing.

For fluorometric experiments, HEK-293 cells stably expressing rTRPM8 or hTRPV1
were detached by means of Trypsin/EDTA solution, resuspended in DMEM-10%FCS and
seeded at a concentration of 2 x 10* cells/mL.

4.2.2. Fluorometric Assays

To measure the effectiveness of the compounds against TRPMS activity we have used
microfluorometry-based calcium flux assays with Fluo-4 NW Ca?* dye and fluorescence
as described previously [44]. Briefly human embryonic kidney cell line (HEK) stably
transfected with rTRPMS8 or hTRPV1 were seeded in 96-well plates at a cell density of
30,000 cells. After 2 days the medium was replaced with 100 uL of the dye loading solution
Fluo-4 NW supplemented with probenecid 2.5 mM and incubated 1 h at 37 °C. The TRP ion
channel activity was measured using POLASTAR plate reader (BMG Labtech, Ortenberg,
Germany) setting the excitation wavelength at 485 nm and emission wavelength at 520 nm.
The baseline fluorescence was recorded for 3 cycles before the addition of the vehicle,
compound at different concentrations, and the antagonist, 10 uM AMTB for TRPMS8 and
Ruthenium red for TRPV1. Fluorescence intensity was recorded during 7 more cycles and
agonist 100 pM menthol for TRPMS or 10 uM capsaicin for TRPV1 was added. Fluorescence
intensity was recorded during 10 more cycles.

Data analysis: The Z-factor was calculated in each assay using the following equation:
(3 x (SDmax + SDmin))/(Mean max — Mean min). In all the experiments, the Z-factor
was >0.5. The effect of the compounds against TRPMS activity was determined by normal-
izing their effect to the maximum fluorescence observed with the application of 100 pM
menthol. A decrease in menthol signal was expressed as a percentage of inhibition (%).
All data are expressed as the mean + standard deviation (SD). Data are expressed as
the concentration exerting a half-maximal inhibition of agonist-induced (Ca?*)' elevation
(ICsp), which was calculated again using GraphPad Prism® software (GraphPad Prism 5,
Graphpad Software, San Diego, CA, USA). The equation used was Y = Bottom + (Top —
Bottom) /(1 + 10(LogEC50-X) x HillSlope)) 'yvith the restriction of the minimum (Bottom = 0).
All determinations were performed in triplicate (n = 3) in 3 independent experiments (1= 3).
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4.2.3. Patch-Clamp Experiments

Whole-cell patch-clamp recordings from HEK-rTRPMS cells were carried out 2 days
after seeding on 12-mm O glass coverslips treated with poly-L-lysine solution (Sigma
Aldrich, Madrid, Spain) [30]; the intracellular pipette solution contained (in mM) 150 NaCl,
5 EGTA, 3 MgCl,, and 10 HEPES, adjusted to pH 7.2 with NaOH, and the extracellular
solution contained (in mM) 150 NaCl, 6 CsCl, 1.5 CaCl,, 1 MgCl,, 10 D-glucose and
10 HEPES, adjusted to pH 7.4 with NaOH. The TRPMS activity was measured by the
application of two pulses of 100 uM menthol in a time interval of 2 min and 30-s perfusion
of the different compound concentrations before the second menthol pulse.

Menthol (100 pM) or compounds (0.1-10 uM; 2 min perfusion) were applied directly
onto the cell under investigation by means of a multibarrel concentration-clamp device cou-
pled to an electronically driven miniature solenoid valves under the control of PatchMaster
software (HEKA Electronics, Lambrecht, Germany).

Data were sampled at 10 kHz (EPC10 amplifier with PatchMaster 2.53 software, HEKA
Electronics, Lambrecht, Germany) and low-pass filtered at 3 kHz for analysis (PatchMaster
2.53 and GraphPad Prism 5). The series resistance was <10 M() and to minimize voltage
errors was compensated to 60-80%. All measurements were performed at 24-25 °C. Cell
capacitance was measured and used to estimate the current density (J, pA/pF).

For the whole-cell patch-clamp experiments, results are expressed as the percentage
of the remaining activation of the TRPMS8 channel. This is calculated by normalizing
the ratio (p2/p1) of testing conditions to the ratio (p2/p1) of the control condition. The
analysis of the data was performed by GraphPad 6.0, the ordinary one-way ANOVA
analysis followed by the post hoc Bonferroni test established multiple comparisons, and
the ROUT method (Q = 10%) identified data outliers. A non-linear regression curve and
IC50 were obtained by the representation of log (inhibitor) vs. response. the equation
used was Y = Bottom + (Top — Bottom)/(1 + 10((LogEC50-X) x HillSlope)y yvith the restriction
of the maximum (Top = 100). Paired or unpaired Student’s ¢-tests were also used for data
comparison between two groups. All data are expressed as the mean =+ standard error of
the mean (SEM) (n = 12-15).

4.3. In Vivo Studies
4.3.1. Animals

C57BL/6JRccHSd female mice (10-15 week-old, ~20 g) (Harlan, The Netherlands)
were used for the oxaliplatin-induced neuropathic pain study. Care was taken to minimize
the number of animals used and the pain and stress they experienced. All experimental
procedures were approved by the Animal Care and Use Committees of Universidad Miguel
Hernandez and the regional government and were conducted according to the ethical
principles of the International Association for the Study of Pain (IASP) for the evaluation
of pain in conscious animals [45], the European Parliament and the Council Directive
(2010/63/EU) and the Spanish law (RD 53/2013). Housing conditions were maintained at
21 +1 °Cand 55 £ 15% relative humidity in a controlled light/dark cycle (light on between
8:00 a.m. and 8:00 p.m.). Animals had free access to food and water except during the
habituation or the evaluation of nociceptive sensitivity. All parts of the study concerning
animal care were performed under veterinary control.

4.3.2. Drugs

Compound 14 (BB 0322703) was dissolved in 2.5% dimethyl sulfoxide (Merck, Darm-
stadt, Germany) and 2.5% cremophor EL (Merck) diluted in saline. Compound 14 (BB 0322703)
was prepared at 1.2 or 0.4 mg/mL and intraplantar injected in a 25 uL volume. Oxaliplatin
was obtained from Tocris (ref#2623, Tocris, Bristol, UK).

4.3.3. Oxaliplatin-Induced Neuropathic Pain

Oxaliplatin-induced neuropathic pain was induced by repeated oxaliplatin adminis-
tration (Cat. No. 2623, Tocris, Bristol, UK). Oxaliplatin was freshly prepared every day of
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administration. It was dissolved in water with 5% dextrose after gentle warming, and it
was intraperitoneally injected every other day for 5 days at a 6 mg/kg dose. Nociceptive
sensitivity was assessed before oxaliplatin treatment and 3 days after the last oxaliplatin
administration.

4.3.4. Cold Sensitivity

Cold chemical thermal sensitivity was assessed using the acetone drop method as
previously described. Briefly, mice were first handled and habituated to the experimenter
before the experiments. To measure acetone sensitivity, mice were placed over a metal
grid and allowed to habituate for approximately 1 h. Freshly dispensed acetone drops
(20 uL) were applied gently onto the mid-plantar surface of the right hind paw. Paw licking,
attending, dragging, or lifting were considered nociceptive-like responses. The responses
were measured for 1 min with a digital stopwatch. For each measurement, the paw was
sampled three times and the mean was calculated. The interval between each application
of acetone was at least 3 min.

4.3.5. Statistical Analysis

Behavioral data were analyzed with a repeated-measures ANOVA followed by a
post-hoc Tukey test (GraphPad Prism 7.04, GraphPad Software Inc.). p-values lower than
0.05 were considered statistically significant.

4.4. In Silico-Studies
4.4.1. Models Building

The hTRPMS protein sequence Q7Z2W7 was downloaded from the Universal Protein
Resource (UniProt) [46] and template Cryo-EM structures of TRPMS cold receptor in
complex with AMTB (PDB ID: 606R) and TC-I 2014 (PDB ID: 6072) were downloaded
from the Protein Data Bank [2]. The region of our interest that comprised domains S1
to TRP (residues 723-1013) was aligned using ClustalW [47] to Parus major TRPMS8 and
modelled by homology with the two experimentally solved template structures. It is worth
noting that Parus major and human TRPMS share a high degree of similarity (Identity: 82%;
Similarity: 92%; Conservation: 91%), analogously to Ficedula albicollis [25], Mus musculus
and Rattus norvegicus [26].

The energy-based method of Prime [48,49] was used to build two models of hTRPMS8723 1013
tetramer: in complex with AMTB (A_hTRPMS87,3_1913—template 606R) and in complex
with TC-I 2014 (T_hTRPM873_1913—template 6072). Rotamers of conserved residues were
retained and all side chains were optimized. The two models and the library to screen
were then prepared, as previously reported [50], for the subsequent studies, using the
Schrédinger Protein Preparation Wizard [51] and the ligprep utility [52]. Docking cal-
culations were carried on by means of Glide [53-55] using a target ensemble composed
of the two previously prepared protein structures, i.e., AMTB/hTRPMS8793_1913 and TC-
I/hTRPM873-1013-

The docking space was defined as a (35 A)? cube centered on the bound pose of
AMTB for A_hTRPMS8;,3 1913 and of TC-12014 for T_hTRPMS87,3 1013; the ligands diameter
midpoints were required to dock into a smaller, nested (20 A)? cube. No constraint was
applied during docking calculations, nonpolar ligand atoms (partial charge < 0.25) were
scaled by a 0.80 factor, and protein hydroxyl and thiol groups were allowed to rotate.
Molecular docking simulations were performed in a stepwise manner using Glide SP
and Glide XP. The library to screen (2543 compounds; 4721 after ligand preparation) was
submitted to Glide SP docking and all docking poses scoring worse than —4 were ruled
out, while those scoring better than —4 were advanced to the subsequent step where their
docking poses were refined, minimized and re-scored using Glide XP. For each ligand, the
best scoring pose only was finally retrieved, regardless of the target it was retrieved by, as
in previously reported studies [56,57].
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4.4.2. Molecular Dynamics Simulations of 14 (BB 0322703) and 15 (BB 0322720) in
Complex with hTRPMS8773_1013

Predicted bound conformations of 14 (BB 0322703) and 15 (BB 0322720) in complex
with T_hTRPMS87,3 1913 were submitted to molecular dynamics MD simulations in order
to investigate the most important inhibitor/ligand interactions. The simulations were set
up and run using Desmond [58]. The simulated environments were inserted into a POPC
bilayer, based on the coordinates (ID: 6072) downloaded from the OPM database [59].

OPLS-2005 [60] was used as a force field and solvation was treated explicitly by
the TIP3P water model [61]. The system was neutralized by Na* and Cl~ ions that
were added to the final concentration of 0.15 M. Protein/membrane systems were sub-
mitted to the standard equilibration protocol for membrane proteins distributed with
Desmond. Systems were finally submitted to 120 ns long MD simulations at a temperature
of 300 K in the isothermal —isobaric ensemble using a Nose—Hoover chain thermostat and a
Martyna—Tobias—Klein barostat. Backbone atoms were constrained during the simulation
(1 kcal/mol). Trajectory analyses were performed using the Desmond simulation event
analysis and the simulation interaction diagram tools.
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“Las buenas personas estan hechas de acero inolvidable”.
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