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RESUMEN

La enfermedad de Alzheimer es la principal causa de demencia. Es una enfermedad
neurodegenerativa para la cual no existe tratamiento curativo. La transtiretina (TTR) es una proteina
tetramérica conocida por su funcion transportadora de la hormona tiroidea T4 y del retinol. También
posee una funcién neuroprotectora que esta avalada por numerosos estudios in vitro e in vivo, tanto
de nuestro grupo como de otros grupos internacionales. Nuestro consorcio de investigacion
descubrié hace unos afios que la estabilizacion del tetramero de la TTR, mediante moléculas
pequefias, entre ellas nuestra molécula lider, el lododiflunisal (IDIF), jugaba un rol importante en la
patogénesis del Alzheimer.

Esta tesis doctoral se enmarca en un proyecto multidisciplinar de descubrimiento de farmacos
para el Alzheimer, financiado por la Fundacion Marat6 de TV3, cuyo objetivo principal es identificar
nuevos estabilizadores de la unién entre TTR y péptidos amiloide Abeta (AB) como el IDIF.

Los objetivos especificos son:

a) Optimizar la produccion de proteina recombinante humana TTR para obtener cantidades
suficientes para su uso en estudios de cribado de alto rendimiento de moléculas pequefias

b) Investigar las bases estructurales de las interacciones entre la TTR y diferentes péptidos
amiloides, utilizando diversas moléculas que estabilizan la TTR.

c) El disefio de un ensayo in vitro para el cribado de alto rendimiento (High Throughput
Screening, HTS) de moléculas pequefias, como potenciales chaperonas de la interaccion
TTR/AB

a) El descubrimiento de nuevas chaperonas de la interaccion TTR/AB como potenciales
candidatos a farmacos, gracias al cribado HTS de moléculas propuestas por otros grupos
del consorcio.

En esta tesis se ha optimizado la produccién de la proteina humana recombinante TTR, a gran escala
(>600 mg), para su posterior uso en estudios estructurales y en ensayos de cribado de moléculas.
Mediante la técnica de calorimetria de valoracion isotérmica (ITC), se ha confirmado la base
estructural de la interaccion binaria de la TTR con el péptido amiloide AB(1-42), y del efecto
estabilizador de IDIF en esta interaccion. Se ha disefiado y validado un ensayo de cribado de alto
rendimiento (HTS), basado en una técnica turbidimétrica que utiliza AB(12-28). Estudios
complementarios (fluorescencia de Tioflavina T y de ITC) han corroborado esta validacion. Con este
ensayo se ha realizado el cribado in vitro de cada una de las 53 moléculas (experimental hits)
propuestas por otros grupos de nuestro consorcio, obteniéndose una lista priorizada de compuestos
estabilizadores. Ensayos de fluorescencia de Tioflavina T y estudios de calorimetria han corroborado
la seleccion de estas chaperonas. Entre las mejores cabe destacar la presencia de: nuestra molécula
IDIF, una molécula en fase de descubrimiento; la luteolina, producto natural que es un farmaco
investigacional en fase clinica; y tres farmacos aprobados para otras enfermedades, el sulindac, la
olsalazinay el 4cido flufenamico, farmacos que pueden ser directamente reposicionados para su uso
en fases clinicas para la enfermedad de Alzheimer. Se espera que estudios in vivo en ratones
transgénicos modelos de la enfermedad de Alzheimer permitan en un futuro validar la transtiretina
como diana terapéutica para el tratamiento de esta enfermedad.






SUMMARY

Alzheimer’s disease (AD) is the main cause of dementia. There is currently no cure for this
neurodegenerative disease. Transthyretin (TTR) is a tetrameric protein known for its
transporting function of thyroid hormone T4 and retinol. It also has a neuroprotective function
that is supported by numerous in vitro and in vivo studies, both from our group and other
international groups. Our research consortium discovered a few years ago that TTR tetramer
stabilization using small-molecules, among them our lead molecule iododiflunisal (IDIF),
played an important role in Alzheimer’s pathogenesis.

This doctoral thesis is part of a multidisciplinary drug discovery project for Alzheimer’'s
disease, funded by Fundaci6é La Maratdé de TV3, with the aim of identifying potent TTR
stabilizers behaving as our stabilizer IDIF enhancing the interaction between TTR and
amyloid beta (AB) peptides.

The specific objectives are:

a) Optimize the production of human recombinant protein TTR to obtain enough
amounts for high-throughput screening (HTS) studies of small-molecules.

b) Investigate the structural basis of the interactions between TTR and different amyloid
peptides, using diverse molecules that stabilize TTR.

c) The design of an in vitro test for the high-throughput screening of small molecules
as potential chaperones of the TTR/AB interaction.

d) The discovery of new chaperones of TTR/AR interaction as potential drug candidates

In this PhD thesis we have optimized the large-scale production of the recombinant
human protein TTR (>600 mg) for later use in the structural studies and molecule
screening assays. Using the isothermal titration calorimetry (ITC) technique, the
structural basis of the binary interaction of TTR with AB(1-42) has been confirmed as
well as the stabilizing effect of IDIF on this interaction. A high throughput screening
(HTS) test, based on turbidimetric techniques, has been designed and validated using
the short amyloid peptide AB(12-28). Complementary studies (Thioflavin T fluorescence
assays and ITC studies) have corroborated this validation. Using this in-house designed
HTS assay we have carried out the in vitro screening of 53 molecules (experimental hits)
proposed by our collaborators in the consortia. A prioritized list of molecules has been
found. Thioflavin T fluorescence assay and calorimetry studies have corroborated the
selection on the chaperones from this prioritized list. Among the best chaperones we
have: our molecule IDIF, a molecule in the discovery phase; the natural product luteolin,
an investigational drug in clinical phases; and three registered drugs for other diseases,
sulindac, olsalazine and flufenamic acid, drugs that can be directly repositioned for use
in clinical phase for Alzheimer’s disease. By further in vivo studies with these drugs in
animal models of Alzheimer’s disease we will validate transthyretin as a therapeutic
target for Alzheimer’s disease therapeutics.






RESUM

La malaltia de [l'Alzheimer és la principal causa de deméncia. Es una malaltia
neurodegenerativa per a la que no existeix tractament curatiu. La transtiretina (TTR) és una
proteina tetramérica coneguda per la seva funcié transportadora de la hormona tiroide T4 i
del retinol. També te una funcié neuroprotectora avalada per nombrosos estudis in vitro e
in vivo, tant del nostre grup com d’altres grups internacionals. El nostre consorci de
investigacio va descobrir fa uns anys que la estabilitzacié del tetramer de la TTR, mitjancant
molecules petites, entre elles la nostra molecula lider, el lododiflunisal (IDIF), jugava un rol
important en la patogénesi de I'Alzheimer.

Aquesta tesi doctoral s’emmarca en un projecte multidisciplinari de descobriment de
farmacs pel Alzheimer, finangat per la Fundacié la Maraté de TV3, I'objectiu principal del
gual era identificar nous estabilitzadors de la TTR que a l'igual que I'IDIF potenciessin la
interaccio entre la TTR i els péptids amiloides Abeta (ApR).

Els objectius especifics son:

a) Optimitzar la producci6 de proteina recombinant humana TTR per obtenir quantitats
suficients per estudis de cribratge d’alt rendiment de molécules petites.

b) Investigar les bases estructurals de les interaccions entre la TTR i diferents péptids
amiloides, utilitzant diverses molécules que estabilitzen la TTR.

c) Eldisseny d'un assaig in vitro pel cribratge d’alt rendiment (HTS, High Throughput
Screening) de molecules petites, com a potencials xaperones de la interaccio
TTR/AB.

d) EIl descobriment de noves xaperones de la interaccido TTR/AB com a potencials
candidats a farmacs

En aquesta tesi s’ha optimitzat la produccio de la proteina humana recombinant TTR, a gran
escala (>600 mg), per al seu posterior Us en estudis estructurals i en assaigs de cribratge
de molecules. Mitjangant la técnica de calorimetria de valoracié isotérmica (ITC), s’ha
confirmat la base estructural de la interacci6 binaria de la TTR amb el péptid amiloide AB(1-
42) i de l'efecte estabilitzador de IDIF en aquesta interaccié. S’ha dissenyat i validat un
assaig de cribratge d’alt rendiment (HTS), basat en una tecnica turbidimeétrica, i que utilitza
el péptid curt AB(12--28). Estudis complementaris (assaigs de fluorescéncia de Tioflavina T
i estudis d'ITC) han corroborat aquesta validaci6. Amb aquest assaig s’ha realitzat el
cribratge in vitro de 53 molécules (experimental hits) proposades per altres grups del nostre
consorci. S’ha obtingut una llista prioritzada de compostos. Mitjangant una combinacio
d’assaigs de fluorescéncia de Tioflavina T i estudis de calorimetria s’ha corroborat la
seleccio d’aquestes xaperones. Entre les millors xaperones s’hi troben: la nostra molécula
IDIF, que és una molécula en fase de descobriment; el producte natural luteolina, que és
un farmac investigacional en fase clinica; i tres farmacs registrats per altres malalties, el
sulindac, la olsalazina i el acid flufenamic, farmacs que poden ser directament reposicionats
pel seu Us en fases cliniques per a la malaltia de Alzheimer. S’espera que els estudis in vivo
en ratolins transgénics models de la malaltia d’Alzheimer permetin en un futur validar la
transtiretina com diana terapéutica pel tractament de I'Alzheimer.






ESTRUCTURA DE LA MEMORIA

Esta tesis doctoral esta formada por un compendio de 6 publicaciones.

Para comprender la importancia de este trabajo de tesis se recoge informacion actualizada
en la que describe el estado del arte en la Introduccion. A continuacion, se presenta el

Contexto de esta tesis, la finalidad de este trabajo y se definen los Objetivos.

El capitulo Resultados se divide en 6 secciones, una por publicacién. Todos los articulos
han sido publicados a excepcién del cuarto que esta en proceso de aceptaciéon en una

revista internacional de alto indice de impacto.

Tabla 1. Publicaciones derivadas de la tesis

Descubrimiento de farmacos para la enfermedad de Alzheimer: chaperonas de la interaccion
TTR/AB
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5 | Cotrinaetal | Repurposing benzbromarone for Familial Amyloid Polyneuropathy: a new
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2020, 28(23), 115794. DOI: 10.1016/j.bmc.2020.115794

Cada publicacion va acompafiada de su correspondiente Informacion suplementaria

(Supporting Information) a excepcion de las publicaciones 1y 4.



Después de las publicaciones se presenta una Discusion en la que se tratan los resultados
de forma global y tras este apartado, se presentan las Conclusiones mas relevantes. Y

finalmente el apartado de Bibliografia.
La memoria también integra dos Anexos.
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INTRODUCCION

1. Laenfermedad de Alzheimer (EA)

La enfermedad de Alzheimer (EA) es la causa mas frecuente de demencia en personas
mayores de 65 afos. Los cerebros de pacientes de Alzheimer se caracterizan por la
presencia de agregados amiloides AB en diferentes conformaciones, de inclusiones
intraneuronales de proteina tau fosforilada (p-Tau), la disfuncion sinaptica y la pérdida
neuronal. Los pacientes con la EA presentan un deterioro progresivo de las funciones
cognitivas, como la pérdida de memoria y el aprendizaje, desorientacién en tiempo y
espacio, un cuadro complejo que conduce a la muerte del paciente. Se cree que la
enfermedad empieza a desarrollarse aproximadamente 15 a 25 afios antes de su
sintomatologia. Sin embargo, el diagnéstico en la mayoria de los pacientes se da por la
presencia de los sintomas, a causa del dafio o muerte neuronal. Las caracteristicas de la
EA hacen del paciente una persona totalmente dependiente de sus cuidadores, lo que
representa un alto coste social y econémico (Alzheimer’s Association Report, 2020; Niu,

Alvarez-Alvarez, Guillén-Grima, & Aguinaga-Ontoso, 2017).

En 2018, la organizacion Alzheimer’s Disease International (https://www.alzint.org/) estimé
que la prevalencia de la EA era de 50 millones en el mundo y que esta prevalencia se
triplicaria en 2050, perteneciendo dos tercios de la poblacién a paises con ingresos bajos y
medios (Scheltens et al., 2021). La prevalencia en Europa se prevé que se doblara hacia el
2050 ya que aproximadamente cada 3 segundos se describe un nuevo caso de demencia
en el mundo. Estos datos sugieren que ésta es una de las enfermedades de mayor impacto.
La ausencia de tratamientos efectivos junto al aumento de la esperanza de vida, hace que
sea una de las enfermedades mas devastadoras en el presente (Cummings, Lee, Ritter,
Sabbagh, & Zhong, 2020; Gulisano et al., 2018; Wimo et al., 2017; Wisniewski & Gofii,
2014).

1.1. Antecedentes/Historia

En 1906 el psiquiatra y neuropatélogo Alois Alzheimer, en una conferencia titulada “On a
peculiar disease of the cerebral cortex” present6 los resultados anatomicos e histolégicos
del cerebro de la paciente Augustine D., fallecida tras padecer una grave demencia (Dahm,
2006). Ademas de la atrofia que presentaba el cerebro, Alzheimer y sus colegas observaron

la presencia de unas fibras gruesas tefiidas en las neuronas y depdsitos de una sustancia,



entonces no identificada, en forma de placas en el cértex cerebral. El cerebro de Augustine
presentaba lo que hoy se consideran las caracteristicas histopatoldgicas de la enfermedad
de Alzheimer, pero en aquel momento era una nueva patologia no descrita anteriormente
(Figura 1) (Hippius & Neunddérffer, 2003; Moller & Graeber, 1998; Stelzmann, Schnitzlein, &
Murtagh, 1995).

Z. f. d. g. Neur. u. Psych. Orig. IV. - Tafel V. B
A .
7
<O 2

Figura 1. A) llustracion realizada por Alois Alzheimer en la que se muestran los ovillos
neurofibrilares y las placas amiloides. Estas imagenes formaban parte del articulo en el que
Alzheimer describia los casos de Augustine D. y de Johann F. B) Dibujos originales de Alois
Alzheimer de los ovillos neurofibrilares (Grgntvedt et al., 2018).

Sin embargo, no fue hasta 1984, cuando se aislaron las placas ubicadas en el espacio
extracelular ricas en estructura de hoja-f y se describi6é la composicién como depdsitos de
péptidos denominados B-amiloides (AB) (Glenner & Wong, 1984). Mas adelante, en 1986,
se identificé que la forma hiperfosforilada de la proteina Tau (h-Tau) era el componente

principal de los ovillos neurofibrilares (Ihara, Nukina, Miura, & Ogawara, 1986).

1.2. Genética de la EA

Existen dos variantes principales de la EA:

- Esporadica o de aparicion tardia. Representa mas del 99 % de todos los casos, sus

sintomas se manifiestan en edades avanzadas entre 65 y 85 afios y aunque es
considerada una enfermedad de causa multifactorial, aproximadamente en un 40 % de

los casos tienen un factor genético vinculado a mutaciones en el alelo €4 de la
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apolipoproteina E (ApoE), que incrementa entre 3 y 4 veces el factor de riesgo de
desarrollar la EA (Baranello et al., 2015; Jiang et al., 2008; Luo et al., 2016; Piaceri,
Nacmias, & Sorbi, 2013). Estudios recientes muestran que ademas del polimorfismo

ApoE existen otros alelos de riesgo, aunque con contribuciones menores al de ApoE.

- Familiar o de aparicion temprana: Supone al menos el 1% de todos los casos. Se

manifiesta en personas menores de 65 afios, es hereditaria y de sintomatologia severa.
Su origen esta asociado principalmente a mutaciones presentes en los genes que
codifican para la proteina precursora amiloide, (APP, amyloid precursor protein) o las
proteinas presenilinas 1y 2 (PS1y PS2), involucradas en la sintesis y proceso de ARB.
Por lo cual, la modificacion en su rol a causa de las mutaciones, tienen un impacto
sobre el incremento del nivel de AB en el cerebro lo que potencia su agregacion (Duff
et al., 1996; Selkoe, 1991; Waring & Rosenberg, 2008).

Causas de laenfermedad de Alzheimer

4 2 4

> 99% EA esporadica < 1% EA familiar
(No-hereditaria) (hereditaria)
ApoE, mAPP
Inflamacién mPS1

Factores ambientales o
Metabdlicos no conocidos mPS2

Trauma craneal

Diabetes

Figura 2. Genética de la enfermedad de Alzheimer.

Esquema de las principales causas de la EA, donde mAPP son mutaciones en el gen APP,
mPS1 y 2 mutaciones en el gen PSEN1 y 2, ApoE4 mutaciones de la apolipoproteina alelo 4.
(Adaptado de Igbal & Grundke-Igbal, 2010).

1.3. Patofisiologia de la Enfermedad de Alzheimer: etapas

El diagnéstico de la EA en tiempos de Alois Alzheimer (1864-1915) era totalmente

patoldgico y en 1984 pasoé a ser exclusivamente clinico. El diagnoéstico actual se basa en
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una aproximacion que combina datos clinicos y bioldgicos, gracias al desarrollo de
biomarcadores de la enfermedad.

El desarrollo de nuevas técnicas en los Ultimos afios para lograr un diagndstico mas
especifico y en estadios tempranos de la EA, constituye una importante area de
investigacion, debido a que de ello depende la intervencion sobre la enfermedad en
estadios donde las terapias modificadoras pueden ser mas efectivas (Buell et al., 2011; A.
D. Cohen & Klunk, 2014).

El proceso de la EA, llamado AD continuum, abarca un periodo largo entre 15y 25 afios.

Enfermedad de Alzheimer

Normal Deterioro cognitivo leve Demencia

\ J
|

15-25 ainos

Figura 3. Etapas en la progresién de la Enfermedad de Alzheimer. Adaptado de (Scheltens et
al., 2021).

En este proceso se distinguen varias etapas:

- La etapa preclinica, es un estadio en donde no se presentan sintomas. Con el uso de
nuevas herramientas tecnoldgicas se puede hacer una aproximacion a un diagndstico.
Entre ellas destacan: la resonancia magnética que detecta cambios estructurales en la
corteza cerebral y el hipocampo; la tomografia por emisién de positrones (PET) que
permite identificar depdsitos amiloides utilizando compuestos especificos de unién al
péptido AB(1-42); la puncion lumbar para determinar los niveles del péptido AB(1-42) y
elevacion de los niveles de la proteina tau hiperfosforilada en liquido cefalorraquideo
(CSF) (Mattsson et al., 2014). Ademas, en esta etapa se pueden considerar individuos
con antecedentes de la EA familiar (mutaciones asociadas a la APP, PS1y PS2) o

mutaciones asociadas a la ApoE4.

- La etapa prodromica o de deterioro cognitivo leve (MCI, mild cognitive impairment). En
este estadio se presentan los primeros sintomas, como la pérdida de memoria

episddica, cambios de humor, asi como dificultad en las habilidades para prestar
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atencion y razonar. Las caracteristicas de los sintomas en esta etapa no afectan la vida

cotidiana del paciente.

- La etapa de demencia esta caracterizada por la pérdida de memoria severa, asi como

problemas para sobrellevar las actividades de la vida cotidiana.

1.4. Avances en la deteccidn precoz: biomarcadores

Los biomarcadores son una fuente de informacion importante, que permiten medir y evaluar
procesos asociados a una enfermedad, diferenciando un desarrollo normal de un proceso
patolégico. Asimismo, permiten tanto el desarrollo de nuevas estrategias de tratamiento
como también la evaluacion de la respuesta bioldgica a estas estrategias (Jeffrey
Cummings, 2017; Marrugo-Ramirez, Rodriguez-Nafiez, Marco, Mir, & Samitier, 2021;
Zetterberg & Bendlin, 2021).

La definicion biologica de la EA se realiza mediante el uso de los biomarcadores ATN (A:

amiloide; T: tau; N: neurodegeneracion) que se describen a continuacion (Figura 4).

A Amiloide T tau N .
(monomeros, ~(mondmeros, ngurode.gem'aracm'm
oligémeros, oligébmeros, ovillos (Disfuncion sinéptica
protofibras y placas) neurofibrilares) y muerte neuronal)

Tau total, Mfb,

CSF AB(1-42), AB(1-40), P-tau (181, 217) neurogranina
AB P 181, 217 Nfl
Sangre (1-42)/(1-40) -tau (181, 217)
PET-amiloide PET-amiloide MRI (atrofia)
Neuroimagen (fibras insolubles y (ovillos FDG PET
placas de AB neurofibrilares) (metabolismo)

Figura 4. Biomarcadores A/T/N para el diagnéstico de la EA.

Un aspecto substancial en el diagnostico de la EA ha sido la identificacion de
biomarcadores, asociados especificamente a la neurodegeneracién, que contribuyan a un
correcto diagnéstico de la EA. También han sido clave el uso de nuevas técnicas altamente
sensibles de imagen, tales como la fMRI y la PET; que determinan la etapa preclinica o

presintomatica asociada a la EA y que ademas, pueden aportar informacion a los estudios
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clinicos en la evaluacién de un nuevo tratamiento contra la EA (Buell et al., 2011; Marrugo-
Ramirez et al., 2021).

=== CSF AB42
M ===- PET Amiloide
ax. 4
CSF tau
@a -—- MRI + FDG PET E—
= ) ettt == -~
S Deterioro Pt P
S cognitivo PPl e
5 e /
-
g ’ r', /,
2 s !
o g ,/ Pemencia
B o //
-] o o
'g I,’ /// O,z}&
= s L
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8 . -/r // Qb‘b
< o e Normal
..... P -
Min il Pl »
Tiempo

Figura 5. Biomarcadores asociados a los cambios fisiopatoldgicos de la EA
Modelo hipotético de los biomarcadores presentes en el tiempo que se pueden asociar a
los estadios de desarrollo de la EA. (Adaptada de (Jeffrey Cummings, 2017).

Los biomarcadores en el liquido cefalorraquideo (CSF) son el péptido AB(1-42), el AB(1-
40), la proteina tau fosforilada 181 y la proteina tau total. Otros potenciales biomarcadores
en estudio son las proteinas: neurogranina (Ng), SNAP25, las sinaptotagminas (Syt) y la

proteina VLP1, siendo la neurogranina el biomarcador mas prometedor de este grupo.

Los biomarcadores en sangre representan una alternativa con grandes ventajas, entre ellas
la disponibilidad de muestras por medios menos invasivos y en mayor volumen, lo que
representa un gran impacto en la reduccion de costes. Algunos ejemplos son la proteina
tau fosforilada 181y 217.



1.5. Hipotesis de la enfermedad de Alzheimer

La naturaleza multifactorial de la EA ha hecho que se formularan diversas hipétesis, en
base a los cambios moleculares y patofisiolégicos que se observan en el cerebro de los

pacientes de Alzheimer, desde su inicio y durante su progreso (Figura 6).
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Figura 6. Principales procesos patologicos asociados a la EA.

Representacion de los principales procesos que ocurren en la EA que dirigen la muerte
neuronal: el proceso amiloidogénico de A, disfuncidon mitocondrial y la formacién de los ovillos
neurofibrilares de la proteina tau hiperfosforilada (lado izquierdo). El proceso neurobiol4gico
en individuos sanos (lado derecho). (Imagen de the National Institute on Aging
(https:/iwww.nia.nih.gov/health/alzheimers).

Entre las distintas hipétesis que se han formulado se encuentran: la colinérgica, la cascada
amiloide, la propagacion de tau, la cascada mitocondrial, la homeostasis de calcio, la
neurovascular, la inflamatoria, la de los iones metdlicos y la del sistema linfatico. En la
Figura 7, se muestra el porcentaje de cada una de las estrategias que llegaron a fase clinica
3 hasta el afio 2019. Se observa que es la amiloide la que ha prevalecido durante méas afios

desde su propuesta (P. P. Liu, Xie, Meng, & Kang, 2019).
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Various Hypotheses of Alzheimer’s Disease in Clinical Trails up to 2019
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Figura 7. Ensayos clinicos realizados hasta el afio 2019 clasificados segun las diferentes
hipotesis. (P. P. Liu et al., 2019).

La hipotesis de la cascada amiloide: propuesta en 1991 por John Hardy y David Allsop
postula que la formacion de depdsitos de AB en el cerebro es la causa de la
neurodegeneracion. Fue explicada en una revision de Hardy y Selkoe en 2002 y revisada
12 afios mas tarde por los mismos autores (Hardy & Selkoe, 2002; Selkoe & Hardy, 2016).
Este proceso desencadena una cascada de procesos que conducen a la disfuncion
mitocondrial, la hiperfosforilacién de la proteina tau, la formacién de ovillos neurofibrilares,
la disfuncién neuronal, un proceso inflamatorio y finalmente la demencia (Figura 8) (Selkoe,
1991; Sorrentino & Bonavita, 2007).

Otras evidencias genéticas asociadas a la cascada amiloide son las mutaciones en la APP
y los cofactores que influyen en la actividad enzimatica sobre APP. Estudios recientes
dirigen su interés sobre AR y las especies formadas en el inicio de su mecanismo de
agregacion como los oligémeros, especies que han mostrado ser altamente neurotoxicas
(Campioni et al., 2010; Chiti & Dobson, 2017; De et al., 2019).
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Figura 8. Procesos en la EA de acuerdo a la hipotesis de la cascada amiloide (Selkoe & Hardy,
2016).
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Produccion de A

La APP es una proteina transmembrana que, por accién enzimatica, sufre un
procesamiento proteolitico postranscripcional que origina diferentes fragmentos, de los
cuales han sido identificados al menos 10. Estos fragmentos estan involucrados en
procesos amiloidogénicos y no amiloidogénicos. Las enzimas a- o B-secretasas generan
fragmentos largos y solubles (sAPPa y sAPPB), ademas de fragmentos C-terminales
asociados a la membrana (CTFs). En la ruta no amiloidogénica, primero actua la a-

secretasa y después la y-secretasay no se producen secuencias de AB insolubles; mientras
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gue en la ruta amiloidogénica, la APP es hidrolizada primero por una B-secretasa y después
con la y-secretasa, lo que da lugar a secuencias insolubles de AB (Haass, Kaether,
Thinakaran, & Sisodia, 2012) (Figura 9).

Ruta no amiloidogénica Ruta amiloidogénica

SAPPa sAPPB

AB
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Figura 9. Procesamiento proteolitico de APP.
Esquema que describe las rutas no amiloidogénica y amiloidogénica. Adaptado de Haass et
al., 2012.

La B-secretasa escinde APP en el péptido B-amiloide de 4 kDa y se generan fragmentos
solubles llamados sAPPf3, asi como un fragmento de 99 aminoacidos (C99 o APPB CTF).
En un segundo paso, la y-secretasa escinde el fragmento C99 en diferentes puntos, dando
lugar a secuencias de AB de diferentes longitudes entre 37 y 43 aminoacidos (Dobrowolska
Zakaria & Vassar, 2021; Karran, Mercken, & Strooper, 2011; Nunan & Small, 2000). Estos
péptidos, en especial el AB42 son muy amiloidogénicos. Sufren plegamientos para formar
estructuras de lamina-p e interacciones hidrofébicas, dando lugar a una poblaciéon de
distintas especies, tales como oligbmeros téxicos, protofibras, fibras y placas seniles en

regiones extracelulares del cerebro.

La principal especie aislada de CSF y de cultivos celulares es AB(1-40). Sin embargo, es la
secuencia AB(1-42), la que a pesar de encontrarse en niveles hasta 10 veces mas bajos
que AB(1-40), tiene mayor interés debido a su fuerte relacion con la EA familiar, en la cual

se observa que mutaciones en el gen APP, PS1 y PS2 incrementan la concentracion
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extracelular de AB(1-42), promoviendo la formacion de depoésitos asociados a la
patogénesis de la EA (Kuperstein et al., 2010; Scheuner et al., 1996).

Se ha encontrado que los oligbmeros de AB(1-42), formas solubles de AB(1-42), son
especies altamente tdxicas para las neuronas en concentraciones nanomolar (Klein, Krafft,
& Finch, 2001; Lambert et al., 1998; Murphy & LeVine lll, 2010; Shankar et al., 2008).
Durante los ultimos afios, se han ido incrementando las evidencias que indican que las
especies oligoméricas son mas toéxicas que las fibras maduras. Estas especies estan
asociadas a estadios tempranos de la enfermedad y por lo tanto, son una posible diana en
el desarrollo de terapias contra la EA (Benilova, Karran, & De Strooper, 2012; Chiti &
Dobson, 2017).

1.6. Caracteristicas estructurales de AB

El monémero de AP no presenta una conformaciéon estable, es decir no tiene una
conformacion terciaria compacta, lo que dificulta su cristalizacibon por métodos
convencionales. La estructura tridimensional de diferentes fragmentos del péptido Ap se ha
determinado gracias a la aplicaciéon de técnicas como la espectroscopia de resonancia
magnética nuclear (RMN), la cristalografia de rayos X y a técnicas computacionales como
la dinamica molecular (MD, molecular dynamics) (Meng et al., 2018), siendo la mayor fuente

de conocimiento estructural de AB, los estudios de RMN y de MD (Chen et al., 2017).

Los primeros modelos estructurales de AR fueron propuestos tras un analisis por RMN,
distancia geométrica y MD, en este analisis se utilizo la secuencia AB(1-28) en un medio
tipo-membrana a pH 3, los resultados sefialaron que esta secuencia se pliega en una
estructura predominante de hélice a,con un giro pronunciado en el residuo 12,
conformacion que postulan precede a la lamina [, estructura asociada al potencial
amiloidogénico de AB (Talafous, Marcinowski, Klopman, & Zagorski, 1994). Posteriormente,
la secuencia AB(1-40) se analiz6 mediante RMN bajo condiciones similares a las descritas
previamente y a pH 5.1. Los resultados mostraron que el extremo N-terminal (residuos 1-
14) como una region desestructurada. Sin embargo, el resto de la secuencia (residuos 15-
36) adoptan una conformacion hélice a, con una zona de pliegue o bisagra entre los
residuos 25-27. Ademas, en este andlisis se describi6 un cambio conformacional

dependiente del pH, el cual indica que a un pH mayor (pH=6), se promueve la conformacién
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de lamina 3, un estadio que precede a su agregacién (Coles, Bicknell, Watson, Fairlie, &
Craik, 1998).

Numerosos esfuerzos se invirtieron para conseguir un medio para el analisis del péptido
AB(1-42) por RMN. Finalmente, se logré en un medio acuoso con alcoholes fluorados. El
resultado sefalé que existen dos regiones de conformacion hélice a entre los residuos 8-
25y 28-38 (Crescenzi et al., 2002). A partir de los resultados por RMN, en el banco de datos
Protein Data Bank (https://www.rcsb.org/) estan depositadas las estructuras con los cédigos

1IYT (en entorno apolar) (Crescenzi et al., 2002) y 1Z0Q (en solucién acuosa) (Tomaselli
et al., 2006).

El desarrollo de un estudio que combina la técnica de RMN como referencia para la
validacién de un analisis de MD, define el extremo C-terminal del péptido AB(1-42) mas
estructurado que el péptido AB(1-40). Ademas se describe una estructura horquilla- entre
los residuos 31-34 y 38-41, que reduce la flexibilidad en el extremo C-terminal del péptido
AB(1-42) y sugiere que podria ser responsable de su mayor propension a la agregacion
McCallum, Wang, & Garcia, 2007).

corroborados por estudios posteriores (Walti et al., 2016).

(Sgourakis, Yan, Estos resultados han sido
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Figura 10. Representacion de las regiones de la secuencia del péptido AB(1-42) (Goyal,
Shuaib, Mann, & Goyal, 2017)
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1.7. Mecanismos de agregacion de A

La sintesis de algunas proteinas y péptidos, incluso en condiciones fisioldgicas normales,
no siempre garantizan un plegamiento globular total. Este proceso puede pasar por
diferentes estadios de plegamiento parcial y es durante estos procesos que se da lugar a
conformaciones alternativas no nativas, que conducen a la formacion de agregados. Estos

agregados pueden tener conformaciones amorfas o altamente organizadas denominadas

amiloides.
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Figura 11. Mdltiples poblaciones de una proteina o péptido amiloide. ((Knowles, Vendruscolo,
& Dobson, 2014)

En términos energéticos, se describe que el estado nativo de una proteina es
termodinamicamente estable, si su energia libre (AG) es mas baja que la de un estado
amiloide. El paso a una conformacion amiloide se da, si esta tiene una energia libre (AG)
mas baja que el estado nativo (Knowles et al., 2014). Teniendo en cuenta este concepto, el
mecanismo de agregacion de A es un proceso complejo, debido a que la conversion de
monomeros de AR solubles en fibras, involucra varios procesos con diferentes especies
intermedias. Como ya se indic anteriormente, AR no tiene una conformacion nativa estable
lo que favorece estadios conformacionales que potencian su agregacion. Asi pues, la
conformacion de AB en solucién es una estructura aleatoria (random coil), formada
principalmente de hélice a, la cual sufre una transicion a ldmina 3, en la via de su proceso

patogénico. Este cambio conformacional se ve favorecido por su alta hidrofobicidad dada
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por su centro hidrofébico K16-F20 y la region C-terminal (131-A42) (Crescenzi et al., 2002;
De et al., 2019; Ghanta, Shen, Kiessling, & Murphy, 1996).

En la dltima década ha surgido un creciente interés en relacionar las medidas
macroscépicas con los mecanismos microscopicos de la agregacion de proteinas. En este
campo son destacables las aportaciones del grupo del Christopher Dobson en Oxford y de
Tuomas P. J. Knowles en Cambridge (Arosio, Knowles, & Linse, 2015; S. I. A. Cohen,
Vendruscolo, Dobson, & Knowles, 2012; Scheidt et al., 2019; Térnquist et al., 2018).

A nivel macroscopico la cinética de agregacion de la A tiene tres fases principales: una

fase de latencia, una exponencial y finalmente una fase estacionaria (Figura 12).

A _ Fasede Fase Fase
) 45000 latencia exponencial estacionaria AB(1-42)
40000 -
35000 4 <
—
e
30000 { T
— s '
5
< 25000
« 1 <
g Kk
Q
g 20000 | XYk
o
=
Y 15000 M
10000 1 oee®®
5000 - f&‘
0 - LI—‘L-‘TL.M T T T T T T 1
0 1 2 3 4 5 6 7 8
Tiempo (h)
B) .
Primary pathways Secondary pathways
I I
T il
Soluble Fibril o)
form Q B ) Qo
] ' ' Q
o §1~ 3
0® 87
Primary Monomer-dependent
nucleation Elongation Dissociation Fragmentation secondary nucleation

Figura 12. A) Cinética de agregacion del péptido AB(1-42). B) El proceso de agregacion del

péptido AB a nivel microscépico, nucleaciones primaria y secundaria (Chiti & Dobson, 2017).
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La primera fase, conocida como la fase de latencia, es donde tiene lugar la nucleacion
primaria, el monémero de AB se convierte en un nucleo de crecimiento que da origen a los
dimeros, trimeros, pequefos oligdbmeros de AP, los que durante la segunda fase
conformaran agregados amorfos, pre-fibras y fibras amiloides. Este proceso no es Unico en
esta fase, ya que cada paso puede ser reversible y conformar un nuevo proceso (Arosio et
al., 2015; Knowles et al., 2014).

La segunda fase, es la exponencial o de crecimiento en al que las especies formadas
durante la nucleacion primaria crecen y se alargan conformando las pre-fibras y fibras de
AB en una via conocida como on-pathway. Estas conformaciones son estructuralmente
favorables con un plegamiento en cross-8 y una orientacién de la hoja-p paralela al eje
longitudinal de la fibra (Chiti & Dobson, 2017).

En el proceso de agregacion de AB, se han descrito dos vias on y off, las que comprenden
diferentes procesos (Dear et al., 2020). En el on-pathway dos procesos mas destacados
son: la asociacion de mondémeros en nucleos y la formacién de pre-fibras. Estos no son los
Unicos, sino que son parte de una red de pasos microscépicos (Dear et al., 2020; Térnquist
et al., 2018). Por otra parte, los nlcleos o las especies oligoméricas formadas en la primera
fase, no siempre conformaran fibras, sino que pueden coexistir en un equilibrio. La
fragmentacion, a su vez, también puede generar monémeros que se afiaden a las fibras o
tener una conformacion estructuralmente diferente a la estructura de lamina 3 en una via
conocida como off-pathway, donde los oligémeros y mondémeros de AB conforman
estructuras desordenadas conocidas como agregados amorfos, que se han descrito como

especies no toxicas de AR (Bemporad & Chiti, 2012).

En las ultimas décadas, diferentes estudios, dirigen su interés a los oligdmeros de AR,
especies de bajo peso molecular, que han demostrado ser las mas toxicas, y no las fibras
como se habia sefialado inicialmente, con la habilidad de desencadenar muerte neuronal
(Campioni et al., 2010). Por lo que, conocer en profundidad la via y los pasos microscépicos
que dirigen su formacién, aproximan a un desarrollo mejor de estrategias terapéuticas
contra la EA (Bemporad & Chiti, 2012; S. I. A. Cohen et al., 2013, 2012; Selkoe & Hardy,
2016).
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2. Estrategias terapéuticas para el tratamiento de la enfermedad de Alzheimer

Tras mas de cien afios de investigacion en el desarrollo de diferentes estrategias aun no
existe un tratamiento que cure la enfermedad de Alzheimer. El Gltimo farmaco contra la EA,
la memantina (Namenda), fue aprobado en 2003. Desde 2002 a 2012 se realizaron 413
ensayos clinicos y la tasa de fracaso en el descubrimiento de farmacos en durante esta
década fue del 99.6% (J. L. Cummings, Morstorf, & Zhong, 2014).

La magnitud y complejidad del problema hace necesario meditar sobre nuevas estrategias
para minimizar el riesgo e incrementar las posibilidades de éxito en programas de desarrollo

de farmacos (Jeffrey Cummings, Feldman, & Scheltens, 2019).

Actualmente, solo existen 4 farmacos en el mercado, tres son inhibidores de la
acetilcolinesterasa y el cuarto es un antagonista del receptor de glutamato de tipo N-metil-
D-aspartato, (Figura 13) (Kandimalla & Reddy, 2017). Cabe destacar que estos farmacos
disponibles contra la EA no detienen la degeneracion subyacente de las células cerebrales
ni revierten su progresion (Galimberti & Scarpini, 2016; Kang, Diep, Tran, & Cho, 2020;

Lopez et al., 2009; Zemek et al., 2014). Estos farmacos son:

- Inhibidores de la acetilcolinesterasa (AChEI) como el donepezilo, la rivastigmina y la
galantamina, estan dirigidos al tratamiento de una EA en estadio leve o moderado, al
inhibir la degradacion de la acetilcolina (ACh) asociada a la neurotransmision
colinérgica (Hampel et al., 2018).

- Antagonistas del receptor de glutamato de tipo N-metil-D-aspartato (NMDA, N-metil-D-
aspartate). (J. Liu, Chang, Song, Li, & Wu, 2019).
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Figura 13. Farmacos aprobados por la Administracion de Alimentos y Medicamentos
americana (FDA, Food and Drug Administration) para el tratamiento de la EA (El nGmero indica
el afio en que fue aprobado el farmaco).
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Es urgente encontrar estrategias terapéuticas que provoquen un cambio en la progresion
clinica de la enfermedad, interfiriendo en los mecanismos patofisiolégicos y por tanto
retrasando o previniendo su progresion. Estas terapias se llaman terapias modificadoras de
la enfermedad (Disease-modifying therapies) (DMTs) (J Cummings & Fox, 2017).

En el proceso de desarrollo de farmacos se distinguen varias etapas, desde la identificacion

de la diana terapéutica hasta la aprobaciéon del farmaco para su venta (Esquema 1).

Ensayos invitro y in vivo Ensayos en humanos Revisiones de datos Vigilancia
(voluntarios 10s ->100s ->1000s)

Investigacion Fase | Fase Il
basica

Aplicacién del nuevo farmaco en investigacion
Aplicacién del nuevo farmaco en investigacion y solicitud de licencias biol6gicas

Esquema 1. Proceso de desarrollo de un farmaco

Desde el afio 2016, Cummings y colaboradores publican anualmente un andlisis basado en
la informacién de la base de datos clinicaltrials.gov (Jeffrey Cummings, Lee, Mortsdorf,
Ritter, & Zhong, 2017; Jeffrey Cummings, Lee, Ritter, & Zhong, 2018; Jeffrey Cummings,
Morstorf, & Lee, 2016; Jeffrey Cummings, Lee, Ritter, Sabbagh, & Zhong, 2019; Cummings
et al., 2020) que permite visualizar no tan solo los agentes en ensayos clinicos (fase I, Il 'y

), sino también el interés de las nuevas estrategias.

N
o

Number of Agents

Figura 14. Principales dianas en terapias modificadoras de la EA (DMTs) entre 2016 y 2020
(Cummings et al., 2020).
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En los ultimos afios se ha producido un aumento de tratamientos modificadores de la
enfermedad. Ademas, se observa que existe una gran diversidad de dianas en la linea de
descubrimiento de farmacos, que hay un aumento de farmacos de reposicionamiento
(fArmacos autorizados para otras enfermedades) y que se integran mas biomarcadores en

los programas de desarrollo de farmacos (Figura 14).

En concreto, en 2020 se han registrado 121 agentes en ensayos clinicos para el tratamiento
de la EA. De estos, el grupo mas numeroso (97 agentes) es del de agentes para terapias
modificadoras de la enfermedad (DMT). Los otros 24 agentes son potenciadores cognitivos
y el resto son agentes para tratar los sintomas neuropsiquiatricos. Un andlisis mas detallado
de los estudios clinicos en fase clinica Il muestra que hay un total de 29 agentes de los 17,
esto es un 59%, son terapias DMTs. Y entre los 17 agentes DMTs 6 tienen como diana
terapéutica la AB, esto significa un 34% del total. (Cummings et al., 2020).

El principal objetivo en el desarrollo de nuevas estrategias DMTs es su intervencion en
estadios tempranos de la AD, es decir, cuando aln no se presentan los sintomas. Se cree
gue gran parte del fracaso de las terapias anti-amiloides, sea debido a la accién tardia de
los tratamientos y la falta de conocimiento o deteccién in vivo de la dindmica de la

agregacion de AP y su toxicidad.

2.1. Ensayos dirigidos a AB como diana

Los ensayos clinicos que se basan en la hipétesis amiloide tienen como agentes:

Moléculas pequefias: Inhibidores de B- y y-secretasas, moduladores de las y-

secretasas y moduladores de las a-secretasas

Una de las principales estrategias para prevenir la produccion de AB es el desarrollo de
farmacos, que sean capaces de cruzar la barrera hematoencefalica e inhiban la produccion
de AB, actuando sobre las enzimas (- y y-secretasa, involucradas en el proceso proteolitico
de la APP (ruta amiloidogénica). Sin embargo, lograr una especificidad de la accién de estas
enzimas es muy dificil, debido a que también actian sobre otros sustratos involucrados en

procesos de maduracion neuronal y de gran importancia a nivel celular.

La BACEL1 (B-site APP-cleaving enzyme-1), es una aspartil proteasa monomerica de tipo |
que contiene 501 aminoacidos, estd anclada a la membrana a través de su dominio

transmembrana y es la enzima que inicia la formacién de AB (Creemers et al., 2001). Su
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accién sobre APP produce un fragmento soluble (sAPP) y un fragmento C-terminal de 99
aminodcidos que se mantiene anclado a la membrana (C99). El fragmento C99 cuando se
traslada al interior de la célula, estd asociado a la expresion de genes que promueven
apoptosis. Ademas, sobre este fragmento actia la enzima y-secretasa, que da origen a las
diferentes secuencias de AB. Los agentes desarrollados dirigidos a inhibir la BACE1 no han
tenido éxito (Verubecestat, Atabecestat, Elenbecestat) y todavia esta por demostrar si
reducir la produccién de AR tiene un beneficio clinico en estadios tempranos de la EA
(Checler, Afram, Pardossi-Piquard, & Lauritzen, 2021; Wessels et al., 2019).

La inhibicion de y-secretasa, una aspartil proteasa formada por cuatro proteinas, presenta
las mismas complicaciones que actuar sobre la BACE1. La y-secretasa es una enzima
promiscua con multiples sustratos. Por lo tanto, la inhibicion de y-secretasa puede dar lugar
a graves efectos adversos (Golde, Koo, Felsenstein, Osborne, & Miele, 2013; Weissmiller
et al., 2015).

Como una alternativa al mecanismo de accion de inhibicién se han desarrollado moléculas
moduladoras de la y-secretasa (MGS). Estos compuestos modulan la actividad de la y-
secretasa, desplazando el sitio de corte sobre la APP para evitar la formacion del péptido

AB42 amiloidogénico (Figura 15).

A) y-secretase inhibition B) y-secretase modulation
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Figura 15: Principales estrategias desarrolladas con la y-secretasa como diana. A) Estrategia
inhibidora de la vy-secretasa (IGS) y B) Estrategia moduladora de la y-secretasa
(MGS).(Dobrowolska Zakaria & Vassar, 2021).
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Moléculas pequeias: inhibidores de la agregaciéon de AB

Otras moléculas pequefias actuan interfiriendo en la agregacion de AR siguiendo diferentes
vias que son interesantes ya sea, inhibiendo la oligomerizacion de AB o suprimiendo la via

oligomérica hacia una forma no téxica.

La primera estrategia supone bloquear la agregacion del péptido AB con moléculas de union
al mondémero, previniendo su ensamblaje en oligbmeros, especies potencialmente
citotoxicas. Muchos compuestos han mostrado prevenir la neurotoxicidad de AB en estudios
in vitro. Sin embargo, una dificultad que se suma a esta estrategia, es el desorden
estructural intrinseco que AR presenta, lo que la convierte en una diana de dificil (Arosio,
Vendruscolo, Dobson, & Knowles, 2014; S. I. A. Cohen et al., 2013; Knowles et al., 2009).

Recientemente, investigadores de la Universidad de Cambridge han identificado una
molécula pequefa, la 10074-G5, capaz de unirse al péptido AR en forma de mondmero
soluble. Estas investigaciones indican que estabilizando los estados monoméricos de AB
con moléculas pequefas, se puede modificar su comportamiento amiloidogénico y es una

estrategia que se puede utilizar con fines terapéuticos (Heller et al., 2020).

Otros estudios in vitro tratan de redirigir la AB hacia una via off-pathway (Bemporad & Chiti,
2012; Ladiwala, Dordick, & Tessier, 2011; Lu et al., 2019). Algunas moléculas ensayadas
son el EGCG i el resveratrol, dos polifenoles bien conocidos por sus multiples beneficios
(Ahmed et al., 2017; Ladiwala et al., 2010).

Inmunoterapia sobre AR

Ademas del desarrollo de los inhibidores de secretasas se han desarrollado otros
compuestos de tipo bioldgico, para eliminar los agregados solubles e/o insolubles de la A
mediante una respuesta inmunolégica. Se han explorado dos vias de inmunoterapia contra

la EA: la activa y la pasiva. (Montoliu-Gaya & Villegas, 2016).

El primer ensayo clinico de inmunoterapia fue el AN1792 (ELAN & Wyeth, 2002) y se realiz6
con la secuencia completa AB(1-42) utilizando un adyuvante. Lamentablemente, en la fase
clinica lla el 6% de los pacientes tratados sufrieron una meningoencefalitis aséptica,
posiblemente provocada por una fuerte respuesta inflamatoria de células T, por lo que el

ensayo tuvo que abandonarse.
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Uno de los problemas principales de estos anticuerpos es que entran en fase clinicas sin
que se tenga evidencias firmes de que pasen a través de la barrera hematoencefalica
(BBB). Por tanto, es imprescindible que estas estrategias implementen el desarrollo de

tecnologias para facilitar el paso a través de la BBB (Pardridge, 2020).

En el registro del afio 2020 de la base de datos clinicaltrials.gov, de los seis agentes en fase
Il que tienen como diana AB cinco son tratamientos de inmunoterapia y se describen a

continuacion.

- Aducanumab (BIIB037, Biogen, Neurimmune): Es un anticuerpo monoclonal sobre el cual
existe gran expectativa debido a que seria la primera terapia modificadora de la EA.
Interacciona con la region del extremo N-terminal AB(3-6) de agregados de AP, incluyendo
oligbmeros solubles y fibras insolubles, pero no interacciona con monémeros (Knopman,
Jones, & Greicius, 2021; Schneider, 2019).

- Lecanemab (BAN2401, Biogen, Eisai Co., Ltd.): Es un anticuerpo monoclonal que reconoce
una conformacién especifica de las protofibras insolubles de AB.

- Gantenerumab (RO4909832): Es un anticuerpo desarrollado bajo la estrategia de
inmunoterapia pasiva que actla desagregando y degradando las placas amiloides por
activacion de la fagocitosis de la microglia.

- Solanezumab (LY2062430, Eli Lilly): Anticuerpo monoclonal que se une a la zona media de
AB(16-26). Sin embargo, el ensayo fue abandonado recientemente ya que no ha logrado
frenar la progresion de la enfermedad en un ensayo clinico de fase Ill (Sacks, Avorn, &
Kesselheim, 2017).

- CAD106 (Novartis): Pertenece a una segunda generacion de agentes para inmunoterapia
activa disefiados para evitar la reaccién adversa del primer ensayo clinico de inmunizacién

activa. Es el Ginico agente de inmunoterapia activa en fase Il
Los anticuerpos Aducanumab, Lecanemab y Gantenerumab reducen los niveles de placas
AB, la forma fosforilada de tau, la neurogranina y los neurofilamentos de cadena ligera en
el CSF. Estas observaciones sugieren que la seleccion de AR como diana, tiene un efecto
sobre la cascada de procesos asociados a la patologia de tau y la neurodegeneracion
(Tolar, Abushakra, Hey, Porsteinsson, & Sabbagh, 2020).

En el presente afio, Eli Lilly ha confirmado que se han iniciado ensayos en fase 3 con el
Donanemab (NCT04437511 and NCTO04640077), un anticuerpo monoclonal 1gG1

humanizado. (Mintun et al., 2021).
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Mecanismo de eliminacion de A (catabolismo de AB)

La presencia del péptido AB en el cerebro, es parte de un equilibrio de multiples procesos,
que mantienen los niveles entre su sintesis y eliminacion evitando su acumulacion
(Baranello et al., 2015; Golabek, Marques, Lalowski, & Wisniewski, 1995; Wildsmith, Holley,
Savage, Skerrett, & Landreth, 2013). Por lo tanto, la eliminacién continua de Ap del cerebro
es esencial para prevenir su acumulacion y potencial agregacion. Numerosos estudios
sugieren que los principales factores que desencadenan la toxicidad de AB, estan asociados
a una alteracion del equilibrio entre su produccién y la eliminacién. AR es transportada
desde el cerebro a la sangre y viceversa a través de la BBB La eliminacion de AR del cerebro

se realiza a través de diversas vias enziméaticas y no enzimaticas.

Entre las vias no enziméticas se incluyen: a) el paso del fluido intersticial (ISF) al CSF; b)
la captura por fagocitosis realizada por la microglia y los astrocitos; y c) el transporte
mediante unos receptores de eliminacion como por ejemplo los LRP1 (low density
lipoprotein receptor-related protein) (Deane et al., 2004; Shibata et al., 2000; Spuch,
Ortolano, & Navarro, 2012), asi como otras proteinas transportadoras o de unién a AR

(Nalivaeva, Belyaev, Kerridge, & Turner, 2014).

Los receptores que median la eliminacién de AR son LRP1 y LRP2 (low density lipoprotein
receptor-related protein), mientras que RAGE (receptor for advanced glycation end
products), facilita el paso de sangre al cerebro de AB (Spuch et al., 2012).
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Figura 16. Mecanismo de eliminacion (clearance) de AB a través de la BBB.

La barrera hematoencefélica (BBB), fluido intersticial (ISF). Proteina precursora amiloide
(APP), enzima de degradacion de AB (ADE), proteinas transportadoras (LRP, RAGE) (Yoon
& Jo, 2012).
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Las proteinas de unién a A tiene la habilidad de modular las funciones fisiologicas y
patoldgicas de AR, alterando su solubilidad, el transporte, eliminacion, degradacién y su

potencial amiloidogénico (Calero, Rostagno, & Ghiso, 2012).

La eliminacién de AB es un proceso complejo en el que ademas del transporte de AB
mediante proteinas de unién a AB, intervienen un gran numero de enzimas de degradacion
de AB (ADE, amyloid degrading enzymes) en distintos procesos proteoliticos (A Santos,
Cardoso, & Goncalves, 2012; Grimm et al., 2013; Nalivaeva, Beckett, Belyaev, & Turner,
2012; Pacheco-Quinto, Herdt, Eckman, & Eckman, 2013).

En el cerebro el metabolismo de AR esta regulado por la actividad de la neprilisina (NEP) y
la enzima de degradacién de la insulina (IDE, insulin-degrading enzyme) y por otras
enzimas como la ECE (endothelin converting enzyme), la ACE (angiotensin-converting
enzyme), asi como también metaloproteinasas de matriz, entre otras (Nalivaeva et al., 2014;

Tarasoff-Conway et al., 2015).

Otras proteinas como la transtiretina (TTR), la gelsolina, la alfa2-macroglobulin y la
apolipoproteina E (ApoE) tienen también un papel importante en la eliminacion y
degradacion de AB (Y. Du et al., 1998, 1997; Jiang et al., 2008; Ray, Chauhan, Wegiel, &
Chauhan, 2000). Estas proteinas de unién a AB desenvuelven su rol en el sistema nervioso
central (CSF) y en el plasma. Es interesante investigar los mecanismos de eliminacion de
AB en los que participan estas proteinas, ya que pueden representan una nueva diana en

el desarrollo de estrategias terapéuticas para la EA.

Proteinas que unen péptido AB

Existe un grupo de proteinas que interaccionan con AR influyendo en su agregacion. A
este grupo pertenecen las chaperonas moleculares. Estas chaperonas son proteinas
enddégenas que intervienen en el plegamiento/despliegue y en el
ensamblaje/desensamblaje de otras proteinas o de otras estructuras macromoleculares,
pudiendo suprimir la formacion de agregados y promover la eliminacion de especies
incorrectamente plegadas (S. I. A. Cohen et al., 2015; Mansson et al., 2014; Wilson,
Yerbury, Wyatt, & Dabbs, 2012; Wyatt, Yerbury, Ecroyd, & Wilson, 2013).

En los ultimos afios se han descrito chaperonas que interaccionan con agregados solubles

de AB. Estas chaperonas son muy interesantes dado que su diana terapéutica son las
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formas toxicas de AB (S. I. A. Cohen et al., 2015; Mannini et al., 2012; Narayan et al., 2012;
Scheidt et al., 2019). Algunos ejemplos de chaperonas moleculares son las proteinas de
choque térmico (Hsps, heat shock proteins) (Lackie et al., 2017) y las proteinas Bri2 y la
Bri3, proteinas que presentan el dominio BRICHOS (Buxbaum & Johansson, 2017; S. I. A.
Cohen et al., 2015).

Otras proteinas interaccionan también con los péptidos AR formando complejos pudiendo
modificar la estabilidad/agregacion, circulacién o eliminacién de los péptidos AB (Rahman,
Zetterberg, Lendel, & Hard, 2015). Algunas de estas proteinas son: La gelsolina (Ray et al.,
2000), la alfa2-macroglobulin (Y. Du et al., 1998, 1997), la ApoJ (o clusterina) (Narayan et
al., 2016) y de AB(1-42) (Beeg et al., 2016); la ApoE (Deane et al., 2008; Jiang et al., 2008;
Kim, Basak, & Holtzman, 2009); la humanina (Romeo et al., 2017), la proteina neuronal tau
(Wallin et al., 2018), la HSA y la TTR, dos proteinas que circulan tanto en la sangre como
en el CSF.

La proteina albumina sérica (HSA)

La HSA posee 585 aminoacidos y un peso molecular de 66 KDa, representa un 60% de las
proteinas plasmaticas y se encuentra en una concentracion aproximada de 650 pM,
mientras que en el CSF es de aproximadamente 3 uM, es decir 200 veces inferior. Esta
involucrada en numerosos procesos, dado su tamafio, tiene una gran capacidad de union
a ligandos endégenos y exégenos como los farmacos, con los que cumple un rol importante
en su distribucion y ademas participa en la regulacion del potencial redox del plasma (Bode
et al.,, 2018; Wang, Wang, & Huang, 2015). En el cerebro, regula la proliferacion de las
células gliales (astrocitos), mediante la estimulacion de la mitosis y la liberacion de calcio,

manteniendo sus niveles en equilibrio (Nadal, Fuentes, Pastor, & McNaughton, 1995).

En 1999, Bohrmann et al. describieron el papel de la HSA en el control de la
amiloidogenesis, tanto en plasma como en el SNC. Ademé&s dedujeron que el plasma
poseia mayor capacidad inhibidora que el CSF, lo que tal vez pueda explicar que nada mas

hay depdsitos amiloides en el CSF (Bohrmann et al., 1999).

La HSA es una de las principales proteinas de union a AB; se cree que un 90% de AB en el
plasma humano estéd unido a HSA. La HSA inhibe la agregacion de AB no solo secuestra la

mayoria de AB del plasma, sino que también participa en el transporte de la AR desde el
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CSF hasta el plasma desplazando el equilibrio existente entre la AB en plasma y en el
cerebro (sink hypothesis). Ademas, la concentracién de los complejos AB-HSA decrece a
medida que la EA progresa, lo que indica que el desplazamiento del equilibrio no funciona

en el cerebro de pacientes con la EA.

En 2009, Boada et al. publicaron un trabajo en el que proponian un nuevo tratamiento para
la EA basado en una sustitucién de la albumina del plasma por una albimina nueva (M.
Boada, Ortiz, Anaya, & Hernandez, 2009). Desde entonces se han llevado a cabo diversas
investigaciones con el fin de mostrar el potencial terapéutico de la HSA para el tratamiento
de la EA.

Milojevic y colaboradores estudiaron la interaccién entre la HSA y la AR mediante
espectroscopia de RMN. Describieron la union HSA/AR utilizando el péptido modelo ABR(12-
28). Segun estos autores, la HSA tiene afinidad por especies oligoméricas y no se detecta
interaccion entre HSA y el mondmero de AB(12-28) (Milojevic, Esposito, Das, & Melacini,
2007) (Algamal, Milojevic, Jafari, Zhang, & Melacini, 2013). Empleando una amplia variedad
de técnicas (NMR, DLS y SPR entre otras) pudieron confirmar que la HSA se une a los
oligbmeros de AB con una alta afinidad de 1-100 nM, una Kp<pM, lo que impide la
elongacién por unién de monémeros: y que la afinidad de HSA por los monémeros, era
mucho menor (Kp>mM) (Milojevic & Melacini, 2011; Milojevic, Raditsis, & Melacini, 2009).

En 2012, Stanyon y Viles tras investigar el efecto de la HSA en AB(1-40) y en AB(1-42) en
el CSF, concluyeron que los niveles de HSA en el cerebro pueden ser un factor de riesgo y

a su vez una diana terapéutica para la EA (Stanyon & Viles, 2012).

Choi y colaboradores evaluaron la influencia de metales como el Zn (Il) y el Cu (Il) en la
interaccion HSA con dos péptidos amiloides, el AB(1-40) y el AB(1-42). Estos metales
alteraron la agregacion y la toxicidad de los péptidos AR, asi como también su transporte
celular (Choli, Lee, Han, Lim, & Kim, 2017).

La HSA como una de las principales proteinas de unién a AB en plasma, este complejo
interfiere con la toxicidad de AB y promueve su degradacion, manteniendo el equilibrio
dinamico entre los niveles de AR plasma y AB del cerebro. Esta interaccion de la albimina
con la AB fue la base del ensayo clinico AMBAR (Alzheimer Management by Albumin
Replacement), que promovié la empresa biofarmacéutica Grifols. En este ensayo se utilizd
la plasmaféresis que consistia en el reemplazo de la de albumina endégena con 5% de

albumina humana (Albutein® 5%) de Grifols en pacientes con grado leve o moderado de la
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EA. (Mercé Boada et al., 2019, 2016; Cuberas-Borrés et al., 2018). En julio del 2020, se
publicaron los primeros resultados del proyecto AMBAR (2012-2016), en el que participaron
un total de 496 pacientes con la EA de distintos centros. Los resultados fueron
prometedores, el tratamiento reducia el deterioro cognitivo y funcional de pacientes con la
EA (Merceé Boada et al., 2020).(Merce Boada et al., 2020, 2019, 2016; Cuberas-Borrés et
al., 2018; Ortiz et al., 2020).
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3. Laproteinatranstiretina en la enfermedad de Alzheimer

3.1. Transtiretina: sintesis, estructuray funcion

La transtiretina (TTR) debe su nombre a su funcién fisiologica, trans—transportador, tir—
tiroide y retin—retinol. Es una proteina transportadora de la tiroxina y del complejo RBP, un
complejo entre el retinol y la proteina de union al retinol (RBP, retinol binding protein). Esta
codificada por un solo gen que se encuentra en el cromosoma 18, region 18q 11.2-q 12.1,
cuya extension es de aproximadamente 6,9 Kb (Sparkes et al., 1987). La TTR en plasma
se sintetiza principalmente en el higado, alrededor de un 90% y su concentracion es de
aproximadamente 3-7 uM (0.2-0.4 mg/mL). En el fluido CSF se sintetiza en las células
epiteliales de los plexos coroideos y su concentracion aproximada es de 0.1-0.4 uM (0.03-
0.11 mg/mL) (Mangrolia & Murphy, 2018). Aunque en menor cantidad también se sintetiza
en la retina, neuronas y en la placenta humana (Ciccone, Shi, di Lorenzo, Van Baelen, &
Tonali, 2020; Li, Masliah, Reixach, & Buxbaum, 2011). Ademas, la TTR representa
aproximadamente el 20 % de las proteinas totales presentes en el CSF (Bezerra, Saraiva,
& Almeida, 2020; Giao et al., 2020).

La TTR es una proteina tetramérica de =55kDa, compuesta por cuatro monémeros idénticos
de 127 aminoacidos (Kanda, Goodman, Canfield, & Morgan, 1974). La estructura
secundaria de TTR es rica en hojas-f, con un pequefio fragmento de a-hélice. Casi todos
los aminoéacidos de la secuencia de TTR participan en su conformacion estructural a
excepcion de 10 aminoacidos en el extremo N-terminal y 5 aminoéacidos en el extremo C-
terminal que no tienen un rol directo en su plegamiento y actlan como cabeza y cola
(Hamilton & Benson, 2001).

El andlisis de su estructura cristalografica a una resolucién de 1.8 A, indica que cada
monodmero, de aproximadamente 60 aminoacidos, se encuentra dispuesto en 8 cadenas-3
(A-H) antiparalelas, conectadas por loops que forman un sandwich de 2 hojas-f DAGH y
CBEF (interna y externa respectivamente). Otra pequefia parte de los aminoacidos, 9 de
ellos forman una estructura de a-hélice corta entre las cadenas E y F. La formacion de los
dimeros de TTR, est& dada por la interaccion dirigida por enlaces de hidrogeno, entre las
cadenas-f F y H de cada mondmero que son principalmente hidrofilicas. La asociacion
dimero-dimero se forma principalmente por interacciones hidrofébicas entre las cadenas
AB y GH (Blake, Geisow, Oatley, Rérat, & Rérat, 1978). El alto contenido de cadenas- en
sSu estructura sugiere que confiere a la proteina una mayor estabilidad en medios
desnaturalizantes (Branch, Robbins, & Edelhoch, 1971).
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En la interfaz de estos dimeros en su conformacion tetramérica, se crea un canal central
con dos sitios idénticos de union a su ligando enddgeno la tiroxina (T4). Estos dos sitios
presentan una cooperatividad negativa, es decir que cuando una molécula de T4 ocupa el
primer lugar, su nueva conformacion reduce drasticamente la afinidad de la segunda
molécula. Por otro lado, el sitio de unién de la proteina RBP, esta localizado en el loop

formado por la estructura a-hélice corta entre las cadenas E y F (Blake et al., 1978).

(B)

Figura 17. Estructura cristalina de la Transtiretina.

(A) El complejo TTR-T4 (PDB: 1ICT) mostrando el homotetrdmero ABCD vy el canal central
de unién a las hormonas tiroideas. (B) Estructura tridimensional del monémero de TTR
indicando las 8 cadenas- en amarillo (A-H) y su cadena hélice-a en lila.

La TTR es una de las tres principales transportadoras de la hormona T4 en plasma, entre
el 10-15 % de T4 forma complejo con TTR. Sin embargo, TTR es la principal transportadora
de T4 en el CSF. TTR ha sido descrita como una proteina que contribuye a mantener los
niveles y distribucion de entre un 60-80% de T4 en el cerebro (Kassem, Deane, Segal, &
Preston, 2006). Las hormonas tiroideas tienen un rol muy importante en el desarrollo neural,
asi como en la regulacién de la expresion de genes, por ejemplo, la T4 se ha asociado a la
regulacion de la organizaciéon intracelular de microfilamentos de actina en astrocitos
(Merched et al., 1998). La hormona triyodotironina (T3), que es la forma biol6gicamente

activa de T4, se une también a la proteina TTR, aunque con menor afinidad.

El retinol (vitamina A) en plasma se transporta en forma de complejo con RBP, que a su
vez forma un complejo ternario con TTR, en esta conformacion entre un 90-95% del retinol

es transportado por TTR. Ademas, este complejo ternario se cree evita la pérdida de RBP
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por filtracién glomerular a través del rifién (Giao et al., 2020; Johnson, Connelly, Fearns,
Powers, & Kelly, 2012).

Figura 18. Estructuras cristalograficas de TTR con sus principales ligandos endégenos.
(A) Complejo binario TTR-T4 (PDB: 1ICT). (B) Complejo ternario TTR+(RBP+retinol), (PDB:
1RLB).

3.2. Estabilizacién de la transtiretina. Amiloidosis por transtiretina

La estructura de TTR en su forma tetramérica es rica en hojas beta, caracteristica
predominante en proteinas con potencial amiloidogénico (Blake et al., 1978; Hamilton &
Benson, 2001).

La TTR es muy estable en condiciones fisiol6gicas normales, sin embargo, la forma wt y
variantes de TTR (VTTR) se han identificado en las diferentes amiloidosis relacionadas con
la TTR (Adams, Koike, Slama, & Coelho, 2019; Koike & Katsuno, 2020), como son la
polineuropatia familiar amiloide (FAP, Familial amyloid polyneuropathy) (Plante-
Bordeneuve, 2018; Saraiva, Magalhdes, Ferreira, & Almeida, 2012), la cardiomiopatia
familiar amiloide (FAC, Familial amyloid cardiomyopathy) (Grodin & Maurer, 2019; Siddiqi
& Ruberg, 2018), la amiloidosis sistémica senil (SSA, Senile systemic amiloidosis)
(Westermark, Sletten, Johansson, & Cornwell 1lI, 1990) y la amiloidosis que afecta al
sistema nerviosos central (CNSA, central nervous system selective amyloidoses) (Sekijima
et al., 2003; Ziskin et al., 2015).
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Actualmente se han identificado mas de 140 mutaciones en la secuencia de TTR que

pueden causar ATTR (http://amyloidosismutations.com) que se transmiten de forma

autosémica dominante (Hou, Aguilar, & Small, 2007).

Formacion de

FAC&SSA
agregados
& depésitos
Mutantes & i amiloides
8 Envejecimiento S ) o) 7 V1221
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= X V30oM R
T R N (@)
Disociacion de TTR TTR intermedio \HE w/
en monémeros amiloidogénico \\ ;j;%
FAP
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AmiIOidOSis(Sssii;émica Senil WT Cardiomiopatia 10-25 % de hombre > 60 afios

3-4 % Afroamericanos (=1.3
millones)

5 % Africanos occidentales
Alto impacto > 65 afios
Europa y Japén (=12.000
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Europa y Japén
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tardia_30-80_afios

Cardiomiopatia Familiar Amiloide

(FAQ) Vall22lle Cardiomiopatia

Polineuropatia Familiar Amiloide

(FAP) Val30Met Neuropatia periférica

Amiloidosis del Sistema Nenioso Central Sistema Nenioso
(CNSA) Val30Met Central

Figura 19. Cascada de procesos en la amiloidogénesis de TTR con un cuadro resumen de
las amiloidosis asociadas a la TTR.

La proteina V30OM TTR es la mutacion mas frecuente asociada a la FAP, con mayor
incidencia en Portugal, Suecia, Espafia y Japén. Sin embargo, otra variante, la L55P TTR
presenta un mayor potencial amiloidogénico (Lashuel, Wurth, Woo, & Kelly, 1999). La
mutacion Val-30 se localiza en la cadena- B y la Leu-55 en la cadena-f3 corta D. Ambas
mutaciones no afectan la habilidad de TTR para adoptar la conformacion tetramérica, pero
ambas mutaciones incrementan su potencial amiloidogénico, a través de hacer el tetrdmero
de TTR mas propenso a la desestabilizacion (Hurshman Babbes, Powers, & Kelly, 2008;
Lashuel, Lai, & Kelly, 1998).

La mutacion de TTR que tiene un gran interés por su mayor estabilidad en comparacién a
la TTR, es la T119M que ha demostrado ser paliativa en el desarrollo de amiloidosis en
pacientes que presentaban la mutacién V30M al mismo tiempo, los cuales se mantuvieron
asintomaticos o presentaron sintomas muy leves asociados a la FAP por V30M TTR. La
S52P por el contrario es una variante altamente amiloidogénica, muy agresiva que se

presenta en edades tempranas, el efecto de esta mutacion sobre el mecanismo de
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agregacion de TTR ha sido asociado también a la potenciacién de la desestabilizacion de
su forma tetramérica (Yee et al., 2019).

La mutacion V122l es la causa mas comun de FAC y afecta a entre un 3-4% de la poblacion
americana de origen africano. Esta mutacion ha sido asociada a un 47% del aumento de
riesgo a desarrollar insuficiencia cardiaca (Damas, Ribeiro, Lamzin, Palha, & Saraiva, 1996;
Ruberg & Berk, 2013).

La amiloidosis sistémica senil (SSA) esta caracterizada por la formacion de depdsitos de la
proteina TTR. Estos depésitos se forman principalmente en el corazén y se estima que
aproximadamente el 25-30% de la poblacién mayor de 80 afios son afectados por la SSA
(Westermark et al., 1990). La SSA suele tener una afectacion leve, pero puede dirigir
insuficiencia cardiaca congestiva. Su diagnéstico se confirma mediante el analisis
histologico, donde se identifica la presencia de depdésitos de TTR, en ausencia de variantes

de esta (Rapezzi et al., 2010).

La amiloidosis cardiaca (FAC) produce aumento del grosor de la pared biventricular y rigidez
ventricular. Ademas, los depoésitos amiloides de TTR pueden depositarse dentro o alrededor
de las pequefas arteriolas dando paso al sindrome clinico de angina o en algunos casos
miocardio. La incidencia es de 1 por cada 100000 personas que son entre 2500 y 5000
casos nuevos al afio en EE.UU. De las variantes mas comunes de TTR asociadas a la FAC
se encuentra la V122l (valina a isoleucina en la posicion 122) y estd presente en

aproximadamente un 4% de la poblacién afroamericana (Siddigi & Ruberg, 2018).

El mecanismo mas investigado para describir la patogénesis de TTR, sefiala que la
disociacion del tetrdmero en dimeros predispone a disgregarse en mondémeros, es esta
dltima unidad la que adopta conformaciones potencialmente amiloidogénicas y se cree es
la causa principal de la patogénesis por TTR. En resumen, el mecanismo aceptado para la
agregacion de la proteina TTR sugiere que la pérdida de la estructura cuaternaria es el
factor limitante que desencadena su agregacion, debido a que expone a los monémeros a
cambios conformacionales que potencian su agregaciéon (Bezerra et al.,, 2020; Foss,
Wiseman, & Kelly, 2005; Johnson et al., 2005; Quintas, Saraiva, & Brito, 1999; Quintas,
Vaz, Cardoso, Joa, & Saraiva, 2001).

Numerosos estudios corroboran que el complejo TTR-T4 da estabilidad a TTR y previene
su disociacion. Ademas, sus ligandos enddgenos T4 y RBP, no compiten por la unién a

TTR frente a posibles farmacos dirigidos al sitio de uniéon de T4 por ejemplo, ello debido a
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que la TTR en plasma so6lo transporta un 15 % de T4 (Mccammon et al., 2002; Miroy et al.,
1996).

En base a este mecanismo, se desarrollé una estrategia terapéutica llamada estrategia de
la estabilizacidn cinética del tetramero de la TTR (forma nativa) por la accion de moléculas
pequefias que se unen al sitio de unién de las hormonas tiroideas evitando su disociacién
(Bulawa et al., 2012; Dolado et al., 2005). Desde que fue propuesta esta estrategia hasta
hoy, se han descrito mas de mil estabilizadores de la TTR que son potentes inhibidores de
la agregacion de la TTR (Almeida, Gales, Damas, Cardoso, & Saraiva, 2005; Ciccone,
Tonali, Nencetti, & Orlandini, 2020; Corazza et al., 2019; Nevone, Merlini, & Nuvolone, 2020;
Yokoyama & Mizuguchi, 2020).

En la base de datos del Protein Data Bank (http://www.rcsb.org) se encuentran descritas

las estructuras cristalograficas de mas de 400 ligandos con la TTR. Todo este trabajo ha
permitido caracterizar bien la zona de union de los ligandos a TTR. Una caracteristica
relevante del sitio de unidn de TTR es que presenta tres cavidades simétricas de unién a
halégeno llamadas HBPs (halogen binding pockets) HBP1y HBP1’, HBP2 y HBP2' y HBP3
y HBP3’ donde se unen los atomos de iodo de la hormona tiroidea T4. Las cavidades HBP3
y HBP3’ estan situadas en el interior, HBP2 y HBP2’ en la parte media y HBP1 y HBP1’ en

el exterior del sitio de unién de T4 (Berman et al., 2000; Guo et al., 2020).

En la actualidad, para el tratamiento de estas amiloidosis tan solo han sido aprobados dos
farmacos. Uno es el Tafamidis, un farmaco de Pfizer registrado con el nombre de
Vyndagel®, que posee una estructura de benzoxazol (Bulawa et al., 2012; Coelho et al.,
2012). El otro es el Diflunisal un farmaco antiinflamatorio no esteroide (NSAID, non steroidal
antiinflammatory drug) que ha sido reposicionado para tratar estas amiloidosis (Berk et al.,
2013). Otro compuesto es el Tolcapone, un farmaco para tratar el Parkinson, que también
ha sido reposicionado para la FAP (Gamez et al., 2019). El descubrimiento de farmacos
para tratar las amiloidosis relacionadas con la TTR sigue muy activo. Un ejemplo de ello es
el desarrollo de moléculas como AG10, un estabilizador de la TTR que se halla actualmente
en fase clinica 3 (NCT03860935) (Fox et al., 2020). Existen ademas otras estrategias para
tratar estas amiloidosis, como el uso inhibidores oligonucleétido antisentido (ASO,
antisense oligonucleotides) y pequefios RNAs como terapia génica para bloquear la
expresion de TTR. Entre ellos el Inotersen, un inhibidor oligonucleétido antisentido de

segunda generacion dirigido a inhibir la expresion de TTR en el higado, mediante su unién
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al microRNA de la TTR, reduce su expresion, lo que tiene un impacto sobre el desarrollo

de la enfermedad (Benson et al., 2018).

Nuestro grupo también estuvo trabajando con anterioridad en un proyecto de
descubrimiento de farmacos para este tipo de amiloidosis en el que se descubrié una
molécula pequefia como estabilizador de la TTR, el IODODIFLUNISAL, un derivado
yodado del farmaco NSAID diflunisal (Gales et al., 2005; Mairal et al., 2009; Ribeiro et
al., 2014).
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Figura 20: Estructura quimica de moléculas estabilizadoras de TTR. Tafamidis
(medicamento huérfano), la molécula reposicionada Tolcapone para la FAP y Diflunisal,
nuestro compuesto lider iododiflunisal (IDIF).

3.3. Transtiretinay su papel en la enfermedad de Alzheimer

El plexo coroide (CP, choroid plexus) es el 6rgano de la barrera hematoencefalica
encargado de producir el fluido cerebroespinal (CSF). EI CSF proporciona los nutrientes
necesarios al cerebro y también elimina residuos del mismo. Es un fluido complejo que
contiene sales, vitaminas, nutrientes, factores de crecimiento y proteinas. Estas
proteinas se producen mayoritariamente en el CP (por ejemplo, la TTR), pero también
pueden ser transportadas desde la sangre por transporte activo o pasivo. La
concentracion de las proteinas en el CSF depende del metabolismo la sintesis y el
transporte de neuronas, la microglia y los astrocitos. La concentracion total de proteinas
en el CSF es inferior a la de la sangre (~0.25 mg/mL en el CSF vs. ~70 mg/mL en
plasma). La TTR es una de las proteinas mas abundantes en el CSF y representa

el 50% de las proteinas sintetizadas en los plexos coroideos (Pate & Murphy, 2017).
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Niveles de TTR en pacientes de Alzheimer

En 1993, Wisniewsky publicaron un estudio in vitro en el que mostraron que el CSF
podia inhibir la formacion de las fibras de AB (Wisniewski et al.,, 1993). La primera
asociacion de la TTR en el proceso de agregacion de Ab fue descrita en 1986. Elovaara
y colaboradores afirmaron que los niveles de TTR en el CSF de pacientes de Alzheimer
eran inferiores respecto a los individuos sanos (Elovaara, Maury, & Palo, 1986; Riisgen,
1988).

En 1997, Serot y colaboradores analizaron 149 muestras de CSF de pacientes control
y 40 de pacientes con Alzheimer y calcularon los niveles de TTR mediante un método
nefelométrico automatizado. En el estudio del envejecimiento en individuos sanos
demostraron que los niveles de TTR aumentaban con la edad. Sin embargo, en
pacientes de la EA se observaba una disminucion notable de la concentracion de TTR
respecto a una poblacién control. EI mismo analisis se aplicd a la proteina albimina,
otra proteina asociada al AD, pero en este caso no se observd cambios en las

concentraciones de HSA (Serot et al., 1997).

Gloeckner y colaboradores llevaron a cabo un estudio similar, pero en este caso
analizaron 106 muestras de CSF de pacientes con cinco tipos de demencia, entre ellas
la EA. Empleando el mismo método nefelométrico de nuevo comprobaron que se
observaba que los niveles de TTR en pacientes con EA severa eran inferiores en
comparacion con formas mas suaves de la EA (Gloeckner et al., 2008). Ademas, un
estudio dirigido al analisis de CSF de 35 pacientes con AD, 18 con demencia
frontotemporal y 29 individuos sanos, indicé que la correlacion positiva entre la Ap(1-42)

y la TTR solo se observaba en los pacientes con AD (Hansson et al., 2009).

Esta reduccién en los niveles de TTR en el CSF, también se observé en el plasma de
pacientes de EA. Han et al utilizaron un ensayo ELISA para calcular los niveles de TTR
en plasma de 111 pacientes y confirmaron que habia una disminucién en los niveles de
TTR en plasma de estos pacientes en relacion a los de los controles, siendo
independiente de la edad del paciente (Han et al., 2011). Ribeiro et al que también
corroboraron estos resultados en pacientes con deterioro cognitivo leve y en pacientes
de EA, y ademas encontraron que los niveles en mujeres mostraban una mayor
disminucion de niveles de TTR respecto a la de hombres (Ribeiro et al., 2012;
Velayudhan et al., 2012).

Todos estos datos en personas apuntan a que la TTR pudiese tener un rol como

biomarcador en la deteccion precoz de la EA.
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Estudios en modelos animales de la EA: C. elegans y ratones

Ademas de las evidencias anteriormente descritas acerca del papel neuroprotector de
la TTR en la EA, se han realizado numerosos estudios en animales transgénicos como
modelos de la EA, entre ellos el gusano C. elegans (Link, 2005) y distintos tipos de

ratones.

Estudios realizados en ratones modelos de la enfermedad confirmaron el rol protector
de la TTR. Stein y Johnson evaluaron los perfiles de expresién génica en el hipocampo
y en el cerebelo de ratones transgénicos Tg2576 de 6 meses de edad. El raton Tg2576
sobreexpresa una forma mutante de la APP, la Swedish mutation APPsw, que causa un
aumento en los niveles de Ab en el cerebro). Tras un analisis inmunohistoquimico, los
resultados en los ratones Tg2576, mostraron un incremento en los niveles de TTR en
neuronas del hipocampo y cerebelo de 29.5 y 3.2 veces respectivamente, que no se
detectd en los ratones control. Por tanto, se sugiri6 que la sobreexpresion de AR,

activaba la expresion de genes, entre ellos el de TTR (Stein and Johnson, 2002).

En otros estudios, ratones Tg2576 fueron tratados con anticuerpos anti-TTR en el
hipocampo y como resultado se obtuvo un marcado incremento de los niveles de AR y
también un aumento de la fosforilacion de la proteina tau, de la apoptosis y de la pérdida
neuronal, resultados que apoyaban la neuroproteccion que ejercia la TTR (Stein et al.,
2004).

Otras estrategias, como la delecién del gen que codifica para TTR, mostraron también
un incremento y formacién de depdsitos de AR en el hipocampo y en el cortex de ratones
APPsw (Choi et al., 2007).

Se utilizaron diversos modelos de ratdn transgénico para el estudio del efecto de la
sobreexpresion de TTR sobre AB. Tras una evaluacion de las funciones cognitivas de
los ratones aplicando el test de Barnes, los resultados mostraron una mejora cognitiva
en los ratones APP23/hTTR. Sin embargo, cuando el gen de TTR era silenciado, los
ratones mostraban un deterioro neuroldgico acelerado. Ademas, a los 5.5 meses se
examinaron muestras del cortex y del hipocampo de los ratones APP23/hTTR y no se
detectaron depdsitos de AB. Se realizé también otro analisis de seguimiento a los meses
15 meses y las muestras dieron una tincioén de los depdsitos de AR significativamente

menor en comparacion a los ratones APP23. (Buxbaum et al., 2008).

Alemi y colaboradores investigaron el rol de TTR como transportador de A a través de
la BBB. Para ello utilizaron el modelo in vitro de células hCMEC/D3 de la BBB. Con estos

experimentos mostraron que TTR promovia la internalizacion y el flujo de AB, asi como
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el paso de AR de cerebro a sangre, pero no al revés. Tras este resultado, se postulo la
TTR como mediadora de la eliminacion (clearance) de AB a través de la LRP1 (Alemi et
al., 2016).

Estudios posteriores en neuronas de hipocampo y regiones corticales de ratones
modelos de la AD (ratones APP23), mostraron la presencia de ttr mARN (ARN
mensajero) y la proteina TTR, lo que sugiere que la TTR es sintetizada en las neuronas.
El mismo resultado fue observado en el andlisis de tejido neuronal humano con AD. El
incremento de la sintesis de TTR se ha asociado a la presencia de AR y precursores de
AB. Este mecanismo de respuesta refuerza el rol neuroprotector de TTR y el incremento
de los niveles de concentracién de TTR en CSF en edades avanzadas que regulan los
niveles de AB evitando su toxicidad (Li et al., 2011; Kerridge et al., 2014). Por lo tanto,
la reduccién o pérdida de la sintesis neuronal de TTR, podria ocasionar un mayor riesgo
de desarrollo de la AD (Li and Buxbaum, 2011).

Otro posible mecanismo propuesto mediante el cual TTR interfiere con la toxicidad de
AB, es la union de TTR al fragmento C99. Estudios de NMR mostraron una unién con
una estequiometria 1:1 y una KD = 8619 uM. En el estudio en cultivos celulares que
expresaban ambas proteinas se observé que la interaccion reducia la fosforilacion de
C99 y esto impedia la ruptura por una y-secretasa. Estos resultados indicaron que la
formacion de AB decrece en presencia de TTR, lo que sugeria un rol chaperona de TTR
al evitar la formacioén de los monémeros patogénicos de A tras su union a C99 y ABPP
(Lietal., 2016).

3.4. Estudios de la interaccién TTR/AB in vitro

La primera asociacion de la TTR con la EA fue cuando se observo que el CSF podia
inhibir la formacion de las fibras de AB in vitro. La TTR fue la tercera proteina de union
a AR identificada en CSF después de la ApoE y la Apod (Ghiso et al., 1993; Li &
Buxbaum, 2011).

Los primeros estudios estructurales de la interaccion TTR/AB fueron publicados en 1994
por Schwarzman et al. de la Universidad de Nueva York (Schwarzman et al., 1994).
Estos investigadores determinaron que la TTR era la proteina que mejor unia
(“secuestraba”) a AB en el CSF y sugirieron que esta interaccion seria la responsable
de la actividad bioldgica y de la eliminacion de AB. Calcularon las coordenadas del
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péptido ABR(1-28) correspondientes a la estructura en solucion obtenida a partir de los
datos de RMN 2D y un alineamiento simulado (distance geometry/simulated annealing). A
partir de estos datos y los de la estructura cristalografica de la TTR, ya conocida, con un
programa llamado GRASP construyeron el primer modelo computacional de la interaccion
TTR/AB (Figura 21).

Figura 21: Primer modelo computacional de la interaccion TTR/AB descrito en 1994. Los
monomeros del dimero estan en azul y verde. Las moléculas de AB en amarillo) (Schwarzman
et al., 1994).

Para simular esta unién, utilizaron la superficie de cada subunidad de TTR
independientemente. De este modo, obtienen una posible conformacion del complejo, que
en su union implican los residuos en la superficie de contacto de AB(1-28): Arg (5), Ser (8),
Gly (9), Val (12), His (13), GIn (15), Lys (16), Phe (19), Phe (20), Asp (23), Val (24), Asn
(27) y Lys (28); y en la superficie de contacto del dimero de TTR se sefialan los residuos:
Arg (34, 161), Ala (37, 164), Asp (38, 165), Thr (40, 167), Glu (42, 169), Glu (62, 189), Val
(65, 192) y Glu (66, 193) (el primer numero entre paréntesis indica el residuo de la primera
subunidad y el segundo numero es el residuos de la segunda subunidad). Este articulo

publicado en PNAS en 1994 acaba con la siguiente frase:

“The suggested structure of TTR-AS complex, furthermore, can provide a molecular basis
for the design of drugs that could prevent amyloid formation”. El disefio de farmacos

propuesto en 1994 es el tema principal de la presente tesis mas de 20 afios después.

Diez afios después de la publicacion del trabajo de Schwarzman, diferentes grupos de
investigacion trataron de averiguar cual era el mecanismo por el cual TTR interferia con la

agregacion de AB. Entre ellos, los grupos de la Dra. R. Murphy en la Universidad de
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Wisconsin (USA), el de la Dra. R Cecchi en la Universidad de Milan y el de J.N. Buxbaum
en Scripps Research Institute, en la Jolla. A continuacién, sefialaremos las aportaciones

mas interesantes de estos grupos:

En 2006 Liu y Murphy examinaron el tamafio y la morfologia de los agregados mediante
microscopia TEM asi como Dispersion estética y dinamica de la luz (Static and Dynamic
light scattering: DLS), llevaron a cabo la cinética de la agregacion de AB en presencia de la
TTR. Segun los autores, la TTR se unia de forma preferente al mondémero de AB inhibiendo
su agregacion. Es la primera vez que se estimé un valor para la union entre TTR y AB, se
calculé una constante de asociacion de Ks=2300 M* (L. Liu & Murphy, 2006). En 2008,
Costa y colaboradores, calcularian Kd mediante un ensayo de competicién utilizando *2°I-
WT TTR, obteniendo un valor de Kd de 28 nM (R. Costa, Gongalves, Saraiva, & Cardoso,
2008).

Liu y Murphy utilizaron experimentos de apantallamiento (quenching)de la fluorescencia por
triptéfano para averiguar el sitio de union de AB. El mondmero de TTR contiene dos residuos
de triptéfano, el Trp4ly el Trp79, segun la estructura cristalogréafica de la TTR el Trp41 se
encuentra parcialmente expuesto y Trp79 esta enterrado (buried). Dado que se observé un
apantallamiento (quenching) se postulé que la interaccion de TTR con AB se encontraba
cerca del residuo Trp4l (L. Liu & Murphy, 2006), residuo cercano a las secuencias de

interaccion propuestas en los estudios previos de Schwarzman (Schwarzman et al., 1994).

Los experimentos de DLS mostraron una reduccion drastica en la longitud de las especies
de AR formadas en presencia de TTR y este efecto era mayor al incrementar la cantidad de
TTR, La técnica de TEM se utilizé para caracterizar la morfologia de las especies formadas.
El resultado indic6 que, en presencia de TTR, las especies no eran amorfas, sino que,
mantenian una estructura linear. Esta observacion soporta la hipotesis de que TTR interfiere
con la elongacién de AB, pero no la formacién de estructuras iniciales (L. Liu & Murphy,
2006).

Por otro lado, el grupo de Buxbaum empleando la técnica de Resonancia de plasmon
superficial (SPR) observé que el tetramero de TTR se une tanto a la AB(1-40) como a la
AB(1-42), aunque con mayor afinidad a AB(1-42). En estos experimentos, TTR mostrd
mayor afinidad por la forma agregada de AB que por el mondémero. La unién de TTR a AB

era mas favorable a 37°C que 25°C. Mediante experimentos de dispersion de la luz (Light

54



scattering) el tetrdmero de TTR mostr6 mayor afinidad por formas agregadas de A, pero

no por fibras (Buxbaum et al., 2008).

En 2013, Liy colaboradores emplearon una serie de técnicas, como la ITC, para determinar
la estequiometria de la interaccion TTR/AB, y la RMN, para caracterizar en solucion la zona
de union in vitro. El valor estimado para Kd, 24 uM (Figura 22A), diferia sustancialmente de
los valores anteriormente descritos en la literatura, el descrito por Liu and Murphy, obtenido
por apantallamiento (quenching) de la fluorescencia de Trp (KS at 2300 M?) y el otro
descrito por Costa y colaboradores, obtenido utilizando ensayos unién competitiva (Kd = 28
nM). Los estudios de NMR sugerian que la zona de union sera la zona de la TTR de union
a T4 y la zona adyacente, confirmando otros datos de la literatura (J. Du, Cho, Yang, &
Murphy, 2012; Yang, Joshi, Cho, Johnson, & Murphy, 2013).

Cascella y colaboradores de la Universidad de Florencia incubaron diferentes oligobmeros
AB(1-42) en presencia de TTR y demostraron que in vitro la TTR neutralizaba de forma
eficiente la toxicidad de los AB oligdbmeros y esto ocurria tras la conversion de los oligdmeros
en otras especies mas grandes (Cascella et al., 2013). La unién de TTR a las especies
oligoméricas como mecanismo de neuroproteccion fue sugerido también en el estudio de
Yang et al. (Yang et al., 2013).

A

TTR Kp (uM) AH (kcal/maol) - TAS (kcal/mol) N
huTTR 24+12 -57+1.9 -0.8+19 0902
B

AB monomer

Figura 22. A) Perfil termodinamico de la interaccion TTR/AB (1-40); B) Zona de interaccion de la AB
con la TTR propuesta por (Li et al., 2013).
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3.5. Mecanismo de interaccién dela TTR con AB

A pesar de conocerse que la TTR interferia en la agregacién de la AB para formar agregados
no fibrilares, el mecanismo todavia no era conocido. Fue en 2018, durante la realizacion de
la presente tesis doctoral que aparecié el primer articulo en el que se trataba esta cuestion,
en concreto del grupo del Dr. Olofsson de la Universidad de Umed en Suecia. Dos afios
después, en 2020, apareci6 el segundo articulo que estudiaba este mismo mecanismo. Esta
investigacion provenia de la colaboracion de dos grupos, el de TPJ Knowles en Cambridge
(UK) y el de F. Chiti de la Universidad de Florencia (ltalia).

El grupo de Olofsson se propuso como obijetivo elucidar el mecanismo por el cual la TTR
ejercia su funcién y queria averiguar si éste era modulable. Demostraron que la TTR no
afectaba de forma significativa la elongacién de las fibras. Sin embargo, la TTR interferia
directamente en la formacion de los nucleos de oligdbmeros. Esta interferencia podia
modularse alterando las condiciones de la nucleacion y de la elongacién. Ademas, sin
cambiar la concentracion de TTR o de AR, la actividad de TTR podia pasar de

completamente inefectiva a pasar a ser una inhibicién casi completa.

Técnicas de fluorescencia de tioflavina T mostraron que la TTR retarda la etapa de latencia
y elimina el proceso de formacion de fibras. Para dar respuesta al rol de TTR, se sugiere

gue interfiere en 4 procesos (Ghadami et al., 2020; Nilsson et al., 2018):

Asi pues, la TTR posee la capacidad de interferir en la agregacion de AB y esta controlada
por dos reacciones que compiten, la formacion de los nicleos oligoméricos y la velocidad
a la que la TTR puede inhibir su formacion. Como consecuencia, los nucleos oligoméricos
o bien pueden dar lugar a un ensamblaje fibrilar (via amiloide) o convertirse en formas NO

amiloides por la actividad de la TTR (via no amiloide) (Figura 23)
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Figura 23. Esquema de los posibles procesos sobre los que actlla TTR durante la agregacién
de AB (Nilsson et al., 2018).

En 2020, apareci6 la segunda publicacién sobre el mecanismo de accién de la TTR en la
agregacion de AR, utilizando diversas técnicas biofisicas describieron cuales eran los pasos
implicados a nivel microscopico en el proceso de agregacion de la AB en presencia de TTR
(Ghadami et al., 2020). Segun estos investigadores, la TTR inhibia unos pasos especificos
de la agregacién de Ap, es decir inhibia mayoritariamente la nucleacién primaria y en parte
la nucleacion secundaria. Ademas, observaron que esta inhibicibn no afectaba a la

elongacion de las fibras (Figura 24).
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Figura 24: Mecanismo de accién de la TTR en la agregacion de AB a nivel microscopico
(Ghadami et al, 2020)
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Los experimentos de fluorescencia de Tioflavina T de la agregacion del péptido AB(1-40)
en presencia de TTR a diferentes proporciones TTR/AB40 (Figura 25), se realizaron en
ausencia y en presencia (entre un 2 y un 25%) de oligémeros preformados de AB(1-40)

como semillas (“seeds”) de la agregacion.
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Figura 25: Ensayos de fluorescencia de Tioflavina T de la agregacion del péptido AB(1-40) en
presencia de TTR a diferentes proporciones TTR/Ab40. (en condiciones fisioldgicas, 150 mM
NaCl) (Ghadami et al., 2020).

En resumen, estos investigadores demuestran que a nivel microscoépico tanto la nucleacion
primaria como la secundaria son inhibidas por la TTR, este es un mecanismo importante de
la TTR en la agregacion de AB. La TTR se une a los oligbmeros de AB e inhibe la conversion
de los oligbmeros a fibras y esto tiene un efecto dual, ya que limita la toxicidad de los

oligbmeros y a su vez evita que los agregados proliferen con el tiempo.
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3.6. Estudios en nuestro grupo de la interaccion TTR/AB y su relaciéon con la

enfermedad de Alzheimer

Nuestro grupo habia trabajado en otro proyecto de descubrimiento de farmacos dirigido a
las amiloidosis relacionadas con la TTR. En este proyecto participaban cuatro grupos de
investigacion: el del Dr. A. Planas en el IQS-URL, el del Dr. J. Quintana de la Plataforma de
Drug Discovery del Parc Cientific de Barcelona (PCB) de la UB en estrecha colaboracion
con el grupo de investigacion de la Dra. M. R. Almeida y la Dra. M. J. Saraiva del Instituto
de Investigacdo e Inovagdo em Saude (I3s) de la Universidad de Porto en Portugal. Dos

aportaciones clave del trabajo del consorcio investigador en este proyecto fueron:

a) El desarrollo de un ensayo de cribado de alto rendimiento para poder seleccionar
entre una coleccién de moléculas pequefias inhibidores de la agregacion de la TTR
(Dolado et al., 2005).

b) Una base de datos con mas de 900 moléculas estudiadas entre las que se encuentra
nuestro compuesto lider, el iododiflunisal (IDIF) (Cotrina et al., 2013; Mairal et al.,
2009; Vilaro et al., 2015).

En el mismo Instituto i3S, el grupo de investigacion de la Dra. |. Cardoso estaba
investigando el papel de la TTR en la fibrilogénesis de AB y en la toxicidad de la interaccion.
En 2008, este grupo demostré que la TTR se unia con la misma afinidad de unién tanto al
mondmero soluble como a los oligdbmeros y a las fibras (Kd, 28 nM) (Figura 26). La TTR
neutralizaba la toxicidad de A, inhibia la oligomerizacion de AP e interferia en el proceso

de formacién de fibras (Costa et al., 2008).

El efecto de distintas mutantes de TTR en la uniéon de TTR a AB habia sido investigado en
2004 por Schwarzman et al, quienes sintetizaron mas de 40 mutantes recombinantes de
TTR y demostraron mediante diferentes técnicas in vitro que estas mutantes se unian de
manera diferente a AB. Las mutantes E42GTTR y la L55P, unas variantes muy

amiloidogénicas, no se unian a AR (Schwarzman et al., 2004).

El grupo de Cardoso investigdé también la interaccion de diferentes mutantes de TTR en la
interaccion con AB. Obtuvo la siguiente clasificacion segun la fuerza de uniéon a AB:T119M
TTR > WT > V30M P Y78F > L55P, lo que indicaba que cuanto mas amiloidogénica era la
variante, menor era la interaccion con el péptido AB. Dado que el potencial amiloidogénico
correlaciona negativamente con la estabilidad tetramérica, estos resultados sugerian que a

menor estabilidad de la TTR, la interacciéon TTR/AB era también menor. La variante L55P
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TTR no inhibia la toxicidad en cultivo. Estos estudios sugerian que la especie necesaria
para la interaccion era el tetramero. Por otra parte, se sabia que la estabilizacién genética
de la TTR (debido a la presencia del alelo T119M que la hace muy estable) esta asociada
con un menor riesgo de enfermedad cardiovascular y con un aumento en la esperanza de
vida en la poblacion general. Este hecho apoyaba la idea de la importancia de la estabilidad
del tetramero en la actividad biolégica de la TTR (Hornstrup, Frikke-Schmidt, Nordestgaard,
& Tybjaerg-Hansen, 2013; Ribeiro, Saraiva, & Cardoso, 2012).
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Figura 26. Caracterizacion de la interaccién TTR-AB. (A) Unién de '?%I-WT TTR a AR soluble
con una Kd de 28 + 5 nM. (B) Union de '?I-WT TTR a diferentes especies amiloidogénicas de
AB.

Para probar que la estabilidad de la TTR era un factor clave en la interaccion entre la TTR
y el péptido AB, el grupo de la Dra. Cardoso investigd el efecto de determinados
estabilizadores del tetramero de la TTR en la unién de TTR con AB. Tras los ensayos
concluyeron que un grupo de estabilizadores, entre los que se encuentra el IDIF nuestra
molécula lider (Figura 27), era capaz de aumentar la unién de la TTR a AB (Ribeiro et al.,
2012).
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Figura 27. Compuestos estabilizadores de la TTR que potencian la unién de TTR a AB: acido
2-[(3,5-diclorofenil)amino]benzoico  (DFPA); acido 2-[(3,5-difluorofenil)amino]benzoico
(DCPA); dinitrofenol, resveratrol, lododiflunisal (IDIF).
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Tras estos resultados, se selecciond el IDIF para evaluar el efecto in vivo en un modelo de
ratén de la EA caracterizado en el 13s en Portugal (ABPPswe/PS1A246E con dos copias o
una copia del gen de la TTR, AD/TTR+/+ o AD/TTR+/+, respectivamente). En este modelo,
la formacion de depésitos de AP tiene lugar a partir de los 6 meses de edad, por lo que el
tratamiento oral con IDIF se inicié a los 5 meses y tuvo una duracion de 2 meses. En primer
lugar, se corrobor6 que IDIF se unia a la TTR en plasma. El andlisis de las muestras de
CSF de ratones indicé que IDIF, tenia la habilidad de traspasar la BBB. El resultado mas
destacable fue que el tratamiento de los ratones AD/TTR+/- con IDIF reducia los niveles
de AB y la formacion de depositos de AB, ademas los ratones mostraron una mejora en la
respuesta cognitiva y la memoria. Estas mejoras no se observaron en animales AD/TTR+/+.
Por otra parte, los niveles de AB en plasma de ratones AD/TTR+/- se habian reducido, lo
que sugeria que la TTR podria promover la eliminacién de la AR desde el cerebro a la
periferia (Ribeiro et al., 2014).

En resumen, este estudio in vivo fue el punto de partida del proyecto de descubrimiento de

farmacos en el que se enmarca la presente tesis doctoral.
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Marco de trabajo

La presente tesis doctoral se enmarca en un proyecto multidisciplinar de descubrimiento
de f&rmacos para el Alzheimer titulado “Programa de cribado racional de compuestos
estabilizadores de la union transtiretina-Af como potenciales farmacos moduladores de la

enfermedad de Alzheimer”, financiado por la Fundacié Maraté de TV3.

El objetivo principal del proyecto de descubrimiento de farmacos era doble. Por una parte,
investigar los mecanismos moleculares de la funcién neuroprotectora de la TTR y los de la
modulacion por parte de moléculas estabilizadoras del tetrdmero de la TTR. Ademas,
descubrir nuevos estabilizadores con el mismo comportamiento chaperona que nuestra

molécula lider el lododiflunisal (IDIF).
El consorcio investigador estaba formado por cinco grupos de investigacion:

- Dra. I. Cardoso del Institute for Molecular Biology and Cell Biology (IBMC) del i3S-Instituto
de Investigacdo e Inovacdo em Saude de la Universidad de Porto (Porto, Portugal), para
estudios bioldgicos in vitro e in vivo;

- Dr. J. Llop del CIC BiomaGUNE en San Sebastian, para los estudios de imagen molecular
in vivo con animales modelo de la enfermedad,;

- Dr. J. Jiménez-Barbero CIC BioGUNE en Bilbao, para estudios de biologia estructural;

- Dr. J. Quintana de La Plataforma de Drug Discovery del Parc Cientific de Barcelona (PCB)
en la Universidad de Barcelona, para los estudios computacionales;

- Y la Dra. G. Arsequell, coordinadora del consorcio, del Institut de Quimica Avancada de

Catalunya IQAC-CSIC (Barcelona) para los estudios en quimica médica.

Con el objetivo del descubrimiento de nuevas moléculas que potenciaran la union TTR-ApB,
se implement6 una plataforma de cribado virtual de moléculas (Dr. J. Quintana). Tras la
seleccidn virtual se llevé a cabo un cribado biolégico con una bateria de tests in vitro (Dr. .
Cardoso). Al mismo tiempo se realizaron estudios estructurales de la interaccion TTR/AB y
de la modulacién de la interaccién con nuestra molécula lider, el lododiflunisal.
Paralelamente estudios in vivo (Dr. J. Llop) con nuestra molécula lider el IDIF mostraban
que éste aumentaba la permeabilidad de la TTR en la barrera hematoencefalica y ademas
el tratamiento oral de los ratones con IDIF a lo largo del tiempo reducia la amiloidosis
cerebral. Con estos resultados y para completar este proceso de descubrimiento de

farmacos era esencial desarrollar y validar un ensayo in vitro, de forma que permitiese
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evaluar las moléculas seleccionadas por la combinacién de cribado computacional y
ensayos in vitro biolégicos. El cribado in vitro y estudios complementarios eran necesarios
para poder priorizar una lista de nuevas chaperonas como nuestra molécula lider el
lododiflunisal (IDIF) (Esquema 2).
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Esquema 2. Proyecto de descubrimiento de farmacos financiado por la Fundacién Maraté de
TV3.

Aportaciones del grupo en el proyecto de descubrimiento de farmacos

Cabe destacar que durante el desarrollo de la presente tesis doctoral nuestro consorcio

publica los siguientes trabajos (apartado de Anexos).

Gimeno, A., Santos, L.M., Alemi, M., Rivas, J., Blasi, D., Cotrina, E.Y.,
Llop, J., Valencia, G., Cardoso, |., Quintana, J., Arsequell, G., Jiménez-

EgingSURALES Barbero, J. Insights on the Interaction between Transthyretin and AB in
INTERACCION Solution. A Saturation Transfer Difference (STD) NMR Analysis of the Role
TTRIA of lododiflunisal. J. Med. Chem. 2017, 60(13), 5749-5758. DOI:

10.1021/acs.jmedchem.7b00428.

Rios, X., Gémez-Vallejo, V., Martin, A., Cossio, U., Morcillo, M.A., Alemi, M.,
Cardoso, |., Quintana, J., Jiménez-Barbero, J., Cotrina, E. Y., Valencia, G.,
Arsequell, G., Llop, J. Radiochemical examination of transthyretin (TTR) brain
penetration assisted by iododiflunisal, a TTR tetramer stabilizer and a new
candidate drug for AD. Sci. Rep. 2019, 9 (1), 13672. DOI: 10.1038/s41598-019-

ESTUDIOS IN VIVO 50071-w
CON IDIF Rejc, L; G6 Vallejo, V.; Rios, X.; Cossio, U.; Baz, Z.; Mujica, E.; Gigo, T,
EN RATONES ejc, L, Gémez-Vallejo, V.; Rios, X.; Cossio, U.; Baz, Z.; Mujica, E.; Gigo, T,

Cotrina, E.Y.; Jiménez-Barbero, J.; Quintana, J; Arsequell, G.; Cardoso, |.; Llop,
MODELOS DE LA EA J. Oral treatment with iododiflunisal delays beta amyloid plaque formation in a
transgenic mouse model of Alzheimer Disease: a Longitudinal in vivo molecular
imaging study. J. Alzheimer’s Dis. 2020 (Pub Date : 2020-08-10). Dol:
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Estudios estructurales interaccion TTR/AB

La caracterizacion a nivel molecular de la interaccion entre TTR y AB fue desarrollada por
el grupo del Prof. J Jiménez-Barbero (CIC BioGUNE). Para este estudio estructural se utilizé
la proteina recombinante TTR y diferentes secuencias cortas de péptidos AR, todas ellas
preparadas en esta tesis doctoral. Se aplicaron diferentes técnicas de NMR y estos estudios

se complementaron con estudios computacionales de modelizacién molecular.

Se estudié la interaccion de diferentes secuencias peptidicas de AR con la TTR,
identificandose el péptido AB(12-28) como el péptido de unién a TTR. Mediante técnicas de
STD-NMR se descubrié que la secuencias especificas de reconocimiento en la AB(12-28)
eran los residuos hidrofébicos V18-F19-20. La union de TTR a AB fue también caracterizada
en presencia de dos estabilizadores de la TTR, el EGCG y nuestra molécula lider el IDIF.
EGCG interferia con la unién del péptido AB(12-28) mientras que IDIF no mostro
interferencia en la formacién del complejo ternario. De los estudios de NMR en combinacion
con los protocolos de modelizacibn molecular se obtuvo el primer modelo virtual de la

interaccion TTR/AB en presencia de IDIF (Gimeno et al., 2017).

COMPUTATIONALMODEL

Fl.lmlm.ifJ . =
La Maraté de TV3
Project 20140330-31-32-33-34 AB TTR-AB COMPLEX

Figura 28. Modelo de interaccion de TTR/AB obtenido (Gimeno et al., 2017).
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Estudios in vivo con IDIF en modelos animales de la EA

Los estudios in vivo los llevaron a cabo el grupo del Dr. J. Llop (CIC BiomaGUNE) y el de
la Dra. I. Cardoso (i3S).

En primer lugar, se estudio la biodistribucion del IDIF in vivo utilizando ratones de
laboratorio. Se sintetizaron para ello el IDIF y la TTR marcados con yodo radiactivo (**!1) y

se prepararon dos tipos de complejos radiactivos TTR/IDIF.

Tras su administracion intravenosa en ratones, se utilizaron técnicas ex vivo e in vivo, para
el estudio de la biodistribucién de las distintas especies. Los resultados indicaron que la
TTR tiene la capacidad de cruzar la BBB y que el complejo de TTR con IDIF aumenta su

permeabilidad a través de la BBB. (Rios et al., 2019).

Posteriormente, se llevd a cabo el estudio longitudinal de la eficacia in vivo de dos
estabilizadores en ratones modelos de la EA mediante estudios de imagen molecular. Los
animales modelos de la EA fueron suministrados por el grupo de la Dra. Cardoso del 13S
(ABPPswe/PS1A246E/TTR+/-). Para el estudio un grupo de animales fueron tratados con
nuestro estabilizador de la TTR, el IDIF; un segundo grupo con Tolcapone, un estabilizador
de la TTR que es un farmaco para Parkinson, y un tercer grupo fue el grupo control (sin

tratamiento).

La sintomatologia y progresion de la EA en este modelo animal empieza a los 5 meses,
momento que se inicid el tratamiento y duré hasta los 14 meses de edad. En la evaluacién
se aplicé la técnica de imagen molecular PET empleando el radiofarmaco [*8F]-florbetaben,
que permite identificar los depdsitos de AB en el hipocampo y en la corteza cerebral. El
estudio se completé con analisis inmunohistoquimico a los 14 meses. Estos resultados
mostraron por primera vez que tras administracion in vivo del IDIF, una molécula
estabilizadora de la TTR, se retrasé la formacion de depdsitos de AB en el hipocampo del

cerebro de animales modelo de la EA (Rejc et al., 2020).
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Objetivos de esta tesis

Existen numerosos estudios in vitro e in vivo, tanto de nuestro grupo como de otros grupos
internacionales, que avalan la implicacion de la proteina transtiretina (TTR)en la
patogénesis de la enfermedad de Alzheimer. Actualmente no existe ningun farmaco que
modifique el curso de la enfermedad de Alzheimer. Los farmacos hoy en dia disponibles tan
solo tratan los sintomas.

Esta tesis se ha desarrollado en el marco de un proyecto multidisciplinar financiado por la
Fundacién Marat6 de TV3, para el descubrimiento de farmacos para la enfermedad de
Alzheimer, y que tiene como diana terapéutica la transtiretina.

Los objetivos generales son:

a) Estudiar la interaccion entre la TTR y los péptidos Abeta amiloides y en particular
estudiar el efecto potenciador de esta interaccion con moléculas pequefias
estabilizadoras del tetramero de la TTR, como el lododiflunisal (IDIF), que es nuestro
compuesto lider.

b) Descubrir nuevas moléculas pequefnas, chaperonas de la interaccion TTR/Abeta,
que como el lododiflunisal, sean candidatos a farmacos modificadores de la
enfermedad de Alzheimer.

Objetivos especificos:
Articulo |

Optimizar la produccion de proteina recombinante humana TTR para obtener cantidades
suficientes para su uso en estudios de cribado de alto rendimiento de moléculas pequefias.

Articulo I

Investigar las bases estructurales de las interacciones entre la TTR y diferentes péptidos
amiloides, mediante estudios biofisicos que permiten analizar el efecto de estabilizadores
de la TTR en la potenciacion de esas interacciones.

Articulo Il

Disefiar un ensayo in vitro para el cribado de alto rendimiento (HTS, High Throughput
Screening) de moléculas pequefias, como potenciales chaperonas de la interaccion
TTR/Abeta.

Articulo IV

Descubrir nuevas chaperonas de la interaccion TTR/Abeta, mediante el cribado de alto
rendimiento de una serie de moléculas pequefias, estabilizadoras de la TTR, que han sido
propuestas por nuestro consorcio en este proyecto de descubrimiento de farmacos para la
enfermedad de Alzheimer.
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Articulos V y VI

Descubrir nuevas moléculas pequefas estabilizadoras del tetramero de la TTR. Nuevos
inhibidores de la agregacion de la TTR, como candidatos para el tratamiento de las
amiloidosis relacionadas con la TTR.

La produccién de WtITTR y la mutante Y78F, asi como los estudios de agregacion mediante
turbidimetria, se han realizado en el Laboratorio de Bioquimica del Instituto Quimico de
Sarriad (IQS-URL). Los estudios de Isothermal Titration Calorimetry (ITC) se han realizado
en el laboratorio de los Centros Cientificos y Tecnolégicos de la Universidad de Barcelona,
y los estudios de agregacion mediante ensayos de fluorescencia con Tioflavina T se han
llevado a cabo en la Facultad de Farmacia y Ciencias de la Alimentacion de la Universidad
de Barcelona.
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Abstract: Human transthyretin (hTTR), a serum protein with a main role in transporting thyroid
hormones and retinol through binding to the retinol-binding protein, is an amyloidogenic protein
involved in familial amyloidotic polyneuropathy (FAP), familial amyloidotic cardiomyopathy,
and central nervous system selective amyloidosis. hTTR also has a neuroprotective role in Alzheimer
disease, being the major AB binding protein in human cerebrospinal fluid (CSF) that prevents
amyloid-B (Ap) aggregation with consequent abrogation of toxicity. Here we report an optimized
preparative expression and purification protocol of hTTR (wt and amyloidogenic mutants) for
in vitro screening assays of TTR ligands acting as amyloidogenesis inhibitors or acting as molecular
chaperones to enhance the TTR:A{ interaction. Preparative yields were up to 660 mg of homogenous
protein per L of culture in fed-batch bioreactor. The recombinant wt protein is mainly unmodified at
Cys10, the single cysteine in the protein sequence, whereas the highly amyloidogenic Y78F variant
renders mainly the S-glutathionated form, which has essentially the same amyloidogenic behavior
than the reduced protein with free Cys10. The TTR production protocol has shown inter-batch
reproducibility of expression and protein quality for in vitro screening assays.

Keywords: transthyretin; recombinant expression; fed-batch culture; protein yield; protein-ligand
interactions; protein-protein interactions; amyloid diseases

1. Introduction

The availability of large amounts of proteins that have potential biomedical applications is often
limited in the initial steps of research. Particularly demanding is the setup of in vitro screening
programs to investigate protein-protein interactions, ligand binding and other properties to evaluate
their potential as pharmaceutical agents [1,2]. This is the case of amyloidogenic proteins involved in
several degenerative diseases such as Alzheimer’s, Parkinson’s, and Huntington’s diseases, spongiform
encephalopathies and familial amyloidotic polyneuropathies [3].

Human transthyretin (hTTR) is a 55 kDa homotetrameric serum protein with a main role in
transporting thyroid hormones (T4 and T3) and retinol through binding to the retinol-binding protein
(RBP) [4,5]. It is involved in pathologies such as senile systemic amyloidosis (SSA) and familial
amyloidotic polyneuropathy (FAP), the latter being an autosomal dominant lethal disease in which
amyloid fibrils are mostly constituted by mutant TTR variants [6-8], TTR cardiac amyloidosis [9]
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and other TTR-related cerebral amyloidosis [10]. One of the therapeutic strategies to ameliorate the
progress of TTR-associated amyloidosis is the stabilization of the soluble tetrameric form of the protein
to prevent aggregation and fibril formation [11-13]. Several screening programs have evaluated
different classes of small-molecule ligands able to inhibit the amyloidogenic process at some stage.
To date, only two small molecules, the orphan drug Tafamidis [14] and the NSAID diflunisal [15,16],
have obtained approval for clinical use [17]. Tafamidis (Vyndagel, Pfizer Inc., New York, NY, USA)
is the only TTR tetramer stabilizer approved for use in patients with TTR polyneuropathy [18] and
in patients with transthyretin amyloid cardiomyopathy [19,20]. The drug Tolcapone (registered as
TASMAR), an orally active catechol-O-methyltransferase (COMT) inhibitor approved for Parkinson’s
disease, is also an efficient TTR tetramer stabilizer and has been repurposed for FAP [21,22] and for
cerebral amyloidosis [23]. Recently, the small-molecule AG10, a potent and highly selective TTR
stabilizer that was designed to mimic the structural influence of the protective T119M mutation [24] is
now in phase 3 trials [25]. Another interesting molecule is the palindromic molecule mds84 now in
preclinical development [26].

hTTR has also shown to have a neuroprotective role in Alzheimer disease (AD). AD is a
multifactorial neurodegenerative disorder [27] characterized by the formation and deposition of
amyloid-p peptide (Af), the formation of neurofibrillary tangles in the brain [28,29], and by synaptic
dysfunction accompanied with neuroinflammation [30,31]. TTR is the major Af binding protein in
human cerebrospinal fluid (CSF) [32] that prevents A3 aggregation with consequent abrogation of
toxicity [33-36].

Studies aimed at finding TTR ligands acting as amyloidogenesis inhibitors for therapeutic
intervention in TTR-associated amyloidotic polyneuropathies or acting as molecular chaperones to
enhance the TTR:A( interaction and improve the neuroprotective effect in AD do require large amounts
of hTTR protein to conduct in vitro screening assays. TTR expression in recombinant Eschericchia coli
is often hampered by low production yields. Few studies have reported to achieve high cell density
cultures with moderate recombinant TTR productivity. The first protocols produced secreted protein
into the culture medium to facilitate purification but with low production yields, in the range of 5 mg/L
in flask cultures [37,38]. Intracellular expression improved production yields of purified protein after
two chromatographic steps to 60 mg/L of culture. Other protocols were aimed at improving the
purification process by the addition of tag extensions for affinity chromatography in the purification
protocol with yields of 130 mg/L of culture [39], but the additional enzymatic steps to release the native
protein lowered productivity and raised production costs [40]. We reported the production of native
human TTR where a single N-terminus methionine was added for recombinant expression in E. coli
cells as compared to the native sequence of mature human TTR after signal peptide processing with
production yields of purified protein in the range of 150 mg/L [41]. Here, we optimize the production
strategy initially developed in flask cultures and adapt it to fed-batch bioreactor production.

2. Results and Discussion

2.1. Culture Medium and Induction Conditions

The gene coding for human TTR was cloned in a pET38b vector for high protein expression
where no tags and just an N-terminus methionine was added in order to express the closest form to
mature human TTR [41]. Here, we analyze the expression and purification of wt TTR and the highly
amyloidogenic Y78F mutant with the objective of defining a standardized protocol for high protein
expression and purification of homogeneous protein with >98% purity.

Our initial protocol for recombinant expression in flask cultures used rich Luria broth (LB) or
2X YT medium supplemented with kanamycin and IPTG induction at 37 °C [41]. When modifying the
inductor concentration and post-induction temperature, best results in terms of final TTR yield and
reproducibility were obtained when the culture medium was inoculated with an overnight culture
of fresh E. coli transformants and cells were grown at 37 °C until an OD600 of 0.6 before induction
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(Figure 1A). IPTG induction at final concentrations of 0.3 or 1 mM gave essentially the same results but
lowering the post-induction temperature to 30 °C and extending the growth up to 14-16 h gave the best
results. The harvested cells by centrifugation were directly used for protein purification (see below).
After purification, average protein yields were in the range of 60 to 200 mg/L of culture (wt, Y78F and
other mutant variants).
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Figure 1. (A) Induction time for transthyretin (TTR) expression in flask cultures. SDS-PAGE of protein
fractions after partial purification by anion exchange chromatography from cultures induced with
IPTG. Lanes: M: molecular weight marker, 1. no IPTG induction (no TTR expression), 2. Induction at
late exponential phase, 3. mid exponential phase, 4, beginning of the exponential growth. M: monomer,
D: dimer. (B) MALDI-TOF MS and SDS-PAGE of purified wtTTR. (C) MALDI-TOF MS of Y78F TTR
(left) and reduced Y78F TTR (right).

2.2. Production in Fed-Batch Bioreactor

To adapt the protocol for expression in a bioreactor, an optimized defined medium (DM) for E. coli
BL21(DE3) cells was used [42]. A fed-batch strategy in a 10 L bioreactor was optimized. The first
strategy consisted of an initial batch growth at 37 °C in DM supplemented with 25 g/L glucose until
glucose was consumed (about 6 to 8 h incubation) followed by a fed-batch step for 7 h at 37 °C with
glucose in DM medium. Feeding was controlled by the level of dissolved oxygen (dO2) to keep it at
5-10%, and the pH was maintained constant at 7.0 by addition of ammonium hydroxide. Induction by
IPTG was performed stepwise, with a first addition to 0.4 mM IPTG after 2 h from the beginning of the
fed-batch, and two subsequent additions at 3 and 5 h to reach a total added concentration of 1 mM.
Under these conditions, the cultures reached an OD of 30, and the production of isolated protein after
purification was about 500 mg/L of culture.
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Higher cell densities in the fed-batch step were obtained with an enriched feeding medium
composed of DM with 25 g/L glucose supplemented with tryptone (8 g/L) and yeast extract (5 g/L).
The fed-batch started when the initial glucose was consumed and IPTG at a final 1 mM concentration
was added at the beginning of the fed-batch in a single addition. The fed-batch lasted 4.5 h before
harvesting the cells. After purification (see below), the final production yield was 660 mg/L of culture
for the Y78F mutant hTTR. The final protocol described in the Materials and Methods section was
reproducible for the wt and different TTR mutants, with average production yield of purified proteins
in the range of 200-660 mg/L of culture, depending on the protein variant. This is the highest reported
production yield for recombinantly expressed hTTR enabling the application of screening protocols
that demand high amounts of protein.

2.3. Protein Purification

The cells harvested by centrifugation (either from flask or bioreactor cultures) were lysed
by sonication or with a cell homogenizer (in the case of large cultures). After centrifugation,
the supernatant was subjected to fractional ammonium sulfate precipitation (40, 55 and 85% (NH4)2504).
TTR precipitated in the third fractions (between 55 and 85%). The precipitate was dissolved in Tris
buffer and dialyzed against the same buffer. The first chromatographic step was anion exchange
chromatography with Q-Sepharose at pH 7.6. At this high pH, about 2 pH units above the TTR
isoelectric point (calculated pl of 5.4), the pH may vary from 7.2 to 8.0 with no effect on final protein
yields. In the standardized protocol (see methods) TTR was eluted with a gradient from 0.1 to 0.5 M
NaCl in Tris buffer pH 7.6. The combined TTR-containing fractions were extensively dialyzed and
lyophilized. The lyophilization step was introduced after checking that it did not affect the properties of
the final protein (solubility, amyloidogenic behavior) since it simplifies the concentration of the diluted
protein before gel filtration chromatography. The lyophilized protein was dissolved in a small volume
of Tris buffer pH 7.6, 0.1 M NaCl and loaded into a Superdex 75 gel filtration column. The eluted
protein was dialyzed against water and lyophilized for storage and dissolved in the corresponding
buffer before use.

2.4. Protein Quality Assessment

The quality and performance of the different protein batches (wt and Y78F mutant hTTR) was
assessed by SDS-PAGE electrophoresis, MALDI-TOF mass spectrometry, and a fibrillogenesis assay.

Native TTR is an homotetramer that appears as a dissociated monomer with traces of dimer under
standard SDS-PAGE conditions with a loading buffer containing 2% (w/v) SDS and heating the samples
at 100 °C for 2 min. An example of purified protein after the expression and purification protocol is
shown in Figure 1B for wt TTR.

Native hTTR occurs in vivo as a very heterogeneous protein due to post-translational modifications
(PTM) at Cys-10, the single Cys residue in the protein sequence. It has been reported that only around
10-15% of the circulating TTR in plasma remains unmodified at Cys-10, finding S-sulfonation (S-Sulfo),
S-glycinylcysteinylation (5-CysGly), S-cysteinylation (5-Cys) and S-glutathionylation (S-GSH) as
the most prevalent forms [43-45]. Despite carrying out protein expression in E. coli, the produced
proteins, both wt and Y78F mutant, were modified at Cys-10. Figure 1B,C show two examples of
MALDI-TOF mass spectra of representative batches of wt and Y78F hTTR. The wt protein consistently
gives the unmodified form as the main component with minor glutathionated protein (S-GSH).
However, the Y78F mutant produces mainly the glutathionated form and the S-Cys, S-Sulfo and cysteic
acid forms as minor components. Treatment of Y78F hTTR with DTT reduces the S-GSH form to free
TTR as shown in Figure 1C.

The amyloidogenic capacity is used as a quality parameter of the different protein batches. In vitro
assays with purified TTR (wt or clinically relevant TTR mutants) monitor acid-induced aggregation
and fibrillation, commonly by lowering the pH to 4.2—4.4 for wt and low amyloidogenic mutants,
or higher pH values (6-7) for highly amyloidogenic mutants. These methods include turbidimetric
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assays and thioflavin T binding assays (reviewed in [46]). Here, acid-induced aggregation was
evaluated by a turbidimetric assay monitoring changes in absorbance at 340 nm [41]. The fibrillogenesis
capacity is quantified by the initial rate of aggregate/fibril formation in a short-term assay (1.5 h),
whereas an end-point assay evaluates the total aggregate formation after long incubations (72 h) at
acidic pH. By initial rates, two different protein batches of Y78F hTTR are compared in Figure 2A.
The variation between batches is about 15%, and the glutathionated (5S-GSH) protein is about 1.25-fold
more amyloidogenic than the reduced protein (free SH). When fibrillogenesis of S-GSH and reduced
proteins was monitored up to 72 h, both protein forms reach the same amount of final aggregates/fibrils
(Figure 2B). In conclusion, recombinant hTTR expressed and purified according to the protocol
here described has the required quality for its use in fibrillogenesis assays with reproducible results
with variations in the initial aggregation rate not larger than 15% between different protein batches,
as assessed from more than 10 productions used in screening campaigns.
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Figure 2. Acid-induced fibrillogenesis of Y78F TTR isoforms S-GSH (glutathionated) and free Cys
(reduced with DTT). (A) Initial rate of acid-induced fibrillogenesis determined for two different protein
batches (1 and 2). (B) Absorbance monitoring for 72 h. Inset. Magnification of the initial region.

2.5. Applications to Screening Assays

The high expression yields of recombinant hTTR, either wt, highly amyloidogenic variants or
clinically relevant mutants obtained with our optimized protocol (200-660 mg/L of culture depending
on the mutant) as homogeneous proteins have enabled their application in screening programs for the
evaluation of libraries of TTR amyloidogenesis inhibitors as well as the evaluation of small-molecule
chaperones enhancing the interaction between TTR and Amyloid-f3 (A3) peptides.

2.5.1. Kinetic Turbidimetry Assay for Screening TTR-Amyloidogenesis Inhibitors

Based on the acid-induced properties of hTTR, this assay evaluates the ability of small molecules
to inhibit fibrillogenesis/aggregation in a dose-dependent manner to quantify two relevant inhibition
parameters: ICsg, concentration of inhibitor at which the initial rate of fibril formation is one-half
than that without inhibitor, and RA(%), percent reduction of fibril formation rate at high inhibitor
concentration relative to the rate in the absence of inhibitor. The initial protocol reported in [41] has
been extensively applied over the years [47-50]. Key for comparative evaluation of inhibitors from
different screening campaigns is the homogeneity and quality of the recombinant hTTR used. Figure 3
illustrates selected examples of TTR tetramer stabilizers (diflunisal, iododiflunisal, tafamidis and
tolcapone). The optimized assay protocol (see Section 3.6) has been shown to provide reproducible
results with coefficients of variation (CV) < 10% for ICsg values in the range of 3-15 uM and for RA(%)
values in the range of 60-100% when using different protein batch productions.
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Figure 3. TTR fibrillogenesis inhibitors. Reproducibility of IC5g (uM) determination with different
TTR Y78F protein batches. Initial rate of acid-induced fibrillogenesis at increasing concentrations

of inhibitor.

2.5.2. Turbidity-Based Assay for Screening Small-Molecule Chaperones Enhancing the
TTR:A Interaction

Inspired by the previous assay, we developed a rapid and simple high-throughput assay to screen
for small-molecules that may act as chaperones of the TTR:Af3 interaction. The assay monitors A [3(12-28)
aggregation in the presence of both wt TTR and a small molecule compound (SMC). The small-molecule
chaperones form ternary soluble complexes TTR/A3/SMC that prevent A3 aggregation. The method
uses the shorter A[3(12-28) sequence, a cheaper model system for aggregation by Af3(1-40). The test
is carried out in 96-well plates that are UV monitored for turbidity for 6 h. Figure 4 shows selected
examples with TTR ligands (diflunisal, iododiflunisal and tafamidis). The aggregation kinetics can be
monitored with parallel results by other assays as thioflavin T (ThT) fluorescence assays of the amyloid

structures formed [36].
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Figure 4. Small-molecule chaperones of TTR:Af interaction. Reproducibility with two different wt TTR
protein batches (1, 2). % reduction of aggregates formation (RA%) relative to A(3(12-28) after 6 h incubation:
AB(12-28) + TTR=78.1 +2.9; AB(12-28) + (TTR + DIF) =78.3 + 2.5; AB(12-28) + (TTR + IDIF) = 96.5 + 3.1;
APB(12-28) + (TTR + tafamidis) = 77.5 + 1.7.
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3. Materials and Methods

3.1. Protein Expression

Recombinant wt and Y78F mutant TTR were expressed from phTTR.wt-I and phTTR.Y78F-I
plasmids based on a pET38b(+) (Novagene, Merk Biosciences, Darmstadt, Germany) vector as
reported [41]. Both wt and Y78F TTR proteins were expressed in E. coli BL21(DE3) cells harboring the
corresponding plasmids with kanamycin resistance as selection marker. Final protocols for protein
expression were:

3.1.1. Batch Expression in Flask Cultures

A total of 2 mL LB (or 2x YT) medium supplemented with 100 pg/mL kanamycin (Kan) was
inoculated with a single colony from an LB-agar plate of freshly transformed E. coli cells and grown
overnight at 37 °C. 100 pL of the initial culture were used to inoculate 50 mL of 2xYT+ 100 pg/mL Kan
at 37 °C until an optical density (OD600) of ~4. Finally, 1.3 L of 2xYT+ 100 pg/mL Kan were inoculated
with 5 mL of the previous culture in a 2 L Erlenmeyer flash with deflectors for improved aeration.
Cells were grown at 37 °C with shaking at 200x rpm until an OD600 of 0.6 (about 6 h). IPTG was added
to a final 1 mM concentration and the culture incubated at 30 °C for 14-16 h. Cell were harvested by
centrifugation at 4 °C, 10,000x rpm for 10 min and directly used for protein purification.

3.1.2. Expression in Fed-Batch Bioreactor

The defined medium (DM) is composed of 13.23 g/L K,HPOy, 2.65 g/L. KH,POy, 2.04 g/L NaCl,
4.1 g/L. (NH)SOy, 0.026 g/L FeCl3, 0.5 g/L. MgS04-7H,0, 0.01 g/L thiamine, 25 g/L glucose and 2.86 mL/L
Trace Elements Solution composed of 0.04 g/L AlCl3-6H20, 0.16 g/L CoCl,-6 H,O, 0.01 g/L H3BOs,
0.01 g/L NiCl,-7H20, 0.87 g/L ZnSO4-7H,0, 1.55 g/L CuSO4-5H,0, 1.42 g/L MnCl,-4H,0, 0.02 g/L
NaMoOy, 1.44 CaCl,-2H,0. A 10 L bioreactor (Applikon Biotechnology, Delft, The Netherlands)
containing 4 L of DM supplemented with 100 mg/L Kan was inoculated with 50 mL of freshly prepared
culture in DM medium at OD600 of 0.6. The batch culture was grown at 37 °C with increasing agitation
(300 to 1000 rpm) to maintain the dO, at 5-10%. When glucose was consumed and the dissolved
oxygen increased, the fed-batch was initiated with a feeding solution of DM supplemented with
100 mg/L kanamycin, 8 g/L tryptone and 5 g/L yeast extract, the temperature was set at 30 °C and
the culture induced with IPTG (1 mM final concentration) at the beginning of the fed-batch step.
During all the culture the pH was maintained at 7.0 with NH4OH (30% stock solution). During the
fed-batch, agitation was maintained at 1000 rpm, and pO; at 5-10% by supplying additional oxygen if
dO; < 5% or adding feeding solution if dO; > 5%. At 4.5 h after IPTG induction, cells were harvested
by centrifugation at 4 °C, 10,000 rpm for 15 min and the pellet directly used for protein purification.

3.2. Protein Purification

All volumes in the purification steps are given for processing the cell pellet coming from 1L culture.
The cell pellet was resuspended in 250 mL lysis buffer (0.5 M Tris-HCl, 1 mM PMSE, pH 7.6), and lysed
with a cell disrupter at 20 kpsi (Constant Systems Ltd., Daventry, Northants, UK). Viscosity of the
homogenate was reduced by applying short sonication cycles before centrifugation at 4 °C, 12,000X rpm
for 30 min to collect the supernatant.

(i) Ammonium sulphate precipitation. Three precipitation steps at 4°C were performed by
addition of (NH4),SO4 up to 40, 55 and 85%. The precipitate fraction after the last step (55 to 85%
fraction) contained most of the TTR protein (as judged by SDS-PAGE). The precipitate was resuspended
in 50 mL of buffer A (20 mM Tris-HCI, 0.1 M NaCl, pH 7.6), and dialyzed (3X) against buffer A at 4 °C
using a MWCO 6-8 kDa, 40 mm Cellu.Sep Regenerated Cellulose Tubular Membranes (Membrane
Filtration Products, Inc., Seguin, TX, USA).

(ii) Anion exchange chromatography. The dialyzed solution was loaded to a XK 26/40 column
(120 mL) with Q-Sepharose High Performance resin using an AKTA FPLC System (Cytiva, Marlborough,
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MA, USA). Buffer A was used for column conditioning (at 1 mL/min) and protein loading (at 2 mL/min).
Elution (1 mL/min) was done with a NaCl linear gradient (0.1 M to 0.5 M NaCl in Buffer A).
Fractions were collected and analyzed by SDS-PAGE. All fractions containing TTR were combined
and dialyzed against deionized water at 4 °C (MWCO 6-8 kDa) three times for 8 h. The final solution
was lyophilized.

(iii) Gel filtration chromatography. The lyophilized sample was dissolved in 4 mL of Buffer A
and loaded at 2 mL/min flow rate onto a XK 26/100 column (440 mL) with Superdex 75 prep Grade
resin using an AKTA FPLC System (GE Healthcare Life Sciences). Protein elution was performed with
Buffer A at 0.3 mL/min and eluted fractions were collected and analyzed by SDS-PAGE. Fractions
containing TTR were combined and dialyzed against deionized water at 4 °C (MWCO 6-8 kDa, 3x for
8 h each) and lyophilized for storage at —20 °C.

3.3. Reduction with 1,4-Dithiothreitol (DTT)

A 4 mg/mL TTR solution in 20 mM Tris-HCl, 0.1 M NaCl, pH 7.6 was treated with 1 mM DTT
during 1h at room temperature. Completion of the reduction reaction was checked by MALDI-TOF
MS. The reduced solution was dialyzed against 20 mM K,HPOy, 0.1 M KCl, pH 7.6 buffer at 4 °C.

3.4. MALDI-TOF Mass Spectrometry of Purified Proteins

A saturated solution of sinapinic acid (SA) as matrix in 30:70 (v/v) acetonitrile:water,
0.1% trifluoroacetic acid (TFA) and a protein solution in 30:70 (v/v) acetonitrile:water, 0.1% TFA
were prepared and mixed in a 1:1 ratio. A total of 1 puL of the previous mixture was deposited into a
polished stainless-steel target (Bruker, Bremen, Germany) and allowed to dry. Then, 1 uL of SA matrix
solution was deposited into the sample and allowed to dry. The same procedure was followed for
the Protein Standard Calibration I solution (Bruker) used for Calibration. The target was introduced
in a Autoflex MALDI-TOF (Bruker), spectra were acquired in lineal mode (Flex control, Bruker) and
processed by Flex Analysis (Bruker).

3.5. Acid-Induced TTR Fibrillogenesis Assay

TTR stock solution: 4 mg/mL in 20 mM phosphate, 100 mM KCl, pH 7.6. Incubation buffer:
10 mM phosphate, 100 mM KCl, 1 mM EDTA, pH 7.6. Dilution buffer: 400 mM sodium acetate,
100 mM KCl, 1 mM EDTA, pH 4.2. The assay was performed in 96-well microplates. 20 uL of TTR
stock solution were added into each well. The final DMSO content of each well was adjusted up to
5% (final assay concentration) with DMSO:H,O (1:1). Incubation buffer was added up to a volume
of 100 pL. The 96-well plate was introduced into the thermostated microplate reader for 30 min at
37 °C, with orbital shaking for 15 s every min. Fibril formation was then induced by addition of 100 pL
of dilution buffer to each well. The 96-well plate was placed again into the microplate reader and
incubated at 37 °C with shaking (15 s every minute) during 1.5 h. Absorbance at 340 nm was monitored
at each minute. All assays were run in triplicate.

For end-point assays, the same procedure was performed in sealed HPLC vials in order to avoid
evaporation. A total of 40 pL of TTR stock solution was added to each vial. The final DMSO content
was then adjusted up to 5% with DMSO:H,O (1:1). Incubation buffer was added up to a volume of
200 pL. The vials were sealed and incubated at 37 °C for 30 min. Afterwards, fibril formation was
induced by addition of 200 uL of dilution buffer to each vial. After soft mixing, 200 uL of each vial
were placed into a well in a 96-well plate and absorbance at 340 nm was measured (starting point,
t = 0). After measurement, the 200 pL. were placed back into its corresponding HPLC vial, which was
sealed again and placed at 37 °C. Measurements were performed at 1, 3, 6, 21, 30, 45, 54, 69 and 72 h
following the same procedure. All assays were run per duplicate.
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3.6. Kinetic Turbidimetry Assay for Screening TTR Fibrillogenesis Inhibitors

Protein stock solution, incubation buffer and dilution buffer were prepared as above. Protocol for
one inhibitor: 20 uL of hTTR Y78F stock was dispensed into seven wells of a 96-well microplate. A total
of 20 uL of inhibitor solutions in DMSO:H,O (1:1) was added to give final concentrations ranging from
0 to 40 uM and DMSO final content of 5% (in the final 200 pL assay). Incubation buffer (60 uL) was
then added up to a volume of 100 pL. The plate was incubated at 37 °C in a thermostated microplate
reader with orbital shaking 15 s every minute for 30 min. 100 pL of dilution buffer were dispensed to
each well, and the mixture was incubated at 37 °C with shaking (15 s every min) in the microplate
reader. Absorbance at 340 nm was monitored for 1.5 h at 1 min intervals. Data were collected and
analyzed using Microsoft Excel software. All assays were done in duplicate. From the initial rates
(Abs vs. time) at different inhibitor concentrations, the inhibition parameters IC5y and RA (%) were
calculated as reported [41,47-51].

3.7. Turbidimetry Assay for Screening Small-Molecule Chaperones of TTR:AB Interaction

The following stock solutions were used: Buffer A: 25 mM HEPES buffer, 10 mM glycine, pH 7.4.
Protein (wt hTTR) stock: 9.5 mg/mL (170 uM) in 25 mM HEPES buffer, 10 mM glycine, pH 7.4 and 5%
DMSO (final concentration) was prepared in the absence of salt (buffer A). A{3(12-28) stock: 0.4 mg/mL
(200 uM) in 25 mM HEPES buffer, 10 mM glycine, pH 7.4 and 5% DMSO (final concentration). For the
small-molecule compound, a first 10 mM solution in DMSO was prepared and the final stock was
prepared by mixing 50 puL of the previous DMSO solution with 950 uL of buffer A (final 5% DMSO).
First, the small-molecule compound and TTR complex was formed. To this end, 60 uL of TTR stock
was dispensed into the wells of a 96-well microplate. A total of 40 pL of small-molecule stock was
added to give final concentrations of 100 pM. The plate was introduced in the thermostated microplate
reader (SpectraMax M5 Multi-Mode Microplate Readers, Molecular Devices Corporation, Sunnyvale,
CA, USA) and incubated for 1 h at 37 °C with orbital shaking 15 s every 30 min. Then, 100 uL of AB
solution was added to the well to give 100 pM ligand:50 pM TTR:100 uM A final concentrations.
The plate was incubated at 37 °C in the microplate reader with orbital shaking 15 s every minute for
30 min. The absorbance at 340 nm was monitored for 6 h at 30 min intervals. Data were collected
and analyzed using MS Excel software (Microsoft, Redmond, WA, USA). All assays were done in
duplicate. From the different absorbance readings between sample and controls, the percent reduction
of aggregates formation (RA%) in the presence and absence the small-molecule compound/TTR
complex were determined.

4. Conclusions

The optimized expression and purification protocol for recombinant hTTR production (wt and
amyloidogenic mutants) yields up to 660 mg of homogenous protein per L of culture in fed-batch
bioreactor. Whereas the recombinant wt protein is mainly unmodified at Cysl0, the highly
amyloidogenic Y78F variant renders mainly the S-glutathionated form. When comparing the
S-glutathionated and reduced Y78F proteins, amyloidogenicity (as determined by a turbidimetry assay)
is little affected by this post-translational modification. The inter-batch reproducibility of expression
and protein quality has allowed the implementation of screening assays for the evaluation of libraries
of TTR amyloidogenesis inhibitors, as well as the evaluation of small-molecule chaperones of the
TTR:Af interaction.
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ABSTRACT: Transthyretin (TTR) modulates the deposition,
processing, and toxicity of Abeta (Af) peptides. We have shown
that this effect is enhanced in mice by treatment with small
molecules such as iododiflunisal (IDIF, 4), a good TTR stabilizer.
Here, we describe the thermodynamics of the formation of binary
and ternary complexes among TTR, AB(1—42) peptide, and TTR
stabilizers using isothermal titration calorimetry (ITC). A
TTR/AB(1-42) (1:1) complex with a dissociation constant of
Ky = 0.94 uM is formed; with IDIF (4), this constant improves up
to Ky = 0.32 uM, indicating the presence of a ternary complex
TTR/IDIF/AB(1—42). However, with the drugs diflunisal (1) or
Tafamidis (2), an analogous chaperoning effect could not be
observed. Similar phenomena could be recorded with the shorter

In search of new AD therapeutic drugs:

small-molecule chaperones (SMCs) targeting the TTR/AB interaction

ITC

[TTR+

1+ Ap(1-42)

peptide Af(12—28) (7). We propose the design of a simple assay system for the search of other chaperones that behave like IDIF

and may become potential candidate drugs for Alzheimer’s disease

B INTRODUCTION

Alzheimer’s disease (AD) is a complex neurodegenerative
brain disease characterized by extracellular amyloid plaques,
intracellular neurofibrillary tangles, and neuronal death.' The
amyloid hypothesis of AD has guided a huge effort in drug
discovery and development, leading to many small-molecule
and biological drug candidates.”” Regrettably, only five
treatment options are currently approved to treat this disease,”
but none is a truly disease-modifying intervention. In spite of
this sad situation, a number of novel therapeutic approaches
are currently being investigated. One of them is targeting
protein—protein interactions (PPi) between Af and other
amyloid-binding proteins such as gelsolin,” ApoJ (clusterin),”’
ApoE,g’9 human serum albumin (HSA),'®'" humanin,'” the
neuronal Tau protein,"* and transthyretin (TTR)."*~'°

The present investigation relates to TTR, which is a 55 kDa
homotetramer multifaceted protein responsible for the trans-
port of thyroid hormones (thyroxine, T4) and retinol in
plasma and cerebrospinal fluid (CSF)."” Several physiological
and epidemiological clues point to a possible direct
involvement of TTR in AD. One of the most significant
observations is the decreased TTR levels in CSF in AD
patients that parallels similar variations in CSF-Af levels'®™*
and suggests that TTR is a biomarker of AD.”" TTR is the

© 2020 American Chemical Society

7 ACS Publications 3205

(AD).

main Af-binding protein in the CSF."***** This binding is
believed to naturally prevent Af aggregation and toxicity in
this media. This putative neuroprotective effect of TTR is also
supported by a number of biochemical and animal studies,
some of them, conducted in one of our consortiated
laboratories.”* >

TTR tetrameric stability appears as a relevant factor in its
interaction with the Af peptide. Supporting this hypothesis, in
vitro studies showed that amyloidogenic TTR variants bind
with lower affinity to A} peptide than does the wild-type (wt)
or nonamyloidogenic TTR,”” also affecting the ability to avoid
Ap aggregation and toxicity.”® Recently, some researchers have
suggested that TTR interferes with Af amyloid formation by
redirecting oligomeric nuclei into nonamyloid aggregates.*

Since T'TR binds T4 in its central hydrophobic channel, we
have suggested that, in AD, TTR is destabilized and its
clearance accelerated, thus explaining its lower levels.”” TTR is
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also an amyloidogenic protein. Thus, TTR stability is also a
key factor in familial amyloid polyneuropathy (FAP),”" a TTR-
related hereditary amyloidosis. TTR tetrameric stabilization
has been defined as the basis for one of the possible
therapeutic strategies in FAP.>*~>° Some of the TTR tetramer
stabilizers are drugs, such as the NSAID diflunisal (1),%° the
orphan drug Tafamidis (2),”7* and Tolcapone (3),""** a
drug for the treatment of Parkinson’s disease recently
repositioned for FAP (Scheme 1).

Scheme 1. Chemical Structures of TTR Tetramer Kinetic

Stabilizers”
COOH c 9
N HO
e SO eAs
o coon HO CHy
F R cl NO,
R: H Diflunisal ()]

Tafamidis (2) Tolcapone (3)

R:1 lododiflunisal (4)

“Diflunisal (1), Tafamidis (2), and Tolcapone (3) are registered
drugs.

By using in vitro studies, we have earlier demonstrated that
TTR/Ap interactions can be enhanced by a small set of
tetramer-stabilizing compounds,”® one of them being
iododiflunisal (IDIF, 4), a small-molecule iodinated derivative
of the NSAID diflunisal (1) (Scheme 1).**~* Remarkably, in
vivo administration of IDIF (4) to a mice model of AD
resulted in the binding and stabilization of the TTR tetramer,
decrease in brain Af levels and deposition, and improvement
in the cognitive functions that are impaired in this AD-like
neuropathology.*®

In this study, we have used isothermal titration calorimetry
(ITC),"™* a powerful biosphysical technique for the
quantitative analysis of PPi.°°">° ITC provides the complete
thermodynamic profile in terms of free energy (AG), enthalpy
(AH), entropy (AS), binding constant (K,), and stoichiometry
(n) of the interaction from a single experiment. Since ITC is
extremely sensitive to the energetics of conformational changes
and intermolecular interactions, this technique is one of the
gold standard biophysical methods that can be used to
interrogate ternary molecular systems,”*™>® such as the one
formed by TTR, Af peptides, and IDIF (4). Thus, the goal of
the present study was to determine the thermodynamic
parameters of the intermolecular interaction in solution
between TTR and Af(1—42). We also wanted to elucidate
the structural bases for the enhancement of the TTR/ApS
interaction driven by our chaperone compound IDIF (4). With
these aims and for comparative reasons, we have also assayed if
other known TTR tetramer stabilizer drugs, such as the drugs
diflunisal (1) and Tafamidis (2), behave as chaperones of the
TTR/Ap interaction. In addition and following the clues
revealed by previous structural information gathered by STD-
NMR experiments, we have also investigated if shorter Af
peptide sequences perform similarly in stabilizing these
systems.

B RESULTS AND DISCUSSION

ITC Analysis of Binary and Ternary Complex
Formation between TTR, Af(1—42), and TTR Tetramer
Stabilizers. To characterize the binding process of the full-
length Af(1—42) to TTR, we have used a depsipeptide
precursor of AfB(1—42). This depsipeptide precursor is
converted into the corresponding native Af(1—42) peptide,

3206

in situ, by a change in pH.°”®" This is a guarantee that

AB(1—42) is in a monomeric state, free of aggregates, at the
beginning of each experiment. Thus, the binary complex TTR/
AB(1—42) was prepared by the titration of a solution of TTR
(20 uM) by a solution of AB(1—42) (200 uM) yielding the
diagrams and calorimetric constants reported in Figure 1.
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Figure 1. Isothermal titration calorimetry (ITC) studies. The binary
complex [TTR + AB(1-42)] at pH 7.4 in 25 mM N-(2-
hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES) buffer,
10 mM glycine, and 5% dimethyl sulfoxide (DMSO) (final
concentration) at 25 °C.

The calculated binding constant for the formation for this
(1:1) TTR/AP(1-42) complex is Ky = 0.94 uM. A
comparison of this figure with other literature data of Kj
constants of TTR binding with other Af peptides can only be
done with a TTR/AS(1—40) complex, which stands at
Ky = 24 uM.* Although both Af sequences are very closely
related, their amyloid properties are rather different, AB(1—42)
being more amyloidogenic.”> This property may likely be the
cause of this difference. In any event, we have also repeated
this experiment with A(1—40), which in our conditions yields
Ky = 7.1 uM (Figure S19).

Furthermore, to study the effect of the TTR tetramer
stabilizers on the TTR/AB(1—42) complex, binary complexes
of TTR/stabilizers were first prepared and analyzed
(Figure S17). In a second set of experiments, the binary
complexes were subsequently titrated with AS(1—42)
solutions. In Figure 2, this procedure is expressed by the
equation: (TTR + stabilizer) + Af(1—42). IDIF (4) (Figure
2A) and Tafamidis (2) (Figure 2B) were used as stabilizers.

The calorimetric constants for the stabilizers’ interactions
are reported in Table 1. The thermodynamic profile showed
that IDIF (4) has a cooperative effect, the binding of
AB(1-42) + [IDIF (4) + TTR] with K; = 032 uM is
approximately threefold stronger than that of [Af(1-42) +
TTR] with Ky = 0.94 uM, and again a strong enthalpy/entropy
compensation is observed in this system when IDIF (4) is the
ligand. These results confirm the chaperoning effect exerted by

https://dx.doi.org/10.1021/acs.jmedchem.9b01970
J. Med. Chem. 2020, 63, 320é—83214
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Figure 2. ITC studies. (A) Titration of [TTR + IDIF (4)] complex
with AB(1—42). (B) Titration of [TTR + Tafamidis (2)] complex
with AB(1—42). All of them at pH 7.4 in 25 mM HEPES buffer, 10
mM ¢lycine, and 5% DMSO (final concentration) at 25 °C.

IDIF (4) at enhancing the TTR/Af interaction. Interestingly,
an analogous stabilizing effect of IDIF (4) is observed when
tested on TTR/AS(1—40) complexes (Figure S20 and Table
S2). On the other hand, Tafamidis (2) falls rather behind IDIF
(4), with a binding constant of Ky = 1.05 uM that is very close
to the original TTR/Af(1—42) complex (0.94 M) indicating
that Tafamidis (2) has a negligible effect.

Thioflavin T (ThT) Analysis of the Aggregation
Properties of the Binary and Ternary Complexes of
TTR, Af(1-42) and TTR Tetramer Stabilizers. The
possible chaperoning effect of the TTR stabilizers in
preventing TTR/AB(1—42) complex aggregation has been
studied by ThT fluorescence assays, which monitor the
increase of fluorescence during the aggregation process.”*
The ThT assays were performed to study the aggregation of
AB(1—42) alone or in the presence of TTR or when TTR had
been preincubated with the TTR tetramer stabilizer drugs
IDIF (4) or Tafamidis (2). The results from ThT assays
(Figure 3 and Table 2) corroborated our ITC results. The
aggregation of Af(1—42) was reduced in the presence of TTR,
and even more when TTR was complexed with IDIF (4), but
not when TTR was complexed with Tafamidis (2). An almost
negligible ThT signal was detected when analyzing the [TTR +
IDIF (4)] complex, indicating that only the small-molecule
IDIF (4) has a chaperone effect further enhancing the
TTR/Ap interaction. These results obtained by ThT
fluorescence assays have also been corroborated by turbidity
assays (Figure S6).
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Figure 3. ThT assays of the aggregation of A(1—42) alone (S0 uM),
in complex with TTR (25 yM), or in complex with TTR stabilized
with different small compounds (50 uM), [TTR/IDIF (4),
TTR/DIF (1), and TTR/Tafamidis (2)]. ThT fluorescence was
measured at 37 °C each 10 min for 3 h, then each 20 min from 3 to 6
h, and then at 8 h.

Table 2. Percentage of Fibril Formation Obtained from
ThT Assays”

% fibril

ThT (au) formation
Ap(1-42) 60 810 + 566 9+1
AB(1-42) + TTR 19836 + 913 25 + 1
AB(1—42) + [TTR + IDIF (4)] 2224 + 439 6+1
AB(1-42) + [TTR + DIF (1)] 21852 + 946 26 + 2
AB(1-42) + [TTR + Tafamidis (2)] 19188 + 923 24 £ 2

“The concentrations used: AB(1—42) (50 uM) and TTR (25 uM)
for the different small compounds (50 uM).

ITC Studies of the Interaction between TTR and Short
Ap Sequences. In our previous STD-NMR spectroscopy
studies in solution,” we have identified structural elements
implicated in the TTR/Ap interaction that indicate the close
proximity of the V18, F19, and F20 fragment of the
ApP(12—28) sequence to V94, F9S, and T96 of TTR,
highlighting V18 to F20 as the main structural motif for the
recognition process. This A(12—28) peptide is reported in
the literature to essentially exhibit the same neurotoxic
behavior and fibril formation properties as the full-length
AB(1-42) peptide.””~®" To confirm that these are the key
structural elements involved in the TTR/Af(1—42) complex,
we have prepared the following short sequences of Af(1—42),
namely, AS(1-11) (5), AB(10—20) (6), AB(12—28) (7), and
AB(25—35) (8) and subsequently characterized their inter-
action with TTR (Table 3) by ITC.

Table 1. Thermodynamic Parameters for the Titration of (A) Af(1—42) and (TTR), (B) Ternary Complex of Af(1—42) and
[TTR + IDIF (4)], and (C) Ternary Complex of Af(1—42) and [TTR + Tafamidis (2)] at 25 °C

Assay n
A TTR+AP(1-42) 0,98 +0,17
B [TTR+IDIF (4)] + AB(1-42) 0,89+0,15

C [TTR+Tafamidis (2)] + AB(1-42) 0,80 % 0,08

Ka AG AH TAS
(uUM) (Kcal/mol)  (Kcal/mol) (Kcal/mol)

0,94 +£0,04 -824+041 -159+0,18  6,65+0,23
032+0,03 -887+035 -147+0,19  7,39+0,17
1,05+0,05 -811+002 -034+0,02  7,77+0,05
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Table 3. Sequences of Amyloid Peptides Used in This Study: Af(1—42) and Other Short Amyloid f Sequences, Including

Three Af(12—28) Ala Mutants (9, 10, and 11)

1

DAEFR HDSGY EVHHQ KLVFF AEDVG SNKGA IIGLM VGGVV IA

DAEFR HDSGY E
Y EVHHQ KLVFF

VHHQ KLVFF AEDVG SNK

EDVG SNKGA IIGLM

VHHQ KLAFF AEDVG SNK
VHHQ KLVAF AEDVG SNK
VHHQ KLVFA AEDVG SNK

42 Abeta peptide
AB (1-42)
AB(1-11)

AB (10-20)
AB (12-28)
Ap (25-35)
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Figure 4. ITC analysis of different short sequences of amyloid # A(1—42) binding to TTR at pH 7.4 in 25 mM HEPES buffer, 10 mM glycine,
and 5% DMSO at 25 °C. The binary systems are: (A) TTR + Af(1—11) (5), (B) TTR + AB(10—20) (6), (C) TTR + AB(25-35) (8), (D) TTR
+ AB(12,28) (7), (E) TTR + V18A AB(12—-28) (9), (F) TTR + F19A Af(12—28) (10), and (G) TTR + F20A Ap(12—28) (11).

Table 4. Thermodynamic Parameters for the Complex Formation between Different Short Sequences of A and TTR at 25 °C

Assay n K4 (M) AG AH TAS
(Kcal/mol) (Kcal/mol) (Kcal/mol)
TTR + AB(1-11) (5) - - - - -
TTR + AB(10-20) (6) 0,50+0,10 14,90 + 0,50 -6,58 +0,38 -0,84 + 0,05 5,74+0,33
TTR + AB(25-35) (8) - - - - -
TTR + AB(12-28) (7) 1,00 +0,15 3,00 + 0,20 -7,76 £ 0,41 -4,52 £ 0,30 3,23+0,12

TTR+ VI8A AB(12-28) (9)
TTR + F19A AB(12-28) (10)
TTR + F20A AB(12-28) (11)

ITC studies for the binary complexes between different short
sequences of A and TTR are summarized in Figure 4. Only
the binding isotherm of the binary complex between
AB(12—28) (7) and TTR showed a typical thermodynamic
profile (Figure 4D). Accordingly, a full thermodynamic
characterization was performed (Table 4). The thermograms
for the binary complexes between TTR and AS(1—11) (5)
(Figure 4A) and TTR and Af(25-35) (8) (Figure 4C) show
negligible enthalpy changes, confirming that there was no

3208

significant interaction between each of these sequences and
TTR. In the case of the binding of TTR to AS(10—20) (6)
(Figure 4B), a very low enthalpy change was observed. Thus,
these results are in agreement with those from our previous
STD-NMR spectroscopy studies.’”

To provide further insights into the interaction between the
specific sequence Af(12—28) and TTR, three Ala mutants in
the residues V18 to F20 of the AB(12—28) were prepared
(Table 4) and ITC experiments were performed. The binding
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Figure S. ITC analysis of (A) binary complex TTR + Af(12—28), (B) ternary complex [TTR + IDIF (4)] and Af(12—28), (C) ternary complex
[TTR + Diflunisal (1)] and AB(12—28), and (D) ternary complex [TTR + Tafamidis (4)] and Af(12—28). All of these ITC studies were
performed at pH 7.4 in 25 mM HEPES buffer, 10 mM glycine, and 5% DMSO (final concentration) at 25 °C.

Table 5. Thermodynamic Parameters for the Titration of (A) Binary Complex Aff(12—28) and TTR, Ternary Complexes (B)
Ap(12—28) and [TTR + IDIF (4)] and (C) A(12—28) and [TTR + Diflunisal (1)], and (D) Ternary Complex of Af(12—28)
and [TTR + Tafamidis (2)] at 25 °C
Assay n K4 (M) AG AH TAS
(Kcal/mol) (Kcal/mol)  (Kcal/mol)

A TTR+AB(12-28) 1.00+£0.15 3.00£0.20 -7.76+025 -4.52+0.12 3.23+0.14
B (TTR+ IDIF)

+ AB(12-28) 1.00£0.12 0.81 +£0.03 -8.31+0.32 -248+0.11 5.83+0.21
C (TTR+ Diflunisal)

+ AB(12-28) 0.87+£0.15 2.70+0.14 -7.85+0.44 -0.78+0.18 7.07+0.26
D (TTR + Tafamidis)

+ AB(12-28) 0.90+0.10 2.80+0.12 -7.22+0.24 -3.13+0.10 4.08+0.15

isotherms obtained between Ala mutants of AB(12—28) (9, 10, with Af(12—28) is almost three times stronger than with TTR

and 11) and TTR are also shown in Figure 4. alone.

As it can be deduced from these ITC results, replacement of These results highlight that although diflunisal (1) and
any residue from V18 to F20 for Ala has a detrimental effect in Tafamidis (2) are good TTR tetrameric stabilizers, these
the binding of AB(12—28) to TTR, indicating that these compounds do not enhance the TTR/AfS interaction, and
residues are essential for the interaction with TTR.> therefore not all TTR tetramer stabilizers are chaperones of the

ITC Studies of the Binary and Ternary Complexes TTR/Ap interaction, and they need to be assayed for this
between TTR, Af(12—-28) and IDIF (4), Diflunisal (1), and specific purpose.
Tafamidis (2). To investigate if IDIF shows the same Transmission Electron Microscopy (TEM) Study of the
chaperoning character as in the previous TTR/AS(1—42) Aggregation of Complexes Formed by TTR, Aj(12-28)
complexes against this shorter, A#(12—28) model peptide, we and Either IDIF (4) or Tafamidis (2). To further confirm the
have performed ITC studies and compared the interaction chaperone effect of IDIF on the TTR/A$(12—28) interaction,
between Af(12—28) with TTR alone or with TTR as suggested by the ITC experiments, we studied the
preincubated with the TTR tetramer stabilizers IDIF, morphology of the species of Af(12—28) by transmission

diflunisal, and Tafamidis. Results are shown in Figure S and electron microscopy (TEM). After 48 h of incubation at 37 °C,
the full thermodynamic characterizations are displayed in the ApP(12—28) peptide alone (Figure 6A—C) formed
Table S. abundant, long and complex fibrils, higher-ordered structured
The interactions with Af(12—28), both the one with TTR fibrils, constituted by several protofilaments, which presented
and the one with TTR complexed with IDIF, are enthalpy- as more rigid (Figure 6A,B) and with twisting of the fibrils
driven with a favorable entropic contribution. The titration of (Figure 6B, arrows) or as more relaxed fibrils with the
the binary complex (TTR + IDIF) with A(12—28) has a protofilaments laterally assembled (Figure 6C).
notable improvement of binding (K = 0,81 uM) compared to This ultrastructural analysis showed that the presence of

the [TTR + Af(12—28)] binary complex (K; = 3,00 uM) TTR clearly prevented Af(12—28) fibrillization, resulting in
(Table S). When TTR is stabilized with IDIF (4), the complex the presence of fewer, less complex fibrils and small aggregates
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Figure 6. Morphologic assessment by TEM of the influence of TTR on A(12—28) aggregation after 48 h of incubation at 37 °C. (A—C) Ap(12—
28) peptide alone, (D) Af(12—28) in the presence of TTR, (E) Af(12—28) in the presence of TTR preincubated with IDIF, and (F) AB(12—28)
in the presence of TTR preincubated with Tafamidis. Scale bar (A, B, D, E, and F) = 200 nm; C = 100 nm.

(Figure 6D), compared to the control, the AB(12—28) alone
(Figure 6A—C), which presented long and complex fibrils.

Importantly, here we showed that preincubation of TTR
with IDIF completely abolished the presence of Af(12—28)
fibrils and only round particles and prefibrillar species were
visualized (Figure 6E). However, when TTR was preincubated
with Tafamidis (Figure 6F), there was no significant effect
beyond the effect of TTR itself, since small fibers were
detected.

B CONCLUSIONS

These calorimetric studies demonstrate that TTR forms (1:1)
complexes with AB(1—42) with Ky = 0.93 uM. In the presence
of the TTR tetramer stabilizer IDIF, these complexes are
chaperoned showing Ky = 0.31 pM. This effect was not
detected when using the drug Tafamidis (2) instead of
IDIF (4). In addition, it was observed that the shorter A
sequence, Af(12—28) in complex with TTR imitates almost
exactly the calorimetric behavior of the full AB(1-42) in
complex with TTR. The effect of the TTR tetramer stabilizers
IDIF, diflunisal, and Tafamidis upon these later complexes is
analogous to the ones formed by full AB(1—42). The
magnitude of this effect is stabilizing for IDIF but negligible
for diflunisal (1) and Tafamidis (2). We hope that using this
simpler and easy-handling Af(12—28) peptide, screening
strategies for the identification of compounds chaperoning
the TTR—Af peptides complexes could be realized. In turn,
these strategies could aid in the search for potential drug
candidates in AD drug discovery.

B EXPERIMENTAL SECTION

Chemical Compounds. Amyloid f peptides AB(1-11) (5),
ApB(10-20) (6), AB(12—-28) (7), and AB(25-35) (8) as
trifluoroacetate salts were purchased from Bachem AG (Switzerland)
(ref.: H-2956, H-1388, H-7910, and H-1192, respectively). Depsi-
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AP(1-42) peptide, a chemically modified pf-amyloid (1-42)
precursor containing an isoacyl dipeptide at residues Gly-Ser, was
available from GenScript (ref.: RP10017-1, purity by HPLC > 96%).
Ap(1—40) peptide was available from rPeptide (f-amyloid (1—40),
Ultra Pure, HFIP, ref: A-1153-2, purity > 97%, Lot#05271640H,
www.rpeptide.com). N-(2-hydroxyethyl)piperazine-N’-
2-ethanesulfonic acid) (HEPES), glycine, Tris(hydroxymethyl)-
aminomethane (Tris), dimethyl sulfoxide (DMSO), and the NSAID
drug diflunisal (DIF, 1) were purchased from Sigma-Aldrich (D3281,
purity > 98%) and used without further purification. The small-
molecule compound iododiflunisal (IDIF, 4) was synthesized in our
lab IQAC-CSIC by iodination of the NSAID diflunisal (1) following
our procedures.** The drug Tafamidis (2) was prepared in our lab
following the procedures described in the literature.”® Purity of all
final compounds was proved to be >95% by means of HPLC, HR-
MS, and NMR techniques.

Solid-Phase Peptide Synthesis of Af(12—28) Peptide and
Mutants of Ap(12—28) Peptide. Amyloid peptide sequences
AB(1-11) (5) and AB(12—28) (7) were purchased from Bachem
AG (Switzerland) as trifluoroacetate salts (H-2956 and H-7910,
respectively). H-2956 showed purity by HPLC > 96%, and H-7910
showed purity by HPLC > 96%. The Af(12—28) peptide and its
corresponding mutants [V18A AB(12—28) (9); F19A Ap(12—-28)
(10); and F20A Af(12—28) (11)] were synthesized by manual Solid-
Phase Peptide Synthesis (SPPS) using Fmoc chemistry with the
corresponding Fmoc-protected amino acids. Cleavage from resin was
performed using TFA/H,O/TIS (95:2.5:2.5) (v/v/v), and the
peptides were precipitated with tert-butyl methyl ether. The peptides
were purified by reversed-phase—high-performance liquid chromatog-
raphy (RP—HPLC) using a VersaFlash system and characterized by
analytical RP—HPLC and matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-ToF-MS) (purity by
HPLC > 96%). The characterization of the Af(12—28) peptide
prepared in our lab was compared to a commercial sample acquired
from Bachem (H-7910).

Preparation of Af(1—42). The native AB(1—42) peptide was
obtained from depsi-Af(1—42) peptide (Genscript, RP10017-1,
purity by HPLC > 96%), a chemically modified f-amyloid (1—42)
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precursor, by a switching procedure involving a change in pH and
immediate use.

Recombinant Wild-Type Human TTR (wt rhTTR) Production
and Purification. Human wild-type thTTR gene was cloned into a
pET expression system and transformed into Escherichia coli
BL21(DE3) Star. The phTTRwt-I/pET-38b(+) plasmid was
provided by Prof. Antoni Planas (IQS, URL). The production of
recombinant protein was performed at the Erlenmeyer scale, and the
production and purification of protein were done as described
previously following an optimized version of our protocol.””
Recombinant wild-type hTTR was produced using a pET expression
system. The expressed protein only contains an additional methionine
on the N-terminus compared to the mature natural human protein
sequence. wt thTTR protein was expressed in E. coli BL21—(DE3)
cells harboring the corresponding plasmid. Expression cultures in
2xYT-rich medium containing 100 y#g/mL kanamycin were grown at
37 °C to an optical density (at 600 nm) of 4 (OD600 ~4); then
induced by addition of IPTG (1 mM final concentration); grown at
37 °C for 20 h; harvested by centrifugation at 4 °C, 10,000 rpm for 10
min; and resuspended in a cell lysis buffer (0.5 M Tris—HC], pH 7.6).
Cell disruption and lysis were performed by French press followed by
a sonication step at 4 °C. Cell debris was discarded after
centrifugation at 4 °C, 11,000 rpm for 30 min. Intracellular proteins
were fractionated by ammonium sulfate precipitation in three steps.
Each precipitation was followed by centrifugation at 12 °C,
12,500 rpm for 30 min. The pellets were analyzed by SDS-PAGE
(14% acrylamide). The TTR-containing fractions were resuspended
in 20 mM Tris—HCl, 0.1 M NaCl, pH 7.6 (buffer A) and dialyzed
against the same buffer. It was purified by ion-exchange chromatog-
raphy using a Q-Sepharose High-Performance (Amersham Bio-
sciences) anion-exchange column and eluting with a NaCl linear
gradient using 0.1 M NaCl in 20 mM Tris—HCI pH 7.6 (buffer A) to
0.5 M NaCl 20 mM Tris—HCI pH 7.6 (buffer B). All TTR-enriched
fractions were dialyzed against deionized water in three steps and
were lyophilized. The protein was further purified by gel filtration
chromatography using a Superdex 75 prep grade resin (GE
Healthcare Bio-Sciences AB) and eluting with 20 mM Tris pH 7.6
and 0.1 M NaCl. Purest fractions were combined and dialyzed against
deionized water and lyophilized. The purity of the protein
preparations was > 95% as judged by SDS-PAGE. Average production
yields were 150—200 mg of purified protein per liter of culture.
Protein concentration was determined spectrophotometrically at 280
nm using a calculated extinction coefficient value of 17 780 M~ cm™"
for wtTTR. The protein was stored at —20 °C.

Isothermal Titration Calorimetry (ITC) Assay. Experiments
were carried out in a VP-ITC (MicroCal, LLC, Northampton, MA).
In a titration experiment, the ligand in the syringe is added in small
aliquots to the macromolecule, in our case the TTR protein in the
calorimeter cell, which is filled with an effective volume that is sensed
calorimetrically. The TTR solution of 20 uM and Af or ligand
solutions of 200 M were prepared in the same buffer. The titrant was
injected over 20 or 30 times at a constant interval of 300 s with a 450
rpm rotating stirrer syringe into the sample cell containing its binding
partner. All of the solutions were prepared with a 25 mM HEPES
buffer, 10 mM glycine, pH 7.4, and 5% DMSO (final concentration),
and it was corroborated that in these conditions, TTR and Af(1—42)
are stable. The Af(1—42) working solution was prepared at 200 yM
and used immediately to avoid premature aggregate formation. The
TTR stock solution was prepared at 40 M. Ligand stock solution was
prepared at 10 mM in DMSO. All solutions were prepared in the
same buffer and filtered prior to use. In the control experiments, the
titrant (ligand or Af) was injected into the buffer in the sample cell to
measure the heat of dilution. This value of the heat of dilution was
subtracted from the titration data. The experiments were performed at
2§ °C. Titration data were analyzed by evaluation software MicroCal
Origin, Version 7.0. The binding curves were fitted by the nonlinear
regression method to one set of sites binding model. This leads to the
calculation of K, n, AH, AS, and AG. Each experiment was conducted
three times, and the mean value with standard deviations is provided.
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Transmission Electron Microscopy (TEM). A(12—28) peptide
(100 uM), alone or with TTR (20 zM) (alone or preincubated with a
stabilizer for 1 h at 37 °C), was incubated at 37 °C for 48 h. For
visualization by TEM, 5 uL sample aliquots were absorbed to a
carbon-coated collodion film supported on 200-mesh copper grids, for
5 min, and negatively stained with 1% uranyl acetate. Grids were
exhaustively examined with a JEOL JEM-1400 transmission electron
microscope equipped with an Orious Sc1000 digital camera.

ThT Fluorescence Assay. Samples were prepared in 25 mM
HEPES buffer, 10 mM glycine, pH 7.4, and 5% DMSO (final
concentration) containing 20 uM ThT. The Af(1—42) peptide was
adjusted to S0 uM, TTR to 25 uM, and the small-molecule
compound to 50 yM as final concentrations. Briefly, samples of
AB(1—42) alone or with TTR or with TTR preincubated with a small
molecule were mixed with ThT. Fluorescence spectra were acquired
in cells thermostated at 37 °C, with 15 s of shaking at 500 rpm every
30 min. ThT fluorescence assays were acquired in each cell of a 96-
well plate containing 200 #L of sample. Excitation was at 430 nm, and
emission spectra were recorded at 485 nm using a Beckman Coulter
DTX 880 Multimode Detector plate reader. The results are the mean
values of four replicates.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jmedchem.9b01970.

Recombinant wild-type human (wt rhTTR) production
and purification and MALDI-TOF MS; turbidity assays
of the binary and ternary assay complex formation using
AB(1—-42); synthesis of AB(12—28) (7) and three Ala
mutants (8, 9, and 10); additional isothermal titration
calorimetry (ITC) studies (binary and ternary inter-
actions and control experiments) (PDF)

Molecular formula strings of key compounds (CSV)

B AUTHOR INFORMATION

Corresponding Author
Gemma Arsequell — Institut de Quimica Avangada de
Catalunya (LQ.A.C-CS.LC.), 08034 Barcelona, Spain;
orcid.org/0000-0002-7009-3738;
Email: gemma.arsequell@iqac.csic.es

Authors

Ellen Y. Cotrina — Institut de Quimica Avangada de Catalunya
(LQA.C-CS.IC.), 08034 Barcelona, Spain

Ana Gimeno — CIC bioGUNE, Basque Research and
Technology Alliance (BRTA), 48160 Derio, Spain;

OrCid.org/OOOO-OOO 1-9668-2605

Jordi Llop — CIC biomaGUNE, Basque Research and

Technology Alliance (BRTA), 20014 San Sebastian, Spain;
0rcid.0rg/0000—0002—0821—9838

Jesus Jiménez-Barbero — CIC bioGUNE, Basque Research and
Technology Alliance (BRTA), 48160 Derio, Spain; Ikerbasque,
Basque Foundation for Science, 48009 Bilbao, Spain;
Department of Organic Chemistry II, Faculty of Science &
Technology, University of the Basque Country, 48940 Leioa,
Bizkaia, Spain; ©® orcid.org/0000-0001-5421-8513

Jordi Quintana — Research Programme on Biomedical
Informatics, Universitat Pompeu Fabra (UPF-IMIM), 08003
Barcelona, Spain; ® orcid.org/0000-0002-7059-7418

Gregorio Valencia — Institut de Quimica Avangada de
Catalunya (LQA.C-CS.LC.), 08034 Barcelona, Spain

Isabel Cardoso — IBMC—Instituto de Biologia Molecular e
Celular, 4200-13S Porto, Portugal; i3S—Instituto de

https://dx.doi.org/10.1021/acs.jmedchem.9b01970
J. Med. Chem. 2020, 63, 320@-33214


https://pubs.acs.org/doi/10.1021/acs.jmedchem.9b01970?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.9b01970/suppl_file/jm9b01970_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.9b01970/suppl_file/jm9b01970_si_002.csv
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gemma+Arsequell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7009-3738
http://orcid.org/0000-0002-7009-3738
mailto:gemma.arsequell@iqac.csic.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ellen+Y.+Cotrina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Gimeno"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9668-2605
http://orcid.org/0000-0001-9668-2605
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordi+Llop"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0821-9838
http://orcid.org/0000-0002-0821-9838
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesu%CC%81s+Jime%CC%81nez-Barbero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5421-8513
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordi+Quintana"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7059-7418
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregorio+Valencia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Isabel+Cardoso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.9b01970?ref=pdf

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Investigacio e Inovagao em Sauide, Universidade do Porto,
4200-13S Porto, Portugal

Rafel Prohens — Unitat de Polimorfisme i Calorimetria, Centres
Cientifics i Tecnologics, Universitat de Barcelona, 08028
Barcelona, Spain; ® orcid.org/0000-0003-0294-1720

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jmedchem.9b01970

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Funding

This work was supported by a grant from the Fundacidé Marato
de TV3 (Neurodegenerative Diseases Call, project reference:
20140330-31-32-33-34, http://www.ccma.cat/tv3/marato/en/
projectes—ﬁnancats/2013/212/).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

L.C. worked under the Investigator FCT Program, which is
financed by national funds through FCT and cofinanced by
ESF through HPOP, type 4.2—Promotion of Scientific
Employment. G.A. from IQAC-CSIC acknowledges a grant
from Fundacié Marato de TV3, Spain (Project ref 20140330-
31-32-33-34) and also acknowledges financial support from the
Spanish Ministry of Economy (CTQ2016-76840-R). E.Y.C.
acknowledges a contract from Fundacio Maratd de TV3, Spain
(Project ref 20140330-31-32-33-34) and a l-year contract
from Ford-Fundacion Apadrina la Ciencia. The group at
CIC bioGUNE acknowledges the European Research Council
for financial support (ERC-2017-AdG, project number
788143-RECGLYC-ANMR), Instituto de Salud Carlos III of
Spain, ISCHI (grant PRB3 IPT17/0019 to A.G.), Agencia
Estatal Investigacion of Spain, AEI (grants CTQ2015-64597-
C2-1-P and RTI2018-094751-B-C21), and the Severo Ochoa
Excellence Accreditation (SEV-2016-0644). J.L. from CIC
biomaGUNE acknowledges the Spanish Ministry of Economy
and Competitiveness for financial support through grant
CTQ2017-87637-R. G.A. from IQAC-CSIC acknowledges
Prof. Antoni Planas (IQS-URL) for full technical support
and supervision on the TTR production.

B ABBREVIATIONS

AD, Alzheimer’s disease; TEM, transmission electron micros-
copy; ThT, thioflavin T; TTR, transthyretin; CSF, cerebro-
spinal fluid; IDIF, iododiflunisal; on, overnight; PPi, protein—
protein interactions; SPPS, solid-phase peptide synthesis

B REFERENCES

(1) Alzheimer’s Association Report. 2019 Alzheimer’s Disease Facts
and Figures. Alzheimer's Dementia 2019, 15, 321-387.

(2) Selkoe, D. J.; Hardy, J. The amyloid hypothesis of Alzheimer’s
disease at 25 years. EMBO Mol. Med. 2016, 8, 595—608.

(3) Doig, A. J.; Del Castillo-Frias, M. P.; Berthoumieu, O.; Tarus, B.;
Nasica-Labouze, J; Sterpone, F.; Nguyen, P. H,; Hooper, N. M,;
Faller, P.; Derreumaux, P. Why Is Research on Amyloid-# Failing to
Give New Drugs for Alzheimer’s Disease? ACS Chem. Neurosci. 2017,
8, 1435—1437.

(4) Cummings, J; Lee, G; Ritter, A; Sabbagh, M;; Zhong, K.
Alzheimer’s disease drug development pipeline: 2019. Alzheimer’s
Dementia 2019, S, 272—293.

3212

(5) Ji, L.; Zhao, X;; Hua, Z. Potential therapeutic implications of
gelsolin in Alzheimer’s disease. J. Alzheimer’s Dis. 2015, 44, 13—25.

(6) Nelson, A. R; Sagare, A. P.; Zlokovic, B. V. Role of clusterin in
the brain vascular clearance of amyloid-f. Proc. Natl. Acad. Sci. U.S.A.
2017, 114, 8681—8682.

(7) Beeg, M.; Stravalaci, M.; Romeo, M.; Carra, A. D.; Cagnotto, A.;
Rossi, A.; Diomede, L.; Salmona, M.; Gobbi, M. Clusterin binds to
Ap1-42 oligomers with high affinity and interferes with peptide
aggregation by inhibiting primary and secondary nucleation. J. Biol.
Chem. 2016, 291, 6958—6966.

(8) Liu, S.; Park, S.; Allington, G.; Prelli, F.; Sun, Y.; Marta-Ariza,
M.; Scholtzova, H.; Biswas, G.; Brown, B.; Verghese, P. B.; Mehta, P.
D.; Kwon, Y. U.; Wisniewski, T. Targeting Apolipoprotein E/amyloid
B binding by peptoid CPO_Ap17-21 P ameliorates Alzheimer’s
disease related pathology and cognitive decline. Sci. Rep. 2017, 7,
No. 8009.

(9) Nasica-Labouze, J.; Nguyen, P. H.; Sterpone, F.; Berthoumieu,
O.; Buchete, N. V,; Coté, S.; De Simone, A.; Doig, A. J.; Faller, P.;
Garcia, A,; Laio, A,; Li, M. S.; Melchionna, S.; Mousseau, N.; Mu, Y.;
Paravastu, A.; Pasquali, S.; Rosenman, D. J.; Strodel, B.; Tarus, B.;
Viles, J. H.; Zhang, T.; Wang, C.; Derreumaux, P. Amyloid  Protein
and Alzheimer’s Disease: When Computer Simulations Complement
Experimental Studies. Chem. Rev. 2015, 115, 3518—3563.

(10) Algamal, M.; Ahmed, R; Jafari, N.; Ahsan, B,; Ortega, J.;
Melacini, G. Atomic-resolution map of the interactions between an
amyloid inhibitor protein and amyloid f (Af) peptides in the
monomer and protofibril states. . Biol. Chem. 2017, 292, 17158—
17168.

(11) Boada, M.; Lopez, O.; Naiiez, L.; Szczepiorkowski, Z. M.;
Torres, M.; Grifols, C.; Paez, A. Plasma exchange for Alzheimer’s
disease Management by Albumin Replacement (AMBAR) trial: study
design and progress. Alzheimer’s Dementia 2019, 5, 61—69.

(12) Romeo, M,; Stravalaci, M.; Beeg, M.; Rossi, A.; Fiordaliso, F.;
Corbelli, A.; Salmona, M.; Gobbi, M,; Cagnotto, A,; Diomede, L.
Humanin specifically interacts with amyloid-f oligomers and
counteracts their in vivo toxicity. J. Alzheimer’s Dis. 2017, 57, 857—
871.

(13) Wallin, C.; Hiruma, Y.; Warmlinder, S. K. T. S.; Huvent, L;
Jarvet, J.; Abrahams, J. P.; Grislund, A,; Lippens, G.; Luo, J. The
neuronal Tau protein blocks in vitro fibrillation of the amyloid-g (Af)
peptide at the oligomeric stage. J. Am. Chem. Soc. 2018, 140, 8138—
8146.

(14) Schwarzman, A. L.; Gregori, L,; Vitek, M. P.; Lyubski, S.;
Strittmatter, W. J; Enghilde, J. J; Bhasin, R,; Silverman, J;
Weisgraber, K. H,; Coyle, P. K; Zagorki, M. G.; Talafous, J;
Eisenberg, M.; Saunders, A. M.; Roses, A. D.; Goldgaber, D.
Transthyretin sequesters amyloid beta protein and prevents amyloid
formation. Proc. Nat. Acad. Sci. U.S.A. 1994, 91, 8368—8372.

(15) Pate, K. M,; Kim, B. J; Shusta, E. V; Murphy, R. M.
Transthyretin mimetics as anti-#-amyloid agents: a comparison of
peptide and protein approaches. ChemMedChem 2018, 13, 968—979.

(16) Garai, K,; Posey, A. E.; Li, X,; Buxbaum, J. N.; Pappu, R. V.
Inhibition of amyloid beta fibril formation by monomeric human
transthyretin. Protein Sci. 2018, 27, 1252—1261.

(17) Vieira, M.; Saraiva, M. J. Transthyretin: a multifaceted protein.
Biomol. Concepts 2014, 5, 45—54.

(18) Serot, J. M.; Christmann, D.; Dubost, T.; Couturier, M.
Cerebrospinal fluid transthyretin: aging and late onset Alzheimer’s
disease. J. Neurol, Neurosurg. Psychiatry 1997, 63, S06—550.

(19) Ribeiro, C. A.; Santana, L; Oliveira, C.; Baldeiras, I.; Moreira, J.;
Saraiva, M. J; Cardoso, I. Transthyretin decrease in plasma of MCI
and AD patients: investigation of mechanisms for disease modulation.
Curr. Alzheimer Res. 2012, 9, 881—889.

(20) Han, S. H; Jung, E. S; Sohn, J. H,; Hong, H. J; Hong, H. S,;
Kim, J. W,; Na, D. L,; Kim, M,; Kim, H.; Ha, H. J.; Kim, Y. H.; Huh,
N,; Jung, M. W,; Mook-Jung, I. Human serum transthyretin levels
correlate inversely with Alzheimer’s disease. J. Alzheimer’s Dis. 2011,
2§, 77—84.

https://dx.doi.org/10.1021/acs.jmedchem.9b01970
J. Med. Chem. 2020, 63, 320@2‘3214


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rafel+Prohens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0294-1720
https://pubs.acs.org/doi/10.1021/acs.jmedchem.9b01970?ref=pdf
http://www.ccma.cat/tv3/marato/en/projectes-financats/2013/212/
http://www.ccma.cat/tv3/marato/en/projectes-financats/2013/212/
https://dx.doi.org/10.1016/j.jalz.2019.01.010
https://dx.doi.org/10.1016/j.jalz.2019.01.010
https://dx.doi.org/10.15252/emmm.201606210
https://dx.doi.org/10.15252/emmm.201606210
https://dx.doi.org/10.1021/acschemneuro.7b00188
https://dx.doi.org/10.1021/acschemneuro.7b00188
https://dx.doi.org/10.1016/j.trci.2019.05.008
https://dx.doi.org/10.3233/JAD-141548
https://dx.doi.org/10.3233/JAD-141548
https://dx.doi.org/10.1073/pnas.1711357114
https://dx.doi.org/10.1073/pnas.1711357114
https://dx.doi.org/10.1074/jbc.M115.689539
https://dx.doi.org/10.1074/jbc.M115.689539
https://dx.doi.org/10.1074/jbc.M115.689539
https://dx.doi.org/10.1038/s41598-017-08604-8
https://dx.doi.org/10.1038/s41598-017-08604-8
https://dx.doi.org/10.1038/s41598-017-08604-8
https://dx.doi.org/10.1021/cr500638n
https://dx.doi.org/10.1021/cr500638n
https://dx.doi.org/10.1021/cr500638n
https://dx.doi.org/10.1074/jbc.M117.792853
https://dx.doi.org/10.1074/jbc.M117.792853
https://dx.doi.org/10.1074/jbc.M117.792853
https://dx.doi.org/10.1016/j.trci.2019.01.001
https://dx.doi.org/10.1016/j.trci.2019.01.001
https://dx.doi.org/10.1016/j.trci.2019.01.001
https://dx.doi.org/10.3233/JAD-160951
https://dx.doi.org/10.3233/JAD-160951
https://dx.doi.org/10.1021/jacs.7b13623
https://dx.doi.org/10.1021/jacs.7b13623
https://dx.doi.org/10.1021/jacs.7b13623
https://dx.doi.org/10.1073/pnas.91.18.8368
https://dx.doi.org/10.1073/pnas.91.18.8368
https://dx.doi.org/10.1002/cmdc.201800031
https://dx.doi.org/10.1002/cmdc.201800031
https://dx.doi.org/10.1002/pro.3396
https://dx.doi.org/10.1002/pro.3396
https://dx.doi.org/10.1515/bmc-2013-0038
https://dx.doi.org/10.1136/jnnp.63.4.506
https://dx.doi.org/10.1136/jnnp.63.4.506
https://dx.doi.org/10.2174/156720512803251057
https://dx.doi.org/10.2174/156720512803251057
https://dx.doi.org/10.3233/JAD-2011-102145
https://dx.doi.org/10.3233/JAD-2011-102145
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.9b01970?ref=pdf

Journal of Medicinal Chemistry

pubs.acs.org/jmc

(21) Velayudhan, L; Killick, R.; Hye, A.; Kinsey, A.; Giintert, A.;
Lynham, S.; Ward, M.; Leung, R.; Lourdusamy, A.; To, A. W.; Powell,
J; Lovestone, S. Plasma transthyretin as a candidate marker for
Alzheimer’s disease. J. Alzheimer’s Dis. 2012, 28, 369—375.

(22) Pate, K. M;; Murphy, R. M. Cerebrospinal fluid proteins as
regulators of beta-amyloid aggregation and toxicity. Isr. J. Chem. 2017,
57, 602—612.

(23) Davidsson, P.; Westman-Brinkmalm, A.; Nilsson, C. L.;
Lindbjer, M.; Paulson, L.; Andreasen, N.; Sjogren, M.; Blennow, K.
Proteome analysis of cerebrospinal fluid proteins in Alzheimer
patients. Neuroreport 2002, 13, 611—615.

(24) Stein, T. D.; Johnson, J. A. Lack of neurodegeneration in
transgenic mice overexpressing mutant amyloid precursor protein is
associated with increased levels of transthyretin and the activation of
cell survival pathways. J. Neurosci. 2002, 22, 7380—7388.

(25) Buxbaum, J. N.; Ye, Z.; Reixach, N.; Friske, L.; Levy, C.; Das,
P.; Golde, T.; Masliah, E.; Roberts, A. R.; Bartfai, T. Transthyretin
protects Alzheimer’s mice from the behavioral and biochemical effects
of A toxicity. Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 2681—2686.

(26) Stein, T. D.; Anders, N. J.; De Carli, C.; Chan, S. L.; Mattson,
M. P.; Johnson, J. A. Neutralization of transthyretin reverses the
neuroprotective effects of secreted Amyloid Precursor Protein (APP)
in APPSw mice resulting in Tau phosphorylation and loss of
hippocampal neurons: support for the amyloid hypothesis. J. Neurosci.
2004, 24, 7707=7717.

(27) Costa, R; Gongalves, A.; Saraiva, M. J.; Cardoso, I
Transthyretin binding to A-beta peptide-impact on A-beta fibrillo-
genesis and toxicity. FEBS Lett. 2008, 582, 936—942.

(28) Ribeiro, C. A.; Saraiva, M. J.; Cardoso, I stability of the
transthyretin molecule as a key factor in the interaction with A-beta
peptide - relevance in Alzheimer’s disease. PLoS One 2012, 7,
No. e45368.

(29) Nilsson, L.; Pamreén, A.; Islam, T.; Brannstrom, K.; Golchin, S.
A.; Pettersson, N.; Iakovleva, I; Sandblad, L.; Gharibyan, A. L,;
Olofsson, A. Transthyretin Interferes with A Amyloid Formation by
Redirecting Oligomeric Nuclei into Non-Amyloid Aggregates. J. Mol.
Biol. 2018, 430, 2722—2733.

(30) Alemi, M,; Silva, S. C; Santana, I; Cardoso, I. Transthyretin
stability is critical in assisting beta amyloid clearance-Relevance of
transthyretin stabilization in Alzheimer’s disease. CNS Neurosci. Ther.
2017, 23, 605—619.

(31) Kerschen, P.; Planté-Bordeneuve, V. Current and future
treatment approaches in transthyretin Familial Amyloid Polyneurop-
athy. Curr. Treat. Options Neurol. 2016, 18, 53.

(32) Almeida, M. R.; Gales, L.; Damas, A. M.; Cardoso, L; Saraiva,
M. J. Small Transthyretin (TTR) Ligands as Possible Therapeutic
Agents in TTR Amyloidoses. Curr. Drug Targets CNS Neurol. Disord.
2005, 4, 587—596.

(33) Almeida, M. R.; Macedo, B.; Cardoso, L; Alves, I; Valencia, G.;
Arsequell, G.; Planas, A, Saraiva, M. J. Selective binding to
transthyretin and tetramer stabilization in serum from patients with
familial amyloidotic polyneuropathy by an iodinated diflunisal
derivative. Biochem. J. 2004, 381, 351—356.

(34) Johnson, S. M.; Wiseman, R. L.; Sekijima, Y.; Green, N. S.;
Adamski-Werner, S. L.; Kelly, J. W. Native state kinetic stabilization as
a strategy to ameliorate protein misfolding diseases: a focus on the
transthyretin amyloidosis. Acc. Chem. Res. 2005, 38, 911-921.

(35) Nencetti, S.; Orlandini, E. TTR fibril formation inhibitors: is
there a SAR? Curr. Med. Chem. 2012, 19, 2356—2379.

(36) Berk, J. L.; Suhr, O. B.; Sekijima, Y.; Yamashita, T.; Heneghan,
M.; Zeldenrust, S. R;; Ando, Y.; Ikeda, S.; Gorevic, P.; Merlini, G.;
Kelly, J. W.; Skinner, M.; Bisbee, A. B.; Dyck, P. J.; Obici, L. Familial
amyloidosis consortium. the diflunisal trial: study accrual and drug
tolerance. Amyloid 2012, 19, 37-38.

(37) Coelho, T.; Metlini, G.; Bulawa, C. E.; Fleming, J. A.; Judge, D.
P.; Kelly, J. W.; Maurer, M. S.; Planté-Bordeneuve, V.; Labaudiniere,
R.; Mundayat, R;; Riley, S.; Lombardo, I; Huertas, P. Mechanism of
action and clinical application of Tafamidis in hereditary transthyretin
amyloidosis. Neurol. Ther. 2016, 5, 1-25.

3213

(38) Nencetti, S.; Rossello, A.; Orlandini, E. Tafamidis (Vyndaqel):
A light for FAP patients. ChemMedChem 2013, 8, 1617—1619.

(39) Lamb, Y. N.; Deeks, E. D. Tafamidis: A review in transthyretin
amyloidosis with polyneuropathy. Drugs 2019, 79, 863—874.

(40) Bulawa, C. E.; Connelly, S.; Devit, M.; Wang, L.; Weigel, C.;
Fleming, J. A.; Packman, J.; Powers, E. T.; Wiseman, R. L.; Foss, T.
R; Wilson, I. A;; Kelly, J. W.; Labaudiniere, R. Tafamidis, a potent
and selective transthyretin kinetic stabilizer that inhibits the amyloid
cascade. Proc. Natl. Acad. Sci. U.S.A. 2012, 109, 9629—9634.

(41) Sant’Anna, R; Gallego, P.; Robinson, L. Z.; Pereira-Henriques,
A,; Ferreira, N.; Pinheiro, F.; Esperante, S.; Pallares, I.; Huertas, O.;
Almeida, M. R.; Reixach, N,; Insa, R,; Velazquez-Campoy, A;
Reverter, D.; Reig, N.; Ventura, S. Repositioning tolcapone as a
potent inhibitor of transthyretin amyloidogenesis and associated
cellular toxicity. Nat. Commun. 2016, 7, No. 10787.

(42) Gamez, J,; Salvadd, M.; Reig, N.; Suiié, P.; Casasnovas, C.;
Rojas-Garcia, R.; Insa, R. Transthyretin stabilization activity of the
catechol-O-methyltransferase inhibitor tolcapone (SOM0226) in
hereditary ATTR amyloidosis patients and asymptomatic carriers:
proof-of-concept study. Amyloid 2019, 26, 74—84.

(43) Almeida, M. R.; Macedo, B.; Cardoso, L; Alves, L; Valencia, G.;
Arsequell, G.; Planas, A.; Saraiva, M. J. Selective binding to
transthyretin and tetramer stabilization in serum from patients with
familial amyloidotic polyneuropathy by an iodinated diflunisal
derivative. Biochem. J. 2004, 381, 351—356.

(44) Mairal, T.; Nieto, J.; Pinto, M.; Almeida, M. R; Gales, L.;
Ballesteros, A.; Barluenga, J.; Pérez, J. J.; Vazquez, J. T.; Centeno, N.
B.; Saraiva, M. J.; Damas, A. M.; Planas, A.; Arsequell, G.; Valencia, G.
Iodine atoms: a new molecular feature for the design of potent
transthyretin fibrillogenesis inhibitors. PLoS One 2009, 4, No. e4124.

(45) Gales, L.; Macedo-Ribeiro, S.; Arsequell, G.; Valencia, G;
Saraiva, M. J.; Damas, A. M. Human transthyretin in complex with
iododiflunisal: structural features associated with a potent amyloid
inhibitor. Biochem. J. 2005, 388, 615—662.

(46) Ribeiro, C. A.; Oliveira, S. M.; Guido, L. F.; Magalhaes, A;
Valencia, G.; Arsequell, G.; Saraiva, M. J.; Cardoso, I. Transthyretin
stabilization by iododiflunisal promotes amyloid-f peptide clearance,
decreases its deposition, and ameliorates cognitive deficits in an
Alzheimer’s disease mouse model. J. Alzheimer’s Dis. 2014, 39, 357—
370.

(47) Doyle, M. L. Characterization of binding interactions by
isothermal titration calorimetry. Curr. Opin. Biotechnol. 1997, 8, 31—
3S.

(48) Pierce, M. M.; Raman, C. S.; Nall, B. T. Isothermal titration
calorimetry of protein-protein interactions. Methods 1999, 19, 213—
221.

(49) Jelesarov, 1; Bosshard, H. R. Isothermal titration calorimetry
and differential scanning calorimetry as complementary tools to
investigate the energetics of biomolecular recognition. J. Mol. Recognit.
1999, 12, 3—10.

(50) Brautigam, C. A.; Zhao, H.; Vargas, C.; Keller, S.; Schuck, P.
Integration and global analysis of isothermal titration calorimetry data
for studying macromolecular interactions. Nat. Protoc. 2016, 11, 882—
894.

(51) Velazquez-Campoy, A.; Leavitt, S. A.; Freire, E. Character-
ization of protein-protein interactions by isothermal titration
calorimetry. Methods Mol. Biol. 2004, 261, 35—54.

(52) Claveria-Gimeno, R.; Vega, S.; Abian, O.; Velazquez-Campoy,
A. Alook at ligand binding thermodynamics in drug discovery. Expert
Opin. Drug Discovery 2017, 12, 363—377.

(53) Velazquez-Campoy, A.; Leavitt, S. A.; Freire, E. Character-
ization of Protein-Protein Interactions by Isothermal Titration
Calorimetry in Protein—Protein Interactions: Methods and Applica-
tions. In Methods in Molecular Biology; Meyerkord, C.L.; Fu, H,, Eds,;
Springer Science + Business Media: New York, 2015; Vol. 1278, pp
183—204.

(54) Bradrick, T. D.; Beechem, J. M.; Howell, E. E. Unusual binding
stoichiometries and cooperativity are observed during binary and
ternary complex formation in the single active pore of R67

https://dx.doi.org/10.1021/acs.jmedchem.9b01970
J. Med. Chem. 2020, 63, 320@-53214


https://dx.doi.org/10.3233/JAD-2011-110611
https://dx.doi.org/10.3233/JAD-2011-110611
https://dx.doi.org/10.1002/ijch.201600078
https://dx.doi.org/10.1002/ijch.201600078
https://dx.doi.org/10.1097/00001756-200204160-00015
https://dx.doi.org/10.1097/00001756-200204160-00015
https://dx.doi.org/10.1523/JNEUROSCI.22-17-07380.2002
https://dx.doi.org/10.1523/JNEUROSCI.22-17-07380.2002
https://dx.doi.org/10.1523/JNEUROSCI.22-17-07380.2002
https://dx.doi.org/10.1523/JNEUROSCI.22-17-07380.2002
https://dx.doi.org/10.1073/pnas.0712197105
https://dx.doi.org/10.1073/pnas.0712197105
https://dx.doi.org/10.1073/pnas.0712197105
https://dx.doi.org/10.1523/JNEUROSCI.2211-04.2004
https://dx.doi.org/10.1523/JNEUROSCI.2211-04.2004
https://dx.doi.org/10.1523/JNEUROSCI.2211-04.2004
https://dx.doi.org/10.1523/JNEUROSCI.2211-04.2004
https://dx.doi.org/10.1016/j.febslet.2008.02.034
https://dx.doi.org/10.1016/j.febslet.2008.02.034
https://dx.doi.org/10.1371/journal.pone.0045368
https://dx.doi.org/10.1371/journal.pone.0045368
https://dx.doi.org/10.1371/journal.pone.0045368
https://dx.doi.org/10.1016/j.jmb.2018.06.005
https://dx.doi.org/10.1016/j.jmb.2018.06.005
https://dx.doi.org/10.1111/cns.12707
https://dx.doi.org/10.1111/cns.12707
https://dx.doi.org/10.1111/cns.12707
https://dx.doi.org/10.1007/s11940-016-0436-z
https://dx.doi.org/10.1007/s11940-016-0436-z
https://dx.doi.org/10.1007/s11940-016-0436-z
https://dx.doi.org/10.2174/156800705774322076
https://dx.doi.org/10.2174/156800705774322076
https://dx.doi.org/10.1042/BJ20040011
https://dx.doi.org/10.1042/BJ20040011
https://dx.doi.org/10.1042/BJ20040011
https://dx.doi.org/10.1042/BJ20040011
https://dx.doi.org/10.1021/ar020073i
https://dx.doi.org/10.1021/ar020073i
https://dx.doi.org/10.1021/ar020073i
https://dx.doi.org/10.2174/092986712800269326
https://dx.doi.org/10.2174/092986712800269326
https://dx.doi.org/10.3109/13506129.2012.678509
https://dx.doi.org/10.3109/13506129.2012.678509
https://dx.doi.org/10.3109/13506129.2012.678509
https://dx.doi.org/10.1007/s40120-016-0040-x
https://dx.doi.org/10.1007/s40120-016-0040-x
https://dx.doi.org/10.1007/s40120-016-0040-x
https://dx.doi.org/10.1002/cmdc.201300245
https://dx.doi.org/10.1002/cmdc.201300245
https://dx.doi.org/10.1007/s40265-019-01129-6
https://dx.doi.org/10.1007/s40265-019-01129-6
https://dx.doi.org/10.1073/pnas.1121005109
https://dx.doi.org/10.1073/pnas.1121005109
https://dx.doi.org/10.1073/pnas.1121005109
https://dx.doi.org/10.1038/ncomms10787
https://dx.doi.org/10.1038/ncomms10787
https://dx.doi.org/10.1038/ncomms10787
https://dx.doi.org/10.1080/13506129.2019.1597702
https://dx.doi.org/10.1080/13506129.2019.1597702
https://dx.doi.org/10.1080/13506129.2019.1597702
https://dx.doi.org/10.1080/13506129.2019.1597702
https://dx.doi.org/10.1042/BJ20040011
https://dx.doi.org/10.1042/BJ20040011
https://dx.doi.org/10.1042/BJ20040011
https://dx.doi.org/10.1042/BJ20040011
https://dx.doi.org/10.1371/journal.pone.0004124
https://dx.doi.org/10.1371/journal.pone.0004124
https://dx.doi.org/10.1042/BJ20042035
https://dx.doi.org/10.1042/BJ20042035
https://dx.doi.org/10.1042/BJ20042035
https://dx.doi.org/10.3233/JAD-131355
https://dx.doi.org/10.3233/JAD-131355
https://dx.doi.org/10.3233/JAD-131355
https://dx.doi.org/10.3233/JAD-131355
https://dx.doi.org/10.1016/S0958-1669(97)80154-1
https://dx.doi.org/10.1016/S0958-1669(97)80154-1
https://dx.doi.org/10.1006/meth.1999.0852
https://dx.doi.org/10.1006/meth.1999.0852
https://dx.doi.org/10.1002/(SICI)1099-1352(199901/02)12:1<3::AID-JMR441>3.0.CO;2-6
https://dx.doi.org/10.1002/(SICI)1099-1352(199901/02)12:1<3::AID-JMR441>3.0.CO;2-6
https://dx.doi.org/10.1002/(SICI)1099-1352(199901/02)12:1<3::AID-JMR441>3.0.CO;2-6
https://dx.doi.org/10.1038/nprot.2016.044
https://dx.doi.org/10.1038/nprot.2016.044
https://dx.doi.org/10.1080/17460441.2017.1297418
https://dx.doi.org/10.1021/bi960205d
https://dx.doi.org/10.1021/bi960205d
https://dx.doi.org/10.1021/bi960205d
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.9b01970?ref=pdf

Journal of Medicinal Chemistry

pubs.acs.org/jmc

dihydrofolate reductase, a D2 symmetric protein. Biochemistry 1996,
35, 11414—11424.

(55) Velazquez-Campoy, A.; Goii, G.; Peregrina, J. R.;; Medina, M.
Exact analysis of heterotropic interactions in proteins: Character-
ization of cooperative ligand binding by isothermal titration
calorimetry. Biophys. J. 2006, 91, 1887—1904.

(56) Verstraete, K; van Schie, L.; Vyncke, L.; Bloch, Y.; Tavernier,
J.; Pauwels, E.; Peelman, F.; Savvides, S. N. Structural basis of the
proinflammatory signaling complex mediated by TSLP. Nat. Struct.
Mol. Biol. 2014, 21, 375—382.

(57) Hughes, S. J.; Ciulli A. Molecular recognition of ternary
complexes: a new dimension in the structure-guided design of
chemical degraders. Essays Biochem. 2017, 61, 505—516.

(58) Houtman, J. C.; Brown, P. H,; Bowden, B.; Yamaguchi, H,;
Appella, E.; Samelson, L. E.; Schuck, P. Studying multisite binary and
ternary protein interactions by global analysis of isothermal titration
calorimetry data in SEDPHAT: application to adaptor protein
complexes in cell signaling. Protein Sci. 2007, 16, 30—42.

(59) Gimeno, A.; Santos, L. M.; Alemi, M.; Rivas, J.; Blasi, D.;
Cotrina, Y.; Llop, J.; Valencia, G.; Cardoso, I; Quintana, J.; Arsequell,
G.; Jiménez-Barbero, J. Insights on the interaction between trans-
thyretin and Af in solution. A Saturation Transfer Difference (STD)
NMR analysis of the role of iododiflunisal. J. Med. Chem. 2017, 60,
5749—-5758.

(60) Sohma, Y.; Sasaki, M.; Hayashi, Y.; Kimura, T.; Kiso, Y. Design
synthesis of a novel water-soluble Af1-42 isopeptide: an efficient
strategy for the preparation of Alzheimer’s disease-related peptide
ApP1—42 via O—N intramolecular acyl migration reaction. Tetrahedron
Lett. 2004, 45, 5965—5968.

(61) Beeg, M.; Stravalaci, M.; Bastone, A.; Salmona, M.; Gobbi, M.
A modified protocol to prepare seed-free starting solutions of
amyloid-f (Af) 1-40 and A 1-42 from the corresponding
depsipeptides. Anal. Biochem. 2011, 411, 297—299.

(62) Li, X;; Zhang, X,; Ladiwala, A. R. A; Du, D.; Yadav, J. K;
Tessier, P. M.; Wright, P. E.; Kelly, J. W.; Buxbaum, J. N. Mechanisms
of transthyretin inhibition of f-amyloid aggregation in vitro. J.
Neurosci. 2013, 33, 19423—19433.

(63) Meisl, G.; Yang, X.; Hellstrand, E.; Frohm, B.; Kirkegaard, J. B.;
Cohen, S. I; Dobson, C. M.; Linse, S.; Knowles, T. P. Differences in
nucleation behavior underlie the contrasting aggregation kinetics of
the AP40 and AP42 peptides. Proc. Natl. Acad. Sci. US.A. 2014, 111,
9384—9389.

(64) LeVine, H, 3rd Thioflavine T interaction with synthetic
Alzheimer’s disease beta-amyloid peptides: detection of amyloid
aggregation in solution. Protein Sci. 1993, 2, 404—410.

(65) Fraser, P. E; Levesque, L; McLachlan, D. R. Alzheimer Af
amyloid forms an inhibitory neuronal substrate. J. Neurochem. 1994,
62, 1227—-1230.

(66) Flood, J. F.; Morley, J. E.; Roberts, E. An amyloid § protein
fragment, Af (12-28), equipotently impairs post-training memory
processing when injected into different limbic system structures. Brain
Res. 1994, 663, 271-276.

(67) Jarvet, J.; Damberg, P.; Bodell, K.; Eriksson, L. E. G.; Graslund,
A. Reversible random coil to f-sheet transition and the early stage of
aggregation of the Af(12—28) fragment from the Alzheimer peptide.
J. Am. Chem. Soc. 2000, 122, 4261—4268.

(68) Razavi, H.; Palaninathan, S. K; Powers, E. T.; Wiseman, R. L.;
Purkey, H. E.; Mohamedmohaideen, N. N.; Deechongkit, S.; Chiang,
K. P.; Dendle, M. T.; Sacchettini, J. C.; Kelly, J. W. Benzoxazoles as
transthyretin amyloid fibril inhibitors: synthesis, evaluation, and
mechanism of action. Angew. Chem., Int. Ed. 2003, 42, 2758—2761.

(69) Dolado, I; Nieto, J.; Saraiva, M. J. M.; Arsequell, G.; Valencia,
G.; Planas, A. Kinetic assay for high-throughput screening of in vitro
transthyretin amyloid fibrillogenesis inhibitors. J. Comb. Chem. 2005,
7, 246—252.

3214

https://dx.doi.org/10.1021/acs.jmedchem.9b01970
J. Med. Chem. 2020, 63, 320@63214


https://dx.doi.org/10.1021/bi960205d
https://dx.doi.org/10.1529/biophysj.106.086561
https://dx.doi.org/10.1529/biophysj.106.086561
https://dx.doi.org/10.1529/biophysj.106.086561
https://dx.doi.org/10.1038/nsmb.2794
https://dx.doi.org/10.1038/nsmb.2794
https://dx.doi.org/10.1042/EBC20170041
https://dx.doi.org/10.1042/EBC20170041
https://dx.doi.org/10.1042/EBC20170041
https://dx.doi.org/10.1110/ps.062558507
https://dx.doi.org/10.1110/ps.062558507
https://dx.doi.org/10.1110/ps.062558507
https://dx.doi.org/10.1110/ps.062558507
https://dx.doi.org/10.1021/acs.jmedchem.7b00428
https://dx.doi.org/10.1021/acs.jmedchem.7b00428
https://dx.doi.org/10.1021/acs.jmedchem.7b00428
https://dx.doi.org/10.1016/j.tetlet.2004.06.059
https://dx.doi.org/10.1016/j.tetlet.2004.06.059
https://dx.doi.org/10.1016/j.tetlet.2004.06.059
https://dx.doi.org/10.1016/j.tetlet.2004.06.059
https://dx.doi.org/10.1016/j.ab.2010.12.032
https://dx.doi.org/10.1016/j.ab.2010.12.032
https://dx.doi.org/10.1016/j.ab.2010.12.032
https://dx.doi.org/10.1523/JNEUROSCI.2561-13.2013
https://dx.doi.org/10.1523/JNEUROSCI.2561-13.2013
https://dx.doi.org/10.1073/pnas.1401564111
https://dx.doi.org/10.1073/pnas.1401564111
https://dx.doi.org/10.1073/pnas.1401564111
https://dx.doi.org/10.1002/pro.5560020312
https://dx.doi.org/10.1002/pro.5560020312
https://dx.doi.org/10.1002/pro.5560020312
https://dx.doi.org/10.1046/j.1471-4159.1994.62031227.x
https://dx.doi.org/10.1046/j.1471-4159.1994.62031227.x
https://dx.doi.org/10.1016/0006-8993(94)91273-4
https://dx.doi.org/10.1016/0006-8993(94)91273-4
https://dx.doi.org/10.1016/0006-8993(94)91273-4
https://dx.doi.org/10.1021/ja991167z
https://dx.doi.org/10.1021/ja991167z
https://dx.doi.org/10.1002/anie.200351179
https://dx.doi.org/10.1002/anie.200351179
https://dx.doi.org/10.1002/anie.200351179
https://dx.doi.org/10.1021/cc049849s
https://dx.doi.org/10.1021/cc049849s
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.9b01970?ref=pdf

97



Capitulo 3

Articulo 3: An assay for screening potential drug candidates for
Alzheimer’s disease that act as chaperons of the transthyretin and
amyloid-B peptides interaction.

Cotrina, E.Y.;! Gimeno, A.;?3* Llop, J.;® Jiménez-Barbero, J.;>3* Quintana, J.;°
Prohens, R.;” Cardoso, I.;® Arsequell, G.

1 Institut de Quimica Avancada de Catalunya (I.Q.A.C.-C.S.I.C.), Jordi Girona 18-26, 08034 Barcelona, Spain.
2 CIC bioGUNE, Basque Research and Technology Alliance (BRTA), Bizkaia Technology Park, Building 800,
48160 Derio, Spain.

3 Ikerbasque, Basque Foundation for Science, Maria Diaz de Haro 13, 48009 Bilbao, Spain.

4 Departament of Organic Chemistry Il, Faculty of Science & Technology, University of the Basque Country,
48940 Leioa, Bizkaia, Spain.

5 CIC biomaGUNE, Basque Research and Technology Alliance (BRTA), 20014 San Sebastian, Spain.

6 Research Programme on Biomedical Informatics, Universitat Pompeu Fabra (UPF-IMIM), 08003 Barcelona,
Spain.

7 Unitat de Polimorfisme i Calorimetria, Centres Cientifics i Tecnologics, Universitat de Barcelona, Baldiri Reixac
10, 08028 Barcelona, Spain.

8 j3S-Instituto de Investigagéo e Inovacdo em Salde, Universidade do Porto, 4200-135 Porto, Portugal.

Chemistry 2020.
DOI: 10.1002/chem.202002933.

Wiley-VCH GmbH

ISSN: 0947-6539

Category: Chemistry, Multidisciplinary
44/177

IF 4.636

Q1

Graphical Abstract

0,16 4

0,14 1 ® AB(12-28)
'ﬁa‘Aﬁ 012 ]
h o 0,10 4
' SCREENING | HTS assay 5. SELECTION
Small-molecule 0,06 1 ® AB(12-28) + TTR :’ i
compounds E.EAB ‘t.iAﬁ 0,04 ] L_t _____ i SMCs
» ‘ . 0.02 3 ® AB(12-28) + (TTR + IDIF)
0,00 e e ——
0 1 2 3 4 5 6
Time (h)

98




'.) Check for updates

Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202002933

 Drug Discovery

An Assay for Screening Potential Drug Candidates for Alzheimer’s

Disease That Act as Chaperones of the Transthyretin and

Amyloid-f3 Peptides Interaction
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" Jordi Llop,® Jesus Jiménez-Barbero,

[c, d, el

Jordi Quintana,™ Rafel Prohens,"¥ Isabel Cardoso,™ and Gemma Arsequell*®

/Abstract: The protein transthyretin (TTR) modulates amy-
loid-f (AP) peptides deposition and processing and this
physiological effect is further enhanced by treatment with
iododiflunisal (IDIF), a small-molecule compound (SMC) with
TTR tetramer stabilization properties, which behaves as
chaperone of the complex. This knowledge has prompted us
to design and optimize a rapid and simple high-throughput
assay that relies on the ability of test compounds to form
ternary soluble complexes TTR/Af/SMC that prevent AB ag-

N

gregation. The method uses the shorter Af3(12-28) sequence
which is cheaper and simpler to use while retaining the ag-
gregation properties of their parents AB(1-40) and AB(1-42).
The test is carried out in 96-plate wells that are UV moni-
tored for turbidity during 6 h. Given its reproducibility, we
propose that this test can be a powerful tool for efficient
screening of SMCs that act as chaperones of the TTR/A in-
teraction that may led to potential AD therapies.

/

Introduction

Transthyretin (TTR) is a homotetrameric protein found in the
plasma and cerebrospinal fluid (CSF) that transports thyroid
hormones and retinol." It is most stable as a tetramer, but
many point mutations are involved in pathological conditions
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caused by toxic TTR amyloid deposits in vital organs.? It is rel-
evant to note that TTR is the main amyloid-p (AP) binding pro-
tein in CSF® This binding is believed to naturally prevent AP
aggregation and toxicity in this fluid. This first physiological
evidence suggesting a putative neuroprotective effect of TTR
has been later confirmed by a number of biochemical and
animal studies as well as comparative measures of TTR levels
in healthy and AD patients.”” The molecular mechanisms of
TTR neuroprotection have not been fully elucidated. Recent
data suggests that TTR interferes with AB by redirecting oligo-
meric nuclei into non-amyloid aggregates.” Also, TTR seems to
inhibit both primary and secondary nucleations of A peptides
aggregation reducing the toxicity of their oligomers.®

In early in vitro studies we have gathered a first insight into
the binding of TTR and AP and into this binding enhancing
role of a small set of TTR tetramer-stabilizing compounds.”
One of the compounds is an iodinated analogue of the non-
steroidal anti-inflammatory drug (NSAID) diflunisal namely, io-
dodiflunisal (IDIF).”! Later, we have shown that in vivo adminis-
tration of IDIF to AD transgenic mice, resulted in binding and
stabilization of the TTR tetramer, decreasing brain AP levels
and deposition and improving the cognitive functions that are
impaired in this AD-like neuropathology.”’ By recent radio-
chemical studies, we have proven that preformed TTR-IDIF la-
beled complexes better penetrate the blood brain barrier (BBB)
than free TTR and IDIF"? By longitudinal in vivo molecular
imaging study we have shown that oral treatment with IDIF in
a transgenic mouse model of AD delays hippocampal amyloid
beta formation.!'”

To elucidate at the molecular level the mechanisms involved
in these TTR/AB/IDIF interactions by biophysical methods we

© 2020 Wiley-VCH GmbH
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have used saturation-transfer difference nuclear magnetic reso-
nance (STD-NMR) techniques that have allowed us to identify
the 17-mer peptide sequence AB(12-28) as the main structural
recognition motif."? Interestingly, this short AR amyloid pep-
tide (VHHQKLVFFAEDVGSNK) has been extensively studied and
is reported to exhibit essentially identical neurotoxic behavior
and fibril formation features as the AP(1-42) and (1-40) pep-
tides and thus has been used as a short model of the full Ap
peptides (Supporting information)."¥Structural studies of this
AB(12-28) amyloid sequence have shown to contain a domain
known as the “hydrophobic core” (residues 17-21) and a
B-turn (residues 22-28)." These peptide stretches look essen-
tial for the formation of large aggregates and fibrils in the
AB(1-40) and AB(1-42) longer peptides."™ Thus, mutations in
the hydrophobic core such as Phe19/Pro19 have a large influ-
ence on the aggregation properties and even prevent fibrilliza-
tion.'” Also, the aggregation characteristics of AB(12-28) have
a strong pH dependence."” Interestingly, this same AB(12-28)
sequence has also been identified among the key determi-
nants for the recognition of full ABs by other amyloid binding
proteins, such as ApoE"® and human serum albumin (HAS)."

Furthermore, in our biophysical studies of these ternary in-
teractions we have also used isothermal titration calorimetry
(ITC) techniques that have provided conclusive proof of stable
complex formation in solution between these TTR, Af} and IDIF
molecular species. Thus, both AfB(1-42) and Ap(12-28) do not
bind with IDIF but form binary complexes with TTR. In turn,
binary TTR/IDIF complexes bind more effectively than TTR
alone with Ap species to form ternary complexes. This more ef-
fective binding provided by IDIF allow us to talk about a chap-
eroning effect of IDIF upon TTR/AP binding.”

With this information at hand, we envisioned a simple terna-
ry reaction system composed by TTR, Ap(12-28) and a SMC
acting as chaperone that could be easily monitored for aggre-
gates formation in a high throughput screening (HTS) format
that could allow to screen for other chaperones. In such a
system the chaperone could prevent aggregate formation
through soluble ternary complex formation and the extent of
precipitate formation could be an indirect measure of the
chaperone potency. To set such a system we have revisited our
former turbidimetric method for screening of potential TTR fi-
brillogenesis inhibitors. Our method used a mutant TTR and
was optimized as to carry kinetic monitoring of TTR aggrega-
tion by simply measuring the turbidity of 96-plate wells by UV.
Turbidimetry kinetics were used to assess the potency of fibril-
logenesis inhibition compounds.?" In this case, to design a
simple and rapid assay, turbidity appeared again a good
choice for reaction monitoring. Thus, given that native TTR is a
thermostable protein that does not show amyloid properties
in solution at neutral pH, we aimed at measuring the ability of
a particular test compound to prevent aggregation of the
AP(12-28) peptide in solutions also containing TTR. As here
described, we have first optimized the operating conditions for
AP(12-28) aggregation by using common methods of rational
Design of Experiments (DoE).”? Secondly, convenient
AB(12-28)/TTR/SMC molar ratios as to discriminate the effect
of different SMCs acting as TTR ligands were sought. The final
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assay setup comprises incubation of different test compounds
with solutions containing both TTR and AP(12-28) as to allow
the formation of the ternary complexes in a 96-well format
and the turbidimetry of the wells monitored for 6 hours by
measuring the absorbance at 340 nm. Turbidimetry is used as
a measure of the chaperoning potency of the SMCs.

It is known that AP peptides interact and form complexes
with proteins other than TTR such as: Gelsolin,** ApoJ (cluster-
in),”? ApoE,”” and HSA.”? These complexes also seem to inter-
fere with AP aggregation and therefore may constitute a new
therapeutic target for AD. Owing the urgent need to feed the
exhausted pipelines of drug candidates for AD (see more info
in the Supporting Information) we propose that the methodol-
ogy here described, besides its potential for the discovery of
TTR/AB interaction modifying SMCs, may be inspiring to settle
new screening methods for potential AD therapeutic interven-
tions based on other A interacting proteins.

Results and Discussion
Preliminary experiments

Relative high quantities of the synthetic AP(12-28) peptide
and recombinant TTR were a requisite for this study. Thus, the
AP(12-28) amyloid peptide was in house synthesized at mm
scale by microwave solid-phase peptide synthesis (SPPS) proto-
cols. Preparation of recombinant TTR was achieved by expres-
sion in Escherichia coli following our previously described
methods, with slight modifications to increase protein produc-
tion.”" Yield of pure protein was 150 mgL™" of culture and a
batch of 500 mg was produced (Supporting Information,
Scheme S1). In a preliminary set of experiments the aggrega-
tion of separated APB(12-28) and TTR solutions were compared
with (2:1) molar mixtures of AP(12-28) and TTR which were
kept at 37°C under stirring in a neutral buffer and monitored
at 340 nm for turbidity during 6 h. It was observed that the
peptide readily aggregates reaching a maximum in less than
3 h, TTR solutions remained clean and (2:1) peptide/protein
mixtures produced a faint precipitate. Also, additional mixtures
of AP(12-28) and TTR were challenged with IDIF. Thus, IDIF
was incubated with TTR solutions at (1:2) molar ratios and
then added to AP peptide solutions at (2:1) peptide/protein
ratios. No aggregates could be detected after 6 h (Figure S3)
and up to 18 h (Figure S6). In addition, equimolar mixtures of
AB/IDIF and TTR/IDIF were prepared and monitored for turbidi-
ty to confirm that IDIF is not able to prevent AP} aggregation
nor to induce TTR aggregation (Figure S6).

Optimization of Af}(12-28) aggregation

Having in mind that maximal sensitivity of aggregate detection
by turbidimetry and minimal cost of reagents were particularly
important factors, the HTS assay here described has been set-
tled and optimized in two stages. In a first stage, the aggrega-
tion conditions of the AB(12-28) peptide were selected and
optimized. Thus, the following parameters: incubation temper-
ature, nature and ionic strength of buffer solution, concentra-
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tion of AP(12-28) and selection of UV wavelength monitoring
were either individually or collectively optimized by rational
DoE methods. To identify the optimum wavelength that better
differentiates between soluble and aggregated peptide we
have performed spectral scans (260-440 nm) on 200 um solu-
tions of AP(12-28). One run was performed immediately after
preparation of the solution and the second after standing at
37°C for 6 h (Figure S4). The maximum absorption difference
between the initial clean solution and the turbid final solution
was observed at 340 nm. This wavelength is in the
340-360 nm range, which has been used to characterize other
amyloid aggregation processes and therefore was adopted as
optimal for our study.””

For the optimization of the rest of the factors, this is, incuba-
tion temperature, ionic strength of buffer and concentration of
peptide a factorial DoE was used. Reaction temperature and
ionic strength were analyzed at two levels while concentration
of reagents at three resulting in a (3'2?) factorial design (Ta-
bles S1-S3). Accordingly, a total of 12 experiments that were
repeated 3 more times with a sum of 48 runs. In addition, the
block effect, this is, the influence of different batches of the
peptide was also taken into account.

For each experiment, the mean value of the absorbance at
340 nm after 6 hours of reaction was taken as the variable re-
sponse. The design and analysis of results were performed
using the JMP software package (SAS Institute),”® while statis-
tical significance was assessed by ANOVA (Table S4). It was
found that all the main factors (concentration, ionic strength,
and temperature) and the interactions between concentration
and the other two factors were statistically significant but not
the temperature versus ionic strength interaction. As expected,
the block factor was not statistically significant (Table S5).

As seen from prediction profiles and desirability plots (Fig-
ure S5) the most influential factor on absorbance was the pep-
tide concentration. This can be seen from the examples of re-
action profiles at different conditions provided in Figure 1. To
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Figure 1. Aggregation kinetics of AB(12-28) peptide at 37°C monitored by
UV (340 nm) over 6 h. A) At 50, 100, and 200 pum concentrations. B) In the
absence or presence of salts ([NaCl]=100 mwm). C) At different temperatures
and absence of salts. Samples were assayed in duplicate and are representa-
tive of three (n=6) (A) or two different experiments (n=4) (B and C). Stud-
ies performed at pH 7.4 in 25 mm HEPES buffer, 10 mm glycine and 5%
DMSO (final concentration) at 37 °C.
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reduce economic costs a concentration of 100 um of the pep-
tide was selected for subsequent experiments. The other two
factors were fixed at their low level (temperature at 37 °C and
low ionic strength (in the absence of NaCl salts, 0 um NaCl).

Assay optimization

After setting the optimal AB(12-28) aggregation conditions, in
a second stage of the assay development, the most convenient
peptide/protein ratio that may allow discrimination between
different SMCs that act as TTR ligands was sought. Thus, in
view of the preliminary experiments (Figure S3) that used a
(2:1) stoichiometric peptide/protein ratio, a discrete range of
AB(12-28) to TTR ratios going from an excess of peptide (4:1)
to an excess of protein (1:2) were investigated (Figure 2A).
Similar range of peptide/protein ratios were also studied in the
presence of the TTR ligand IDIF (Figure 2B, 2C, and 2D). From
Figure 2B, it appears that the (2:1) peptide/protein ratio seems
rather convenient for the quantification of the chaperoning
effect of IDIF. In turn, this ratio also allows for a moderate con-
sumption of protein. In addition, we have firm evidence from
isothermal titration calorimetry (ITC) experiments that in these

conditions, ternary AP (12-28)/TTR/IDIF complexes are
formed.”?”
A Cc
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Figure 2. A) Kinetic profiles of the aggregation of AB(12-28), TTR and
AP(12-28)/ TTR mixtures at (4:1), (2:1), (1:1) and (1:2) molar ratios;

B) AP(12-28) aggregation course at (2:1) Ap(12-28)/ TTR molar ratio with or
without IDIF (2 molar); C) AB(12-28) aggregation course at (1:1) Ap(12-28)/
TTR molar ratio with or without IDIF (2 molar); D) AB(12-28) aggregation
course at (1:2) AB(12-28)/ TTR molar ratio with or without IDIF (4 molar),
measured by turbidity at 37 °C over 6 h. Samples were assayed in duplicate
and are representative of two different experiments (n=4). All of them per-
formed at pH 7.4 in 25 mm HEPES buffer, 10 mm glycine and 5% DMSO
(final concentration) at 37°C.

HTS assay development

This information was next translated into a working HTS assay
using 96-well microplates (Scheme S2). In doing so, in each
plate different positive and negative controls were always in-
cluded. In particular, the AB(1-11) sequence which does not
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show aggregation was taken as a negative control. It was
always checked that TTR ligands alone do not modify the
AP(12-28) aggregation process.

The concentration of the test compounds in the assay was
selected based on previous knowledge of their binding stoichi-
ometry to the tetrameric form of TTR which is either (1:1) or
(1:2) protein/ligand. A small quantity of DMSO (5% final con-
centration) was always added to buffered stock solutions of li-
gands to improve their solubility. The protocol operation start-
ed with the incubation of the SMC (100 pum) with the protein
(50 um) for one hour at 37°C followed by addition of
AB(12-28) (100 um) and then the plate was incubated for 6 h
at 37°C. Profiles of control experiments as well as results from
a typical experiment using IDIF as a SMC ligand using optimal
assay conditions are presented in Figure 3.

Quantitative results are calculated from the UV absorbance
of each well after 6 h. The potency of a test compound is ex-
pressed as the percentage of reduction of the UV absorbance
observed for the compound when compared to an AB(12-28)
aggregation control experiment. Thus, the potency of IDIF is
96% (Table 1). Analysis of the Z'-factor for the assay*” gave
values of 0.9 for IDIF and of 0.87 for TTR meaning that the
assay is well-suited for HTS.

A B
® AB(12-28 ® AB(12:28
0.14 B1228) 4y p(12:28)
0.12 0.12
0.10 0.10 AB(12-28) + IDIF
g 008 0.08
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O 006 0.06
0,04 P 0.04 ® AB(12-28) + TTR
® AB(1-11)
0.02 Buff 0.02
__— ool ® AB(12-28) + (TTR + IDIF)
0.00 —§—= ¢  — . i . 0.00 —35—3 . 3114
o 1 2 3 4 5 & o 1 2 3 4 5 &
Time (h) Time (h)

Figure 3. Aggregation kinetics of the Ap(12-28) peptide measured using the
HTS operating format in a 96-well plates: A) Control experiments: dark blue,
AB(12-28) (100 pm); light blue, TTR (50 um); pink AB(1-11) and yellow,
buffer. B) Dark blue, AB(12-28); red, Ap(12-28) with IDIF; light blue,
AB(12-28) with TTR (binary complex); green, AB(12-28) plus TTR/IDIF mix-
ture (ternary complex). Samples were assayed in duplicate and results are
representative of three different experiments (n=6). Studies were performed
at pH 7.4 in 25 mm HEPES buffer, 10 mm glycine and 5% DMSO (final con-
centration) at 37°C.

Table 1. Quantification of SMCs potency.

0D340 p-value®  Reduction of
aggregation (%)
(RA£SD %)
AP(12-28) 0.131+£0.009 0
AB(12-28)+TTR 0.028 +0.004 0.000* 79425
APB(12-28)+[TTR+IDIF] 0.006 + 0.005 0.000* 9%6+1.4

[a] Statistically significant factors and interactions are those whose p-
value < 0.05; p-value obtained using the non-parametric Wilcoxon rank-
sum test.””
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Alternative assay monitoring

Following the assumption that AB(12-28) aggregation yields
amyloid structures, monitoring of the assay was also investi-
gated using Thioflavin-T (ThT) fluorescence. Given that ThT
tightly binds to amyloid structures, this method is widely ac-
cepted and used for the characterization of amyloid aggre-
gates.®" As seen in Figure 4 the kinetic patterns of AB(12-28)
aggregation in the different conditions of the assay are consis-
tent with the formation of amyloid structures which are greatly
reduced by TTR/IDIF complexes. These patterns are in good ac-
cordance with the ones obtained by UV monitoring.

45000 1

H 2h
40000 - = 4h
m 6h
—~ 35000 4 m 8h
3 m21h
S 30000 4
Q
5
o 25000 I e
173
5
S 20000 -
= 0
k= 15000 - I
=
10000 -
5000 - I
o i il
AB (12-28) AB (12-28) AB (12-28) AB (12-28)
. + .
IDIF TTR TTR+DIF

Figure 4. ThT fluorescence monitoring of the aggregation of AB(12-28). Ki-
netic course of Af3(12-28) only; AB(12-28) in the presence of IDIF;
AP(12-28) in complex with TTR and in complex with TTR stabilized with IDIF.
ThT fluorescence was measured at 37 °C at different time intervals. Studies
were performed at pH 7.4 in 25 mm HEPES buffer, 10 mm glycine and 5%
DMSO (final concentration) at 37 °C.

To further investigate the nature of the AP(12-28) aggre-
gates formed in the different assay conditions a morphological
analysis by transmission electron microscopy (TEM) was per-
formed. The ultrastructural examination revealed that after
48 h of incubation at 37°C, AB(12-28) formed highly ordered
and structured fibrils. However, in the presence of TTR/IDIF
complexes only round and small particles were observed (Fig-
ure S9).

It is well established that AP peptides and its oligomeric
forms are toxic to neural cells leading to apoptosis and cellular
death. It is also settled that TTR protects against this neurotox-
icity.>%3% Caspase-3 activation is one of the methods to mea-
sure this toxicity. Using caspase-3 activation tests on the sam-
ples of our screening test we have observed that TTR can
reduce up to 45% the levels of caspase-3 activation while the
TTR/IDIF complex effect is about 60% (Figure S10).

Assay validation

To examine the proficiency of the assay to discriminate among
structurally different SMC, a small set of TTR ligands was select-
ed and tested (Figure 5). Two of them, tafamidis and diflunisal
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Figure 5. Aggregation kinetics of AB(12-28) mediated by the four selected SMC as measured by the turbidity assay at 37 °C over 6 h. Chaperoning effect of:
A) IDIF, B) tafamidis, C) diflunisal, D) DCPA, and E) DFPA. Samples were assayed in duplicate and are representative of two different experiments (n =4). Studies
were performed at pH 7.4 in 25 mm HEPES buffer, 10 mm glycine and 5% DMSO (final concentration) at 37 °C. F) Parameters for aggregation from the turbidi-

metric assay. G) Chemical structures of the SMCs assayed.

are licensed drugs. The N-aryl anthranilic acids, N-(3,5-dichloro-
phenyl)anthranilic acid (DCPA) and the N-(3,5-difluorophenyl)-
anthranilic acid (DFPA) were chosen because of their good TTR
binding properties.” As seen in Figure 5D-F, among the four
products, DCPA and DFPA show extensive chaperone proper-
ties similar to IDIF. Given that these three compounds are
good TTR tetramer stabilizers, this condition seems a reason-
able preliminary indication for the selection of potential chap-
erones entering the assay. Furthermore, ITC techniques has
been used to corroborate the formation of the corresponding
AB(12-28)/TTR/SMC ternary complexes with the four selected
compounds (Figures S14 and S15). In addition, the aggregation
kinetics of AB(1-42) in the presence of the four selected SMC
have been monitored by ThT assays giving coherent results
with the turbidity measurements (Figure S8).

Conclusion

In summary, we have designed and implemented a HTS assay
to search for SMCs that may also be good chaperones of the
TTR/AP peptides interaction. The assay here described makes
use of the more simple, easily handling and less costly
AP(12-28) peptide than the full-length AP peptides. The assay
monitors AP(12-28) aggregation in the presence of both TTR
and a SMC, which is a TTR ligand that acts as chaperone of the
AB(12-28)/TTR interaction. The aggregation kinetics can be
monitored with parallel results by either the turbidity of the
solutions as detected by UV or ThT fluorescence of the amyloid
structures formed. The assay has been optimized for: 1) UV
wavelength monitoring (340 nm), 2) AB(12-28) aggregation
factors (concentration of peptide, buffer solution, incubation
temperature) by using a factorial DoE of (3'2%), and 3) TTR/
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AP(12-28) ratio as to minimize protein expenditure. The assay
has been adapted to a 96-well plate format and tested using a
set of 4 compounds that have different TTR binding properties.
It was observed that TTR ligand ability correlates with chaper-
one efficiency of the AP(12-28)/TTR interaction. Chaperones
always form ternary complexes Af(12-28)/TTR/SMC as seen by
ITC. We propose that this assay may be a simple and effective
tool for screening chaperones of the AP peptides/TTR interac-
tions that may constitute potential AD therapeutic agents. We
also hope that the methodology here described may be inspir-
ing to settle screening methods for chaperones acting on
other proteins interacting with Ap} peptides.

Experimental Section
Chemical compounds

Dimethyl sulfoxide (DMSO); N-(2-hydroxyethyl) piperazine-N'-(2-
ethanesulfonic acid) (HEPES); glycine; Tris(hydroxymethyl)-amino-
methane (Tris); TFA, Trifluoroacetic acid and dimethyl sulfoxide
(DMSO) were acquired from Sigma-Aldrich. The small-molecule
compound iododiflunisal (IDIF), an iodinated analogue of the
NSAID diflunisal, was synthesized in our lab IQAC-CSIC following
our reported procedures.” The NSAIDs diflunisal (DIF) and N-(3,5-
dichlorophenyl)anthranilic acid (DCPA) were from Sigma-Aldrich
(diflunisal, D3281; DCPA, D8942; purity >98%. The small-molecule
N-(3,5-difluorophenyl)anthranilic acid (DFPA) was prepared in our
lab as previously described.” Purity of all final compounds was
proven to be >95% by means of HPLC, HR-MS, and NMR tech-
niques. Stocks of compounds assayed as small molecule ligands
were dissolved in DMSO (ACS spectrophotometric grade, Sigma
154938) to a final 10 mm concentration. Working solutions of li-
gands were prepared by taking an aliquot of 50 uL of the DMSO
(5%) stock solution and diluting it with 950 uL of buffer A (25 mm

© 2020 Wiley-VCH GmbH

103



Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202002933

HEPES buffer, 10 mm glycine, pH 7.4 was prepared in the absence
of salt), ratio (1:20), equivalent to a 500 um concentration of
ligand.

Amyloid peptide

The amyloid peptide sequences AB(1-11) and AP(12-28) were pur-
chased from Bachem AG (Switzerland) as trifluoroacetate salts (ref.
H-2956 and H-7910, respectively. Purity by HPLC >95%). The
AP(12-28) peptide was also synthesized by Microwave Solid-Phase
Peptide Synthesis (MW-SPPS) using Fmoc chemistry using the cor-
responding Fmoc protected amino acids. Cleavage from resin was
performed using TFA/H,0/TIS (95:2,5:2,5) (V:V:V) and the peptide
was precipitated with tert-butyl methyl ether. The peptide was pu-
rified by RP-HPLC using a VersaFlash® system and characterized by
analytical RP-HPLC and UPLC-ToF MS and compared to the com-
mercial sample acquired from Bachem (H-7910).

Recombinant wild-type human TTR (wt rhTTR) production
and purification

Human wild type rhTTR gene was cloned into a pET expression
system and transformed into E. coli BL21(DE3) Star. The phTTRwt-I/
PET-38b(+) plasmid was provided by Prof. Antoni Planas (IQS,
URL). The production of recombinant protein was performed at Er-
lenmeyer scale, protein production and purification were done as
described previously following an optimized version of our proto-
col (Scheme S1).2" wt rhTTR was produced using a pET expression
System. The expressed protein only contains an additional methio-
nine on the N-terminus if compared to the mature natural human
protein sequence. wt rhTTR protein was expressed in E. coli BL21-
(DE3) cells harboring the corresponding plasmid. Expression cul-
tures in 2xYT rich medium containing 100 ugmL~' kanamycin were
grown at 37°C to an optical density (at 600 nm) of 4 (OD600 ~4),
then induced by addition of IPTG (1 mm final concentration),
grown at 37°C for 20 h, and harvested by centrifugation at 4°C,
10000 rpm for 10 min and resuspended in cell lysis buffer (0.5m
Tris-HCl, pH 7.6). Cell disruption and lysis were performed by
French press followed by a sonication step at 4°C. Cell debris were
discarded after centrifugation at 4°C, 11000 rpm for 30 min. Intra-
cellular proteins were fractionated by ammonium sulfate precipita-
tion in three steps. Each precipitation was followed by centrifuga-
tion at 12°C, 12500 rpm for 30 min. The pellets were analyzed by
SDS-PAGE (14% acrylamide). The TTR-containing fractions were re-
suspended in 20 mwm Tris-HCI, 0.1 m NaCl, pH 7.6 (buffer A) and dia-
lyzed against the same buffer. It was purified by lon exchange
chromatography using a Q-Sepharose High Performance (Amer-
sham Biosciences) anion exchange column and eluting with a NaCl
linear gradient using 0.1 M NaCl in 20 mwm Tris-HCI pH 7.6 (buffer A)
to 0.5m NaCl 20 mm Tris-HCl pH 7.6 (buffer B). All TTR-enriched
fractions were dialyzed against deionized water in three steps and
were lyophilized. The protein was further purified by gel filtration
chromatography using a Superdex 75 prep grade resin (GE Health-
care Bio-Sciences AB) and eluting with 20 mm Tris pH 7.6, 0.1™m
NaCl. Purest fractions were combined and dialyzed against deion-
ized water and lyophilized. The purity of protein preparations was
>95% as judged by SDS-PAGE. Average production yields were
150-200 mg of purified protein per liter of culture. Protein concen-
tration was determined spectrophotometrically at 280 nm using

Turbidity assay

In this assay the following stock solutions were used: Buffer A:
25 mm HEPES buffer, 10 mm glycine, pH 7.4 was prepared in the
absence of salt. Protein (TTR) stock: 9,5mgmL™" (170 pm) in
25 mm HEPES buffer, 10 mm glycine, pH 7.4 and 5% DMSO (final
concentration) was prepared in the absence of salt (buffer A). For
the AP peptide stock: 0,4 mgmL~" (200 um) in 25 mm HEPES
buffer, 10 mm glycine, pH 7.4 and 5% DMSO (final concentration).
For the small-molecule compound IDIF, a first solution of
3,76 mgmL™" (10 mm) in DMSO was prepared. The final stock of
the small-molecule IDIF was prepared by mixing 50 pL of the previ-
ous DMSO solution with 950 plL of buffer A (the final concentration
of 5% DMSO).

First, the small-molecule compound and TTR complex was formed.
To this end, 60 pL of TTR stock was dispensed into the wells of a
96-well microplate. 40 pL of small-molecule stock was added to
give final concentrations of 100 pm. The plate was introduced in
the microplate reader (SpectraMax M5 Multi-Mode Microplate
Readers, Molecular Devices Corporation, California, USA) and incu-
bated for 1 h at 37 °C with orbital shaking 15 s every 30 min. Then,
100 pL of AP solution was added to the well to give a final concen-
tration of 100 um.

Other wells of the 96-well microplate are filled with: a) Buffer
alone: 200 pL of buffer A solution was added to the well; b) Nega-
tive control of AP aggregation: 200 uL of AB(1-11) stock solution
in buffer A was dispensed into the wells; c) Testing TTR aggrega-
tion: 60 uL of TTR stock were dispensed into the wells of a 96-well
microplate and 140 uL of buffer A were added; d)For the
AB(12-28) aggregation: 100 uL of AP(12-28) stock solution is dis-
pensed into the wells and 100 uL of buffer A were added.

The plate was incubated at 37°C in a thermostated microplate
reader with orbital shaking 15 s every minute for 30 min. The ab-
sorbance at 340 nm was monitored for 6 h at 30 min intervals.
Data were collected and analyzed using Microsoft Excel software.
All assays were done in duplicate. The parameter monitored in this
assay was used to calculate the percent reduction of formation of
aggregates (RA %) according to Equation (1), where Abs,; and
Abs, are the final absorbance of the samples, in the absence or in
the presence of the small-molecule compound/TTR complex; re-
spectively.

Abs, N

Statistical analysis

The quality of an assay for HTS can be evaluated based on the Z'-
factor®® which reflects the separation in mean values for the high
and low controls while taking into consideration the variability
within each group. A Z' factor below zero indicates poor quality
assay with no separation between the high and low controls. A Z'-
factor value between 0.5 and 1 indicate an excellent quality assay
with large separation between the high and low controls. Prefera-
bly, optimized assays have a Z' value above 0.5. The statistical Z'-
factor can be calculated using Equation (2):

71— 3SD of sample + 3SD of control
N |mean of sample — mean of control|

©))

where sample is the highest RA% for AB(12-28) in presence of the
binary complex (TTR+IDIF) or TTR alone, and the control is the

calculated extinction coefficient value of 17780m em™' for  AP(12-28) aggregation. “Mean” is the mean value of the aggrega-
wWtTTR. The protein was stored at —20°C. tion after 6 h, and SD is the standard deviation.
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Design of experiments (DoE)

Factorial designs are one of the most important DoE because they
produce efficient experiments that allow observation of responses
to one factor at different levels of other factors in the same experi-
ment.”? A factorial design of experiments was employed using the
statistical software JMP 12.1.0 (SAS Institute).?® The variable to be
maximized was the absorbance. Three factors were investigated:
the concentration (um), the temperature (°C) and the ionic
strength (mm of NaCl). Preliminary investigations were carried out
to select initial analysis conditions, taking into account that tem-
perature and ionic strength may have a nonlinear effect on the
fibril formation, we have considered these two factors in a two-
level design, the temperature at 37°C and 40°C and the ionic
strength ([NaCl]) at 0 and 100 mm. The concentration was consid-
ered at three levels 50, 100, and 200 pm, to identify the sensitivity
of our method. The UV absorption maxima for Af3-peptide fibril for-
mation is achieved at 340, 360, and 405 nm. Specific experimental
conditions tested, and the flow layout of a design of experiments
can be found in the Supporting Information (Scheme S3).

Thioflavin-T fluorescence assays

The robustness of our turbidimetry-based method was further vali-
dated on the basis of comparative by Thioflavin-T (ThT) fluores-
cence assays on the same system. The ThT fluorescence was moni-
tored at 37 °C using Gemini XPS plate reader (Molecular Devices) at
an excitation wavelength of 440 nm and an emission wavelength
of 490 nm. Thioflavin-T (ThT) was dissolved in 25 mm HEPES buffer,
10 mm glycine, pH 7.4 and 5% DMSO to a final concentration of
25 um. Aggregation of Af(12-28) 50 um was performed in the
presence of 25 um ThT. All solutions were dissolved in the same
buffer. TTR was added to a final concentration of 25 pum. IDIF was
added to a final concentration of 50 um. For the ternary complex,
TTR was incubated first with IDIF for 1h, then Ap(12-28) was
added. The final volume was 200 pL for all samples. Fluorescence
intensity at 490 nm of each sample was monitored after each 2 h
for 8 h, and then at 21 h. Measurements were performed as inde-
pendent triplicates. Recorded values were averaged and back-
ground measurements (buffer containing 25 um ThT) were sub-
tracted. Measurements were performed as independent triplicates.
Recorded values were averaged and background measurements
(buffer containing 25 um ThT) were subtracted.

Transmission electron microscopy (TEM)

AP(12-28) peptide (100 pm), alone or with TTR (20 um) (alone or
pre-incubated with IDIF for 1 hour at 37°C) was incubated at 37°C
for 48 h. For visualization by TEM, 5 uL sample aliquots were ab-
sorbed to carbon-coated collodion film supported on 200-mesh
copper grids, for 5 min, and negatively stained with 1% uranyl ace-
tate. Grids were exhaustively examined with a JEOL JEM-1400
transmission electron microscope equipped with an Orious Sc1000
digital camera.

Cell culture and caspase-3 assay

SH-SY5Y cells (human neuroblastoma cell line; European Collection
of Cell Cultures) were propagated in 25-cm? flasks and maintained
at 37°Cin a 95% humidified atmosphere and 5% CO,. Cells were
grown in Dulbecco’s minimal essential medium supplemented
with 10% fetal bovine serum (Gibco BRL). Activation of caspase-3
was measured using the CaspACE fluorimetric 96-well plate assay
system (Sigma), following the manufacturer’s instructions. Briefly,
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10 um AP(1-42) (Genscript) pre-incubated for 48 h at 4°C with
shaking, in F12 media (Gibco BRL) with or without 2 um TTR (alone
or previously incubated with IDIF (20 um) for 1 h at 37°C), were
added to 80% confluent cells, cultured in 6-well plates, in Dulbec-
co’s minimal essential medium with 1% fetal bovine serum, and
further incubated for 24 h, at 37°C. Subsequently, each well was
trypsinized and the cell pellet was lysed in 100 uL of hypotonic
lysis buffer (Sigma). Forty pL of each cell lysate were used in dupli-
cates for determination of caspase-3 activation. The remaining cell
lysate was used to measure total cellular protein concentration
with the Bio-Rad protein assay kit (Bio-Rad), using BSA as standard.
Values shown are the mean of duplicates and the experiment was
performed twice. Comparison between groups was made using
the Student’s t-test. A p value of less than 0.05 was considered
statistically significant.
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ABSTRACT: Transthyretin (TTR) has a well-established role in neuroprotection, evidenced in Alzheimer’s Disease (AD). By tar-
geting TTR we have setup a drug discovery program of small-molecule compounds that act as chaperones, enhancing TTR/ amyloid-
B (AP) interactions. In a first stage, we carried out two computational drug repurposing approaches. In a second stage, the computa-
tionally selected compounds were assessed for their ability to bind and stabilize the TTR tetramer, using thyroxine displacement tests,
and by assessing the level of monomers, respectively. In a third stage, the selected 53 best performing molecules were run through
our in-house validated high-throughput screening ternary test. By targeting transthyretin in our AD drug discovery program, small-
molecule chaperones (SMCs) have been discovered, providing the basis for a novel target for Alzheimer’s disease (AD) based on
their enhancement of the TTR/A interaction. Among the SMCs, we have found our lead small-molecule compound lododiflunisal
(IDIF), a molecule in the discovery phase, one investigational drug (luteolin), and 3 marketed drugs (sulindac, olsalazine and
flufenamic), which could be directly repurposed or repositioned for clinical use. Importantly, we found that not all TTR tetramer
stabilizers are good SMCs in vitro, emphasizing the importance of our discovery program. A small set of these SMCs will be priori-
tized to enter preclinical safety studies, to validate TTR as a target in vivo, and to select one repurposed drug as a candidate to enter
clinical trials for AD. We envisage that this new target will feed the currently exhausted pipeline of drugs in phase I for AD with the
goal of increasing AD disease-modifying therapies.

INTRODUCTION conformations, filamentous intraneuronal inclusions mainly
Alzheimer’s disease (AD) is a progressive neurodegenerative constituted by hyperphosphorylated Tau protein (p-Tau), and
disease and is the leading cause of dementia. AD is character- synaptic dysfunction and neuronal loss.

ized by accumulation of amyloid-B (Ap) aggregates in various
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One of the most difficult challenges in AD research is to find
a disease modifying therapy (DMT),? this is, a therapy with an
agent that produces an enduring (permanent) change in the
course of AD. Up to now, AD has no currently approved DMTSs.
The five drugs available in the market are involved in only im-
proving symptoms and are highly patient dependent, and no pu-
tative disease modifying drugs or new symptomatic treatments
have achieved regulatory approval since 2003.3There are 121
agents in the current AD treatment pipeline, 36 of them in phase
111, 65 in phase Il and 27 in phase | clinical trials. Out of these,
97 agents (80%) are in disease modification trials.*

AD drug development is not delivering new drugs in the last
decades. Among the many explanations for such failure, one is
the lack of new chemical entities from drug discovery ap-
proaches that reach the clinical Phase | level.>® There is an ur-
gent need to find a treatment that prevents, delays the onset or
slows the progression of this devastating disease.

With the aim of contributing with new candidate drugs that,
after preclinical tests, may feed the currently exhausted pipeline
of drugs in phase | for AD, we have settled a drug discovery
program targeting transthyretin (TTR) and searching for small-
molecule chaperones that may improve the neuroprotective
function of TTR in AD.

Transthyretin (TTR), a homotetrameric protein mainly syn-
thesized by the liver and the choroid plexus (CP), and secreted
into the blood and the cerebrospinal fluid (CSF), respectively,
has been specially recognised for its functions as a transporter
protein of thyroxine (T4) and retinol.® The importance of TTR
has also been robustly established in AD pathogenesis.™ It is
most remarkable that TTR is the main AB binding protein in the
CSF.!"®This binding is believed to naturally prevent Ap aggre-
gation and toxicity in this media. Comparative analysis of TTR
evidenced decreased levels of this protein, not only in the
CSF*15put also in plasma®®!® of AD patients, compared to con-
trols. AD TTR-hemizygous mice showed increased Ap produc-
tion and deposition, compared to AD TTR WT littermates,®
whereas overexpressing human TTR WT in an AD mouse
model decreased neuropathology and ApB deposition.? Regard-
ing the mechanisms proposed as underlying TTR neuroprotec-
tion in AD, ex vivo and in vitro studies, established that TTR
has the ability to bind to Ap, avoiding its aggregation and tox-
icity.2% Recent reports suggest that TTR binds to AB oligomers
and inhibits primary and secondary nucleation processes.?>?
TTR was also shown to assist Ap brain efflux through the
blood-brain barrier, and to promote its degradation in the liver.
Results also revealed that TTR regulates the expression of
LRP1, by increasing its levels, both in the brain and in the
liver.?” Recent data implicated TTR reduction in the thickening
of the basement membrane of brain microvessels in AD mice,?®
an alteration that also occurs in the AD brain.?

TTR tetrameric stability appears as a key factor in its interac-
tion with AP peptide. Interestingly, TTR stability is also a key
factor in Familial Amyloid Polyneuropathy (FAP)®3! a sys-
temic amyloidosis with a special involvement of the peripheral
nerve system, which results from the aggregation, deposition
and toxicity of mutated TTR. Since it is believed that tetramer
dissociation into monomers is the first step leading to TTR am-
yloid formation,®> TTR tetrameric stabilization has been de-
fined as the basis for one of the possible therapeutic strategies
in FAP. 335 Sych stabilization can be achieved through the use
of small compounds sharing molecular structural similarities
with thyroxine (Ts) which bind in the T4 central binding

channel.®3" The search for TTR stabilizing ligands using vir-
tual screening and computational procedures has been carried
out previously®¥-“°and there is a large number of TTR and TTR-
ligand three dimensional structures reported at the PDB.* These
computational and structural studies have been instrumental in
the design, discovery and development of TTR stabilizing com-
pounds that have either reached the market, like Tafamidis,*> 4
or that have reached clinical phases, like Tolcapone, a repur-
posed drug approved for the treatment of Parkinson’s disease
(Figure 1).%4

We have demonstrated by early in vitro studies that TTR and
AP bind together and that this interaction can be enhanced by a
small set of TTR tetramer-stabilizing compounds,* one of them
iododiflunisal (IDIF), a iodinated analog of the NSAID difluni-
sal (DIF) (Figure 1).%68 More importantly, in vivo administra-
tion of IDIF to a mouse model of AD, resulted in decreased
brain AP levels and deposition,***° and improving the cognitive
functions that are impaired in this AD-like neuropathology 49

@ﬂg Qe DT Q,
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TAFAMIDIS R:1 |ODODIFLUNISAL
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Figure 1. Chemical structures of TTR tetramer stabilizers: the or-
phan drug Tafamidis, the Non-steroidal anti-inflammatory drug
(NSAID) diflunisal (DIF), the repurposed drug Tolcapone for Fa-
milial amyloid polyneuropathy (FAP) and our lead compound io-
dodiflunisal (IDIF).

Drug repurposing of already known drugs for new indications
is a drug discovery approach increasingly being used to search
for new therapies for diseases with unmet clinical needs. Both
in silico®%2and experimental®® approaches on drug repurposing
have been recently reviewed, as well as the application of this
approach to drug discovery for AD.5*5¢ Furthermore, another
interesting strategy in drug discovery is the multi-target ap-
proach, which aims to have a synergistic effect thanks to the
interaction of a given ligand with different targets that are in-
volved in a disease’s pathway. Therefore, these synergies
through target promiscuity could be translated into lower doses
and reduced side effects.5”

In this paper, we report the discovery of TTR stabilizers
through two complementary in silico drug repurposing ap-
proaches, as well as the systematic biological evaluation of the
selected compounds on TTR stability, through competition with
T, for TTR binding, and by measuring the amount of mono-
mers. This process has led to the prioritization of a set of 53
TTR tetramer stabilizing compounds and to an analysis of their
ability to enhance the TTR/AP interaction. Using our high
throughput screening (HTS) proprietary ternary assay,?* we
have evaluated these 53 small-molecule compounds and have
obtained a subset of small molecule chaperones (SMCs), among
them our lead compound IDIF, one clinical phase compound
(luteolin), and three approved drugs for other diseases (Su-
lindac, olsalazine and flufenamic acid), that could enter clinical
trials for AD as repurposed drugs.

RESULTS AND DISCUSSION

Computational studies. In order to find small molecule
chaperones that enhance the TTR/A interaction, two computa-
tional pipelines have been established, addressing drug
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repurposing and polypharmacology, as shown in Figure 2. The
first approach started with the construction of a TTR/AB model
as described in the Materials and Methods section. Then, com-
pounds from the Integrity database (https://integrity.thomson-
pharma.com/integrity/xmlxsl/) and from the literature were se-
lected, so as they were either (i) known TTR binders, (ii) amy-
loid peptide binding ligands, or (iii) both, or (iv) compounds
under study in clinical phases for the treatment of Alzheimer’s
disease. The use of the CARLSBAD software and database>®
allowed us to find privileged scaffolds with reported biological
activity against both TTR and AP systems. This scaffold hunt-
ing methodology allowed us to find a group of compounds con-
taining the stilbene substructure and able to interact with both
entities (TTR and Ap). Then, this stilbene scaffold was used to
select molecules by substructure search in the Integrity-derived
and literature-derived databases already mentioned, and the se-
lected compounds were then prioritized by docking into our
TTR/AB model. In total, 48 compounds with docking scores
similar to IDIF (used as the cross-reference compound in the
docking experiments) were prioritized, and 20 of them, that
were commercially available, were selected and acquired to
carry out the experimental assays.
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Figure 2. Computational workflows for the selection of modulators
of TTR/AB interaction (A) Based on drug repurposing and multi-
target approach; (B) Based on multi-target computational docking
and searches on common pharmacophores for several targets.

A second computational approach was carried out in order to
exploit the drug-promiscuity and polypharmacology in a multi-
target-based pipeline. This methodology allowed us to identify
molecules able to bind TTR that also bind additional targets that
have been associated with the treatment of AD and that are rel-
evant in its pathological pathways. As described in the Materi-
als and Methods section in the Supporting Information, this
strategy includes multi-target molecular docking and molecular
searches through common pharmacophore models to a set of
targets (Figure 2B). Starting from the Thomson Reuters Integ-
rity database (https://integrity.thomson-pharma.com/integ-
rity/xmlxsl/), which contains small molecules and drugs in the
market or advanced clinical phases, we selected nearly 1400
compounds that were reported in preclinical, clinical or mar-
keted phase and that had their protein target reported as one or

more of the following, which have been associated to AD: APP
(amyloid precursor protein); AchE (acetylcholinesterase); IL-
10 (interleukin-10); a-, B- and y-secretases; Tau protein; GABA
and glutamate receptors. All these compounds were then
docked into the TTR model, prioritizing a pool of 134 mole-
cules that would theoretically bind the TTR Ts-channel with an
affinity similar to IDIF. These molecules were then analyzed
theoretically through cross-docking into the following protein
structures: 1L-10 (Interleukin-10) (PDB code 1ILK); inhibitor
domain of APP (amyloid precursor protein; p-secretase (me-
mapsin 2) complexed with inhibitor OM99-2 (PDB code
1FKN); human acetylcholinesterase (AChE) complexed with
fasciculin-11 (PDB code 1B41); metabotropic glutamate recep-
tor 1 with LY341495 antagonist (PDB code 3KS9); metabo-
tropic glutamate receptor 5 with glutamate (PDB code 3LMK).
All these docking experiments lead to a prioritized list of 85
molecules, which were filtered to 27 molecules that would the-
oretically bind to TTR/AB complex (by docking experiments)
and 4 additional AD related targets (multi-target docking ap-
proach for ligand selection). In addition, the 134 molecules that
were selected before through docking with TTR were further
analyzed computationally through the software LigandScout.®°
A common pharmacophore was built starting from the binding
sites of TTR, B-secretase, metabotropic glutamate receptor 1
and metabotropic glutamate receptor 5, and then the 134 mole-
cules were screened against this pharmacophore; 13 of them co-
incided with the list of 27 molecules derived from the multi-
target docking, but we were able to select 4 additional mole-
cules that matched with the common pharmacophore. The Ta-
ble S1 in the supplementary material contains all the chemical
structures of the compounds that were selected through these
computational procedures, as well as other molecules (that had
been reported as TTR ligands, in the literature, and from previ-
ous studies in our laboratory), which were also selected after
docking them into our TTR/AB model, and the results of the
associated experimental assays for all the selected molecules,
which are described hereunder.

Thyroxine binding assays and TTR stability assays. To
confirm the ability of the proposed compounds to bind TTR we
designed a flow chart through which all the selected compounds
were experimentally assayed (Figure 3).

The first assay, to which all compounds were submitted, was
a T4 displacement assay.*4*8 In brief, radiolabeled [*?°1]-T, was
incubated alone or in the presence of each of the compounds
with TTR, and then samples were run in a native PAGE gel.
Compounds that are able to bind to TTR in the T, central bind-
ing channel, and thus to displace [*°I]-T,, result in decreased
intensity of the [*®1]-T4/TTR band. When using plasma as a
source of TTR, which is the case of the present work, this ap-
proach also enables the visualization of the bands correspond-
ing to the other T, transporter proteins, such as thyroxine—bind-
ing globulin (TBG) and albumin. IDIF was used as a reference
compound (see representative example in Figure 3A). This as-
say, although not quantitative, is of utmost importance, in par-
ticular when using human plasma, since it also reveals the effect
of the compounds in the other referred T, transporter proteins,
and therefore, on their specificity for TTR binding. Using this
approach, we characterized the behavior of the compounds re-
garding their ability to displace T, and their specificity for TTR
binding (see Table S1 in the Supporting Information for a com-
plete view of the behavior of all compounds in the qualitative
T, displacement assay).
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Figure 3. Flowchart to which compounds were subjected to deter-
mine experimentally which compounds bind to and stabilize TTR,
and representative images of the results obtained in each assay. (A)
The T4 binding gel electrophoresis assay, using human plasma in-
cubated with [*°1]-T4 and with various compounds as competitors.
The migration of the different plasma T4 binding proteins is indi-
cated. (B) The displacement of [*?°I]-T4 from WT TTR by compe-
tition with the compounds. The curves were obtained using various
compounds indicated as competitive inhibitors. (C) The TTR sta-
bility assay, in which samples were analysed by Western Blot after
incubation of the compounds with WT-TTR, under semi-denatur-
ing conditions; the quantification plot presents the intensity of mon-
omer band, relative to the control condition which was considered
one. (See compounds in Table S1 at the SI).

In addition to high affinity for TTR, compounds should also
be specific for this protein, since lack of specificity, together
with the high abundance of other plasma proteins, such as albu-
min, for instance, could lead to failure in therapeutics. However,
at this stage of our selection, we mainly aimed at identifying
strong TTR stabilizers which will be further investigated for
their capacity to enhance the TTR/AP interaction. Thus, at this
point all compounds that completely or significantly displaced
T, from TTR, were selected for the quantitative assay regardless
of their specificity (Table S1). Selected compounds were then
evaluated in a quantitative T, assay to determine their EC50 and
values were compared to the EC50 of T, (a representative ex-
ample is given in Figure 3B, results in Table S2). Analysis of
results enabled us to conclude that only compounds that showed
complete T, displacement in the qualitative assay, produced
EC50 T4/ EC50 compound ratios higher than 1, i.e., with affin-
ity to TTR higher than the one of T4. Nevertheless, a ratio of
EC50 T4/ EC50 compound of 0.5 or superior was used to iden-
tify a pool of compounds able to bind TTR efficiently and there-
fore those that should be tested in our proprietary HTS ternary
assay. 2% In some instances, compounds revealed a non-standard
or ambiguous behavior, hindering the statistical analysis per-
formed for the rest of the compounds.

Nonetheless, and in order to avoid elimination of compounds
that could stabilize TTR by pathways other than binding to the
T, binding site, all of the non-selected compounds were as-
sessed in a TTR stability assay.®* This approach was employed
to test and to evaluate the ability of the non-selected compounds
to stabilize TTR, by electrophoretic means, under semi-dena-
turing conditions, as described in the Material and Methods sec-
tion at the Supporting Information. As readout, we assessed the
levels of monomeric TTR upon incubation with each compound
and values were compared to those obtained in the absence of
compound.

Figure 3C displays representative results obtained in this
stability assay showing different levels of the TTR monomer.
The graphic represents the intensity of the monomer band, con-
sidering the value of 1 for the control. Compounds that reduced
the intensity of the monomer band to at least half of the intensity
in the control, were considered for the final list of the com-
pounds to enter a future ternary assay (Table S1).

Altogether, compounds selected from the T4 quantitative and
the TTR stability assays constitute a subset of 53 molecules
amenable to be screened using our proprietary HTS ternary as-
say (See Table S4 in Supporting Information).

Crystal structures of TTR:ligand complexes. From this fi-
nal list of compounds to enter a future ternary assay, two com-
pounds, 35 and 73, were selected for the structure elucidation
of the TTR complexes by X-ray diffraction, because their TTR-
ligand structures have not been previously analyzed (See Table
S3in Supporting Information). Both compounds bind in the so-
called thyroxine binding sites (Figure 4). Compound 35 (Figure
4, left panel) binds very deeply with the iodinated ring located
at the outmost part of the T4 channel. This binding induces the
rotation of Serl17 side chains of the four monomers creating
new strong intermonomer hydrogen bonds between these resi-
dues. The Lys15 residues, located at the entrance of the binding
sites, establish interactions with the carboxylate substituents of
the ligand. Compound 73 does not bind so deeply in the channel
as 35 (Figure 4, right panel) and, consequently, it does not in-
duce the formation of such strong interactions between the
Ser117 residues of the TTR tetramer. The Lys15 residues, in the
TTR: 73 complex, are not pointing to the center of the channel
and are not involved in interactions with the compound.

X o
QNQN ! TTR:35 ¥ NH; TTR:73
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Figure 4. Close view of one binding site of the crystal structures of
TTR:35 (left, PDB ID 6EP1) and TTR:73 (right, PDB ID 6EQY).
The two-symmetry related positions of each compound are shown
with carbon atoms in grey and orange. The 2Fo-Fc electron density
maps at lo are drawn as a blue mesh around compounds 35 and 73
and residues Lys15 and Ser117 highlighted in stick representation.
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Selection of small-molecule chaperones (SMCs): HTS ter-
nary assay, I TC studies and Tht assays. To efficiently screen
for potential small-molecule chaperones of the TTR/AB inter-
action, we have used our recently in house developed and vali-
dated high-throughput assay that relies on the ability of the test
compounds to prevent AP aggregation in solutions of preformed
TTR/AB complexes.?* The assay makes use of AB(12-28) which
has analogous properties as full length AP peptides but is a less
expensive and more stable peptide. Thus, the recombinant
WtTTR is incubated with the test compound (ratio
TTR/compound 1:2) during 1h and then, AB(12-28) is added to
the complex and UV monitoring of turbidity for 6 h allows to
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determine its potency. A complete high-throughput screening in
this ternary assay was carried out for all the 53 compounds pre-
viously selected from computational and biological studies (see
Table S5 and Figures S1 to S10 in the Sl).

After classifying the compounds according to their potency
at reducing AP aggregation a prioritized list was obtained (See
Fig 5). In this list we found our lead compound IDIF, the natural
product luteolin (LUT), a compound in clinical phases, and
three registered drugs, olsalazine (OLS), sulindac (SUL) and
flufenamic acid (FLU), among others.
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Figure 5. HTS assays. Kinetics of aggregation with best chaperones: (A) binary [AB(12-28) + TTR] and ternary interactions [Ap(12-28) +
(TTR+IDIF)]; (B) binary [AB(12-28) + TTR] and ternary interactions [Ap(12-28) + (TTR+SMC)] with SMCs: LUT, SUL, OLS, and FLU.
Ternary interactions [AB(12-28) + (TTR+DIF)] are added for comparison purposes.
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Figure 6. ITC studies of the: A) binary AB(1-40)/TTR complex; and B) of the ternary complexes AB(1-40)/(TTR/SMC) (SMC: IDIF, LUT,

SUL, OLS AND FLU).
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Figure 7: Aggregation kinetics of AB(1-42) monitored by ThT fluorescence assays: A) Dose/response studies: Kinetics of aggregation of AB
(1-42) in the presence of (TTR+IDIF), fixed ratio AB(1-42) /TTR to (4:1) and increasing the ratio of TTR /IDIF from (1:0) to (1:2); and B)
binary [AB(1-42) + TTR] at a ratio (2:1) and ternary interactions [AB(1-42) + (TTR+SMC)] at a ratio (2:1:2) (SMCs: LUT, SUL, OLS, and

FLU).

Furthermore, Isothermal Titration Calorimetry (ITC) tech-
nique has been used to corroborate the chaperoning effect of
five of the best small-molecule compounds as described previ-
ously.?® Thus, we have compared the binding in the
AB(12—28)/TTR/SMC ternary complexes with the binary inter-
action AB(12—28)/TTR (Supporting Information, Figures S11
and S12). In addition, a full thermodynamic characterization of
the ternary complexes with AB(1-40) and TTR and each of the
five best selected SMCs was obtained (Figure 6). The binary
TTR/AB(1-40) (1:1) complex formation shows a dissociation
constant of Kd = 6.49 uM, However, IDIF enhances this inter-
action between TTR and AB(1-40), since the Kd is reduced to
3.34 uM when TTR in the presence of IDIF is titrated with
APB(1-40). Similar improvements were observed for the ternary
complexes with the best SMCs (i.e. Kq=1.52 uM (LUT); 3.42
UM (SUL); 0.81 uM (OLS) and 2.34 uM (FLU)).

To complement the results gathered so far, we performed the
aggregation Kinetics of AB(1—42) in the presence of the five se-
lected SMCs using by ThT assays, obtaining coherent results
with the turbidity measurements observed with Ap(12-28) (Fig-
ure 7). As shown in Figure 7A the aggregation kinetics of AB(1-
42) in the presence of TTR complexed with IDIF are dose de-
pendent of this small-molecule compound.

CONCLUSIONS

In this paper, we have first taken a combined computational /
experimental approach to select a pool of chemically diverse
compounds, that may enhance the ability of TTR to sequester
the AP peptide. In order to carry out this comprehensive study,
two complementary computational procedures were used: a)
drug repurposing through virtual screening and pharmacophore
searches, starting form a large set of compounds that have either
reached the market or are in clinical phases, and docking them
into our built TTR/AB molecular model; and b) a multi-target
approach, where we selected molecules that were theoretically
interacting with our built TTR/AB molecular model, but also
would theoretically interact with a group of four protein targets
that have been associated with AD.

All of the selected compounds that underwent these compu-
tational procedures, and other known TTR ligands, were

sequentially assayed in a screening cascade covering TTR bind-
ing through both a T, displacement assay (qualitative) and a
TTR — T, competition assay (quantitative), followed by a TTR
stabilizing assay.

The combined virtual and experimental screening approach
has led to 53 highly diverse compounds that strongly stabilize
TTR. Among these compounds, compound 35 and the drug
olsalazine had not been previously described as TTR stabilizers
and may be relevant for TTR-related therapies.

Of note, these 53 compounds were good candidates for the
analysis of the modulation of the TTR/A interactions, and they
were analyzed through our robust HTS ternary assay. The re-
sults of this ternary assay show a prioritized list of small mole-
cule chaperones (SMCs) of the TTR/A interaction providing
the basis for a novel therapeutic target for AD. Among the
SMCs, we have found small-molecules as our lead small-mole-
cule compound lododiflunisal (IDIF) which is one of the best
SMCs, and also three marketed drugs (olsalazine, sulindac, and
flufenamic acid) and one investigational drug (luteolin), which
could be directly repurposed or repositioned for clinical use.
The orphan drug Tafamidis and the repurposed Parkinson’s
drug Tolcapone have been reported to be excellent TTR te-
tramer stabilisers, but these drugs have no chaperoning effect in
our in vitro assays, showing that not all good TTR tetramer ki-
netic stabilisers are good SMCs.

Our drug discovery program offers the possibility to explore
the chemical space by HTS of commercially available libraries
of drugs/compounds to find new SMCs. Further work will be
carried out to explore the activity of some chemical scaffolds
such as the biphenyl one present in IDIF, so as to build struc-
ture-activity relationships from the HTS ternary assay results.
In particular, the SMC IDIF will be optimized for ADME prop-
erties and to improve the blood-brain barrier (BBB) passage.

A small set of these SMCs will be prioritized to enter preclin-
ical safety studies, analyzing their in vivo behavior, in order to
select one repurposed drug as a candidate to enter clinical trials
for AD.

These selected small-molecule chaperones provide the basis
for a novel target for Alzheimer’s disease, based on targeting
transthyretin. We envisage that this new target will feed the cur-
rently exhausted pipeline of drugs in phase | for AD with the
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goal of increasing AD disease-modifying therapies. In addition,
the three marketed drugs reported in this work as SMCs of the
TTR/AB interaction (sulindac, olsalazine and flufenamic acid)
could directly enter a clinical phase program as candidate AD
therapies, as an example of drug repurposing.

METHODS AND MATERIALS

General procedure for molecular models preparation

A molecular model of TTR was generated using the three-
dimensional coordinates of the TTR protein structure (PDB
code 1DVQ), available at the Protein Data Bank (PDB)
(www.rcsh.org). For hydrogen atoms refinement and energy
minimization, the Protonate 3D package implemented in MOE
2015.10 was employed to add hydrogen atoms to TTR which
were further submitted to an energy-minimization process.®?ar-
tial charges were obtained by computing the electrostatic poten-
tials in the optimized structures. The energy minimization step
was carried out using a distance-dependent dielectric constant
and a cut-off distance of 10 A for the van der Waals interactions.
In the final step, the refinement was accomplished using 1000
cycles of steepest descents followed by conjugate gradients un-
til the maximum gradient of the energy was smaller than 0.05
kcal/mol A2,

The same procedure and parameters were used to compute
the following proteins used in this work: 1L-10 (interleukin-10)
(PDB code 1ILK); inhibitor domain of APP (amyloid precursor
protein (AB) (PDB code 1AAP); B secretase with inhibitor
OM099-2 (PDB code 1FKN); human acetylcholinesterase with
Fasciculin-11 (PDB code 1B41); metabotropic glutamate recep-
tor 1 with LY341495 antagonist (PDB code 3KS9); metabo-
tropic glutamate receptor 5 with glutamate (PDB code 3LMK).

Docking experiments (TTR/AB computational model)
procedure

The MOE 2015.10 package® was used to perform the dock-
ing studies between the refined TTR X-Ray crystallographic
structure (as template) and AP peptide (as ligand). Alpha Trian-
gle was used as placement method; Alpha HB as score function,
and AMBERZ10 as forcefield in the first refinement step of the
docking solutions. A rescoring step was also implemented in
this computational pipeline, using London DG as function
score, and again AMBER10 as forcefield for the last refinement
step of this docking study.

Docking experiments (virtual screening) general proce-
dure

The MOE 2015.10 package was used to perform the docking
studies between the refined TTR protein: AP peptide system.
Molecules computed as ligand for the docking experiments
were pretreated using the LygX application from the software
package MOE. After that the experiment were performed as fol-
lows: Alpha Triangle was used as placement method; Alpha HB

as score function, and MMFF94x as forcefield in the first re-
finement step of the docking solutions. A rescoring step was
also implemented in this computational pipeline, using London
DG as function score, and again MMFF94x as forcefield for the
last refinement step.

Pharmacophore set-up

The Ligand Scout 3.0 software package®was used to
build-up a pharmacophore starting from the binding sites of
TTR protein (T4 binding pocket), p-secretase, metabotropic glu-
tamate receptor 1 and metabotropic glutamate receptor 5. The
pharmacophore resulting from this pocket alignment process
was used to screen a set of molecules coming from the second
pipeline explained in the next section.

Selection pipeline of ligands

Two complementary approaches were carried out to select
the ligands to be docked in the TTR molecular model:

Pipeline A: starting from the Thomson Reuters Integrity da-
tabase (https://integrity.thomson-pharma.com/integ-
rity/xmlxsl/), which contains small molecules and drugs in the
market or advanced clinical phases, nearly 3200 compounds
were selected and sorted according to which protein or disease
was their main target: Amyloid peptide, transthyretin, both or
Alzheimer’s disease in general. In addition, nearly 500 com-
pounds were also added to this list that have been gathered from
the literature or that had been previously explored in our labor-
atories, as potential TTR stabilizers.

Then the CARLSBAD database and software,* which con-
tains integrated data on compounds and their target binding af-
finities, were used to select compounds that had experimentally
shown affinity vs. both TTR and the amyloid peptide. This lead
to a common stilbene substructure scaffold that was then used
to carry out a substructure search among the original selection
of nearly 3700 compounds. The resulting 48 compounds with
the stilbene substructure were then docked into our TTR:AP
computational model.%

Pipeline B: starting from the Thomson Reuters Integrity da-
tabase (https://integrity.thomson-pharma.com/integ-
rity/xmlxsl/), which contains small molecules and drugs in the
market or in advanced clinical phases, we selected nearly 1400
compounds that were reported in preclinical, clinical or mar-
keted phase and that had their protein target reported as one or
more of the following, which have been associated to AD: APP
(amyloid precursor protein); AchE (acetylcholinesterase); IL-
10 (interleukin-10); a-, B- and y-secretases; tau protein; GABA
and glutamate receptors. All these compounds were then
docked into the TTR model, prioritizing a pool of 134 mole-
cules that would theoretically bind the TTR T4 channel with an
affinity similar to IDIF. These molecules were then virtually an-
alyzed through docking with software MOE 2015.10 into the
following protein structures: IL-10 (interleukin-10); inhibitor
domain of APP (amyloid precursor protein (Af); p-secretase
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with inhibitor OM99-2; acetylcholinesterase (AchE) with Fas-
ciculin-11; metabotropic glutamate receptor 1 with LY341495
antagonist; metabotropic glutamate receptor 5 with glutamate.
All these docking processes lead to a prioritized list of 85 mol-
ecules, which were then docked into our TTR:AB computa-
tional model, leading to 27 molecules that would theoretically
bind to the TTR:Ap complex and to 4 additional AD related
targets (AP, IL-10, B-secretase and acetylcholinesterase). In ad-
dition, the initial set of 134 molecules that had been selected
through docking with the TTR:Ap model, were further analyzed
computationally through the software Ligand Scout; 13 of them
coincided with the list of 27 molecules derived from the multi-
target docking, but we were able to select 4 additional mole-
cules that matched with the common pharmacophore.

The compounds prioritized through these two computational
(in silico) complementary approaches that were commercially
available (Molport, http://www.molport.com), were acquired,
in order to carry out the experimental TTR binding, competi-
tion, and stability assays (See Table S1 in Supporting Infor-
mation). Just only in few cases, if a selected compound was not
commercially available but another compound with a very sim-
ilar structure was available, then that similar compound was
processed through the computational procedures described, and
acquired if it would match with either the multi-target docking
or the common pharmacophore filters. Finally, some com-
pounds in the market and/or in clinical phases, that are reported
in the literature as good TTR stabilizers and/or as AD therapies
under clinical studies, were also analyzed through the computa-
tional filters described above, and included in the final list of
compounds to be experimentally assayed.

Recombinant wild-type human (wt rhTTR) production
and purification

Human wild type rhTTR gene was cloned into a pET expres-
sion system and transformed into E. coli BL21(DE3) Star.% The
phTTRwt-1/pET-38b(+) plasmid was provided by Prof. Antoni
Planas (1QS, URL).% The production of recombinant protein
was performed at Erlenmeyer scale, protein production and pu-
rification were done as described previously following an opti-
mized version of our protocol.®® wt rhTTR was produced using
a pET expression System. The expressed protein only contains
an additional methionine on the N-terminus if compared to the
mature natural human protein sequence. wt rhTTR protein was
expressed in E. coli BL21-(DE3) cells harboring the corre-
sponding plasmid. Expression cultures in 2xYT rich medium
containing 100 pg/mL kanamycin were grown at 37 °C to an
optical density (at 600 nm) of 4 (OD600~4), then induced by
addition of IPTG (1 mM final concentration), grown at 37 °C
for 20 h, and harvested by centrifugation at 4 °C, 10000 rpm for
10 min and resuspended in cell lysis buffer (0,5 M Tris-HCI, pH
7.6). Cell disruption and lysis were performed by French press
followed by a sonication step at 4 °C. Cell debris were discarded
after centrifugation at 4 °C, 11000 rpm for 30 min. Intracellular
proteins were fractionated by ammonium sulfate precipitation

in three steps. Each precipitation was followed by centrifuga-
tion at 12 °C, 12500 rpm for 30 min. The pellets were analyzed
by SDS-PAGE (14% acrylamide). The TTR-containing frac-
tions were resuspended in 20 mM Tris-HCI, 0.1 M NaCl, pH
7.6 (buffer A) and dialyzed against the same buffer. It was pu-
rified by lon exchange chromatography using a Q-Sepharose
High Performance (Amersham Biosciences) anion exchange
column and eluting with a NaCl linear gradient using 0.1 M
NaCl in 20 mM Tris-HCI pH 7.6 buffer A to 0.5 M NaCl 20
mM Tris-HCI pH 7.6 (buffer B). All TTR-enriched fractions
were dialyzed against deionized water in three steps and were
lyophilized. The protein was further purified by gel filtration
chromatography using a Superdex 75 prep grade resin (GE
Healthcare Bio-Sciences AB) and eluting with 20 mM Tris pH
7.6, 0.1 M NacCl. Purest fractions were combined and dialyzed
against deionized water and lyophilized. The purity of protein
preparations was >95% as judged by SDS-PAGE. Average pro-
duction yields were 150-200 mg of purified protein per liter of
culture. Protein concentration was determined spectrophoto-
metrically at 280 nm using calculated extinction coefficient
value of 17780 Mcm™ for wtTTR. The protein was stored at -
20 °C.

Thyroxine binding assays

Qualitative studies of the displacement of T,from WT TTR
were carried out by incubation of 5uL of human plasma,
with!®1-T, (specific radioactivity ~1200uCi/ug; Perkin Elmer)
in the presence of the different compounds (final concentration
of 666 uM).5"*® Protein separation was carried out in a native
PAGE system using glycine/acetate buffer. The gel was dried
and revealed using an X-ray film.

For the quantitative analysis, T4 binding competition assays
based on a gel filtration procedure was used, as previously de-
scribed.® Briefly, 50 ul of a diluted sample (120 nM human re-
combinant TTR) was incubated with 50 ul of either cold T40r
compound solutions of variable concentrations ranging from 0
to 1000 nM and with a constant amount of labeled *%I-
T4 (~50,000 cpm). This solution was counted in a gamma spec-
trometer and incubated at 4 °C overnight. Protein bound *%I-
T4 and free 2°1 -T, were separated by gel filtration through a 1
ml BioGel P6DG (Bio-Rad) column. The bound fraction was
eluted while free T, was retained on the BioGel matrix. The elu-
ate containing the bound T, was collected and counted. Bound
T, was expressed as percentage of total T, added. Each assay
was performed in duplicate. Analysis of the binding data was
performed with the GraphPad Prism program (version 5.0, San
Diego, CA) and data was expressed as the EC50 ratio (EC50
T4/EC50 compound).

TTR stability assay®

Recombinant wt-TTR (333 pM) was incubated alone or in
the presence of different compounds for 1h at 37 °C. Then, urea
8 M (used as denaturating agent) and sample buffer without
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SDS were added. Samples were then run in a 15% acrylamide
gel, prepared without SDS, and transferred onto a nitrocellulose
membrane (Amersham™ GE Healthcare — Protan 0.2 um), us-
ing a wet system (Bio-Rad Criterion Blotter). The membranes
were blocked 1 hour at RT with 5% non-fat dry milk (DM) in
PBS containing 0,05% Tween-20 (PBS-T) and then incubated
with primary antibody anti-human TTR (Dako; 1:3000) in 3%
DM/PBS-T. Then, washed membranes were incubated for 1
hour at RT with sheep anti-rabbit immunoglobulins conjugated
with horseradish peroxidase (The binding Site; 1:5000) in 3%
DM/PBS-T. The blots were developed using ClarityTM West-
ern ECL substrate (Bio-Rad) and levels of monomeric TTR
were detected and visualized using a chemiluminescence detec-
tion system (ChemiDoc, Bio-Rad).

Crystal structures of TTR:35 and TTR:73 complexes
Co-crystallization.

TTR (9.9 mg.mlY) was incubated with each compound (mo-
lar ratios 35/TTR =20 and 73/TTR = 50) at 4 °C on, in HEPES
buffer 10mM, pH = 7.5. Crystals suitable for X-ray diffraction
were obtained by hanging-drop vapour-diffusion techniques at
20 °C. Crystals were grown within 1 week by mixing 2 pl of the
protein:compound solutions with 2 pl of reservoir solution. The
reservoir solutions used in the crystallization trials contained
acetate buffer 0.2 M pH 4.8-5.4, ammonium sulfate 1.8-2.2 M,
7% glycerol. Crystals were transferred to reservoir solutions
containing increasing concentrations of glycerol (10-25%) and
flash frozen in liquid nitrogen.

Data collection, processing and refinement.

X-ray diffraction data sets were collected using synchrotron
radiation at the XALOC beamline at the ALBA synchrotron
center (Barcelona), ID30B beam line at the ESRF (European
Synchrotron Radiation Facility, Grenoble Cedex, France) and
Proxima 2 beam line at the SOLEIL synchrotron (Paris).

Diffraction images were processed with the XDS Program
Package® and the diffraction intensities converted to structure
factors in the CCP4 format.”® A random 5% sample of the re-
flection data was flagged for R-free calculations’™ during model
building and refinement. A summary of the data collection and
refinement statistics is presented in Table 2. Initial molecular
replacement phases were generated with PhaserMR,”? using as
initial model one monomer of the complex TTR:IDIF (PDB ID
1Y1D).*® The final models were obtained after further cycles of
refinement, carried out with Coot”and PHENIX.™

HTS ternary assay

In this assay? the following stock solutions were used: Buffer
A: 25 mM HEPES buffer, 10 mM glycine, pH 7.4 was prepared

in the absence of salt. Protein (TTR) stock: 9,5 mg/mL
(170 uM) in 25 mM HEPES buffer, 10 mM glycine, pH 7.4 and
5% DMSO (final concentration) was prepared in the absence of
salt (buffer A). For the Ag peptide stock: 0,4 mg/mL (200 uM)
in 25 mM HEPES buffer, 10 mM glycine, pH 7.4 and 5%
DMSO (final concentration). For the small-molecule compound
IDIF, a first solution of 3,76 mg/mL (10 mM) in DMSO was
prepared. The final stock of the small-molecule IDIF was pre-
pared by mixing 50 pL of the previous DMSO solution with
950 pL of buffer A (the final concentration of 5% DMSO).

First, the small-molecule compound and TTR complex was
formed. To this end, 60 uL of TTR stock was dispensed into the
wells of a 96-well microplate. 40 pL of small-molecule stock
was added to give final concentrations of 100 uM. The plate
was introduced in the microplate reader (SpectraMax M5 Multi-
Mode Microplate Readers, Molecular Devices Corporation,
California, USA) and incubated for 1h at 37 °C with orbital
shaking 15 s every 30 min. Then, 100 uL of AP solution was
added to the well to give a final concentration of 100 pM.

Other wells of the 96-well microplate are filled with: a)
Buffer alone: 200 pL of buffer A solution was added to the well;
b) Negative control of AB aggregation: 200 uL of AB(1-11)
stock solution in buffer A was dispensed into the wells; ¢) Test-
ing TTR aggregation: 60 pL of TTR stock were dispensed into
the wells of a 96-well microplate and 140 pL of buffer A were
added; d) For the AP(12-28) aggregation: 100 pL of AB(12-28)
stock solution is dispensed into the wells and 100 pL of buffer
A were added.

The plate was incubated at 37 °C in a thermostated microplate
reader with orbital shaking 15 s every minute for 30 min. The
absorbance at 340 nm was monitored for 6 h at 30 min intervals.
Data were collected and analyzed using Microsoft Excel soft-
ware. All assays were done in duplicate.

Abs,
)] * 100 (€8]

RA (%) =|1—(———t —
(A)) |: <AbSAB + AbSC

The parameter monitored in this assay was used to calculate
the percent reduction of formation of aggregates (RA %) ac-
cording to equation 1, where Abss and Abs. are the final ab-
sorbance of the samples, in the absence or in the presence of the
small-molecule compound/TTR complex; respectively.

Thioflavin-T (ThT) fluorescence assays

The robustness of our HTS turbidimetry-based method was
further validated on the basis of comparative by Thioflavin-T
(ThT) fluorescence assays on the same system. The ThT fluo-
rescence was monitored at 37 °C using Gemini XPS plate reader
(Molecular Devices) at an excitation wavelength of 440 nm and
an emission wavelength of 490 nm. Thioflavin-T (ThT) was
dissolved in 25 mM HEPES buffer, 10 mM glycine, pH 7.4 and
5 % DMSO to a final concentration of 25 uM. Aggregation of
AB(12-28) 50 uM was performed in the presence of 25 uM ThT.
All solutions were dissolved in the same buffer. TTR was added
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to a final concentration of 25 uM. IDIF was added to a final
concentration of 50 uM. Aggregation of AB(1-42) 20 uM was
performed with 10 uM TTR and 20 uM of ligand. For the ter-
nary complex, TTR was incubated first with IDIF for 1h, then
APB(12-28) was added. The final volume was 200 pL for all sam-
ples. Fluorescence intensity at 490 nm of each sample was mon-
itored after each 2h for 8h, and then at 21h. Measurements were
performed as independent triplicates. Recorded values were av-
eraged and background measurements (buffer containing
25 uM ThT) were subtracted. Measurements were performed as
independent triplicates. Recorded values were averaged and
background measurements (buffer containing 25 uM ThT) were
subtracted.

Isothermal Titration Calorimetry (ITC) studies

Experiments were carried out in a VP-ITC (MicroCal, LLC,
Northampton, Ma, USA). In a titration experiment,? the ligand
in the syringe is added in small aliquots to the macromolecule
in our case TTR protein in the calorimeter cell, which is filled
with an effective volume that is sensed calorimetrically. The
TTR solution of 20 uM, and AB (AB(12-28) or AB(1-40)), or
ligand solutions of 200 uM were prepared in the same buffer.
The titrant was injected over 20 or 30 times at a constant inter-
val of 300 s with a 450 rpm rotating stirrer syringe into the sam-
ple cell containing its binding partner. All solutions were pre-
pared with 25 mM HEPES buffer, 10 mM glycine, pH 7.4 and
5% DMSO (final concentration) and it was corroborated that at
these conditions TTR and AB(1-40) are stable. AB(1-40) work-
ing solution was prepared at 200 puM and used immediately, to
avoid premature aggregate formation. TTR stock solution was
prepared at 40 pM. Ligand stock solution was prepared at 10
mM in DMSO. All solutions were prepared in the same buffer
and filtered prior to use. In the control experiments, the titrant
(ligand or Ap) was injected into the buffer in the sample cell to
measure the heat of dilution. This value of the heat of dilution
was subtracted from the titration data. The experiments were
performed at 25 °C. Titration data were analyzed by the evalu-
ation software, MicroCal Origin, Version 7.0. The binding
curves were fitted by a non-linear regression method to a one
set of sites binding model. This leads to the calculation of K, n,
AH, AS, and AG. Each experiment was conducted three times,
and the mean value with standard deviations is provided.
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Abstract: Transthyretin (TTR) is a homotetrameric protein involved in human amyloidosis, including
familial amyloid polyneuropathy (FAP). Discovering small-molecule stabilizers of the TTR tetramer
is a therapeutic strategy for these diseases. Tafamidis, the only approved drug for FAP treatment,
is not effective for all patients. Herein, we discovered that benzbromarone (BBM), a uricosuric drug,
is an effective TTR stabilizer and inhibitor against TTR amyloid fibril formation. BBM rendered TTR
more resistant to urea denaturation, similarly to iododiflunisal (IDIF), a very potent TTR stabilizer.
BBM competes with thyroxine for binding in the TTR central channel, with an ICsg similar to IDIF and
tafamidis. Results obtained by isothermal titration calorimetry (ITC) demonstrated that BBM binds
TTR with an affinity similar to IDIF, tolcapone and tafamidis, confirming BBM as a potent binder
of TTR. The crystal structure of the BBM-TTR complex shows two molecules binding deeply in the
thyroxine binding channel, forming strong intermonomer hydrogen bonds and increasing the stability
of the TTR tetramer. Finally, kinetic analysis of the ability of BBM to inhibit TTR fibrillogenesis at
acidic pH and comparison with other stabilizers revealed that benzbromarone is a potent inhibitor of
TTR amyloidogenesis, adding a new interesting scaffold for drug design of TTR stabilizers.

Keywords: benzbromarone; drug; transthyretin tetramer stabilizer; transthyretin; drug repurposing;
native kinetic stabilization; dibromophenol scaffold

1. Introduction

Transthyretin (TTR) is a protein of 127 amino acids that self-assembles as a 55 kDa homotetramer
that is secreted into the bloodstream by the liver [1,2] and into the cerebrospinal fluid (CSF) by the
choroid plexus [3]. TTR transports holo-retinol-binding protein in the blood, forming a macromolecular
complex [4,5]. The protein acts as a backup carrier of thyroxine (T4) in serum (crystal structure in
Figure 1), where the principal transporters are thyroid-binding globulin (TBG) and albumin, while being
the primary carrier of T4 in CSF. The T4-binding sites at the weaker of the two dimer-dimer interfaces of
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TTR are largely unoccupied in human blood and CSF [6]. TTR likely has additional unknown functions,
especially in the brain [7]. In fact, TTR is also known as a neuroprotective protein in Alzheimer’s
disease (AD) [8-10].

Figure 1. Crystal structure of transthyretin (TTR) bound to the natural ligand thyroxine (T4, PDB ID:
2ROX). The functional TTR homotetramer is assembled by two TTR dimers, AB in orange and A'B’
in cyan.

TTR has been the subject of intensive research in the last 30 years because of its pathogenic properties.
Transthyretin (TTR) amyloidoses are a group of systemic degenerative diseases involving multiple organ
systems and are caused by TTR aggregation [11], such as familial amyloid polyneuropathy (FAP) [12],
familial amyloid cardiomyopathy (FAC) [13], senile systemic amyloidosis [14] and leptomeningeal
amyloidosis [15].

Extensive efforts have been made in the past to investigate the aggregation pathway of TTR
and to discover small-molecule compounds that stabilize the natively folded, non-amyloidogenic,
tetrameric structure of the protein by docking on its T4 binding pocket and preventing its aggregation.
This pharmacological discovery was referred to as the native kinetic stabilization strategy [16].
The synthetic chemistry efforts ultimately yielded >1000 small-molecule TTR kinetic stabilizers that
are potent aggregation inhibitors.

Currently, more than 400 crystallographic structures of TTR are deposited in the Protein Data Bank
(http://www.rcsb.org) [17], most of them in complex with small-molecule ligands. This comprehensive
work has allowed a full characterization of the TTR binding sites [18-20]. A relevant feature of these
sites is the presence of three sets of symmetry-related depressions termed halogen-binding pockets
(HBPs: HBP1 and HBP1’, HBP2 and HBP2" and HBP3 and HBP3’), which accommodate the iodine
atoms of the thyroid hormones in their complexes with TTR [21]. The innermost pockets are HBP3 and
HBP3’ and the outermost HBP1 and HBP1'.

To date, only tafamidis (registered as Vyndaqel®; Scheme 1) [22], a benzoxazole derivative
fashioned by structure-based drug design, and a repurposed drug, the non-steroidal anti-inflammatory
drug (NSAID) diflunisal (Scheme 1) [23], have reached approval for clinical use. The drug tolcapone
(Scheme 1), an orally active catechol-O-methyltransferase (COMT) inhibitor authorized in the United
States and Europe as an adjunct to levodopa and carbidopa for the treatment of Parkinson’s disease,
has also been repurposed for FAP [24].
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Scheme 1. Chemical structures of TTR tetramer stabilizers: the orphan drug tafamidis, the Non-steroidal
anti-inflammatory drug (NSAID) diflunisal, the repurposed drug tolcapone for Familial amyloid
polyneuropathy (FAP) and our lead compound iododiflunisal (IDIF).

The drug discovery effort focused on TTR amyloid diseases continues, exemplified by the discovery
of the small-molecule stabilizer AG10, now in a phase 3 trial (NCT03860935) [25].

One of our contributions to this ongoing drug discovery effort has been the preclinical development
of iododiflunisal (IDIF, Scheme 1) [26-28] an iodinated derivative of the NSAID diflunisal.

Interestingly, a high percentage of the TTR T4-binding tetramer stabilizers reported in the
Protein Data Bank [17] are halogenated phenol compounds (Supporting Information, Table S2).
Some brominated ligands of TTR are pentabromophenol (PBP; Scheme 2) [29] and the flame retardant
tetrabromobisphenol A (TBBPA; Scheme 2) [30]. TBBPA binds in the thyroxine-binding pocket,
with bromines occupying two of the three halogen-binding sites. According to the authors, this molecule
represents an interesting scaffold. Moreover, the effect of the halogenation on the biological activity of
previously reported TTR tetramer stabilizers has also been assayed to provide mechanistic insights
into their binding properties [31-33].

Br. Br Br O O Br
HO OH

HO
Br Br Br
BENZBROMARONE Pentabromophenol Tetrabromobisphenol A
(BBM) (PBP) (TBBPA)

Scheme 2. Chemical structures of the small-molecule compounds sharing a dibromophenol scaffold:
the drug benzbromarone (BBM) and the TTR ligands pentabromophenol (PBP, PDB ID: IE3F) and
tetrabromobisphenol A (TBBPA, PDB ID: 5HJG).

The drug benzbromarone (BBM; Scheme 2) shares with TBBPA an interesting dibromophenol
scaffold for drug design, being a candidate drug for repurposing purposes [34]. BBM has been used
for more than 30 years to control hyperuricemia and gout [35,36]. Interest in this drug was found in
other recent research studies. BBM was reported to be an effective inhibitor of amylin aggregation [37].
BBM was shown to inhibit retinol-dependent RBP4-TTR interaction for treatment of age-related macular
degeneration [38].

In the present work, we investigated the potential of the registered drug BBM as a TTR tetramer
stabilizer. To this end, we report a comparative in vitro and ex vivo study of the binding affinity of BBM
to TTR; a comparative ITC analysis of the thermodynamic profile of the TTR/BBM with other stabilizers;
an X-ray analysis of the molecular details of the binary interaction of BBM with TTR resulting in a
strong TTR tetramer stabilization; and a comparative kinetic analysis of TTR fibrillogenesis in the
presence of BBM with other stabilizers.
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2. Results and Discussion

2.1. Benzbromarone (BBM) Stabilizes the TTR Tetrameric Fold

To determine if BBM fits the native kinetic stabilization strategy, we investigated the effect of
BBM in TTR stability by measuring TTR resistance to urea denaturation, as previously described [39].
The extent of denaturation of the TTR tetramer was evaluated by measuring how much folded
TTR (tetramer, trimer and dimer) and monomer remained after urea treatment. We compared the
effect of BBM to iododiflunisal (IDIF), known to be a potent TTR stabilizer, used here as a positive
control, and also to sulfaquinoxaline, a compound that does not stabilize TTR and used here as a
negative control.

As depicted in Figure 2, pre-incubation of TTR with BBM increased the resistance of TTR to
urea denaturation, as compared to TTR alone. The level of TTR stabilization provided by BBM was
comparable to the one by IDIF. As expected, the compound sulfaquinoxaline, used as a negative
control, did not change the levels of folded/monomeric TTR, which were found to be similar to the
ones in TTR incubated alone.
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Figure 2. TTR resistance to urea denaturation. (A) TTR, alone or pre-incubated with different

Ratio (FolderMonomer)

m TR mmn TTR +BBM
BB TTR+IDIF E& TTR+ MNegative control

compounds, was subjected to urea denaturation, as described, and the generated species were detected
by western blot. Incubation with iododiflunisal (IDIF) and benzbromarone (BBM) resulted in increased
folded TTR, as compared to the negative control and TTR alone. (B) Quantification of results from
three independent experiments. Error bars represent SEM. * p < 0.05.

2.2. Benzbromarone (BBM) Binds TTR in the T4 Central Binding Pocket

We then investigated if the capacity of BBM to stabilize TTR was related to its binding in the
T4-binding channel, as for the other TTR stabilizers mentioned. In this qualitative assay, we used
human plasma as the source of TTR and measured the degree of 12°I-T4 displacement by evaluating
the decrease in the intensity of the TTR/1?°I-T4 band. As shown in Figure 3, BBM completely displaced
T4 from TTR, similarly to IDIF. The negative control (sulfaquinoxaline) did not displace T4 from TTR
and thus the intensity of the TTR/T4 band was similar to the one observed for TTR incubated in the
absence of stabilizer.
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Figure 3. T4 displacement from TTR. Native gel electrophoresis of human plasma, incubated with
1251-T4 and competitor, showing that IDIF and BBM can compete with T4 for its binding site, whereas the
negative control could not displace T4 from TTR. The migration of the different plasma T4-binding

TBG ——»

Albumin ——p

TTR ——»

proteins is indicated.

50f16

As for the selectivity of BBM displacement of T4, with other proteins, BBM mainly displaced T4
from TTR, although it was possible to observe a small decrease in the intensity of the TBG/T4 bands
and increase in the albumin/T4 bands (Figure 3).

To characterize the TTR/BBM interaction, and since the T4 displacement gel approach is only
qualitative, we quantified the interaction using competition assays as described in the Materials and
Methods (Figure 4A), and calculated the EC50 for each compound. The relative potency for the
inhibition of the binding of T4 was defined as the ratio of (EC50 T4)/(EC50 small molecule) (Figure 4B).
The results demonstrated that BBM had a high relative inhibition potency (1.06) similar to that of IDIF
(0.96), prompting BBM as a potent TTR stabilizer. The negative control did not compete with T4 for

TTR binding.

A

Bound/Total (%)

Figure 4. (A) Displacement of 1251.T4 from TTR by competition with the compounds IDIF and BBM,
the natural ligand T4 is used as a positive control and sulfaquinoxaline is used as a negative control;
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—— Negative control

- |DIF
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(B) relative potency for the inhibition of binding of T4.
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2.3. Isothermal Titration Calorimetry (ITC) Studies of the Binary Interaction between TTR and the
Small-Molecule Drug Benzbromarone (BBM). Comparison with other TTR Binary Interactions with
Iododiflunisal (IDIF), Tolcapone and Tafamidis

ITC is one of the gold standard biophysical methods for the quantitative analysis of intermolecular
interaction, providing the complete thermodynamic profile in terms of free energy (AG), enthalpy (AH),
entropy (AS), binding constant (Kd) and stoichiometry (n) of the interaction from a single experiment [40].
The Kd for the binding of a stabilizer to TTR is represented by the change in the Gibbs free energy
of binding (AG), where AG = AH — TAS. This technique has been used previously to compare
small-molecule TTR stabilizers, like the small-molecule AG10 with other TTR tetramer stabilizer
drugs [41].

ITC studies were performed to characterize the thermodynamic profile of the BBM binding to
TTR. In this work, we compared the thermodynamic signatures of the interactions of TTR with other
stabilizers, our lead compound IDIF and the TTR tetramer stabilizer drugs tolcapone and tafamidis
(Figure 5).

Benzbromarone (BBM) } lododiflunisal (IDIF) Tolcapone Tafamidis
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Figure 5. Thermograms of different complexes between TTR and small-molecule compounds:
TTR + BBM, TTR + IDIF, TTR + tolcapone and TTR + tafamidis.

As it can be observed (Table 1), the binding stoichiometry number n is 1 both for BBM and for
IDIF, whereas for tolcapone and tafamidis, n is 2. The Kd values reported in Table 1 were based on data
fitted to an independent single-site binding model implemented in Origin 7.0 (OriginLab). Previous
ITC studies for the binary complexes of tolcapone and tafamidis with TTR have used either a single
model [42] or a two-site model to approximate binding to TTR [24,41].

Table 1. Thermodynamic parameters for interaction of TTR with small-molecule compounds including
some TTR stabilizer drugs analyzed by ITC.

Assay n Kd (nM) AG (Kcal/mol) AH (Kcal/mol) TAS (Kcal/mol)
wtTTR + BBM 1 60 -9.93 -9.94 -0.02
wtTTR + IDIF 1 120 -9.49 -13.10 -3.61

wtTTR + tafamidis 2 200 -9.16 -6.50 2.66
wtTTR + tolcapone 2 270 -8.98 -12.30 -3.36
wtTTR + diflunisal 1 900 -8.25 -11.96 -3.70

The binding interactions for BBM with TTR are enthalpy driven (AH = —9.93 kcal/mol), similar to the
binding interactions of our lead compound IDIF with TTR, but in the case of IDIF, the enthalpic contrition
is higher (AH = —13.10 kcal/mol). BBM binds to TTR with a slightly unfavorable entropy contribution
(TAS = —0.02 kcal/mol) compared to the unfavorable entropy contribution (TAS = —3.61 kcal/mol) of
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IDIF. BBM shows similar binding affinities to TTR in buffer (i.e., similar AG values) compared to IDIF,
tolcapone and tafamidis. These ITC results confirm that BBM is a potent binder of TTR.

2.4. Crystal Structure of TTR in Complex with BBM (TTR:BBM Complex)

X-ray analysis was conducted to elucidate the molecular details of the interactions of BBM with
TTR. Crystals of TTR in complex with BBM diffracted to a maximum of 1.35 A (see Supporting
Information Table S1).

The two dimers that form TTR are related by a crystallographic 2-fold axis that runs along a
central channel. The channel displays two hormone-binding sites, AA” and BB’, with similar topology.
BBM molecules bind deeply within the thyroxine binding pocket, with bromine atoms at the inner side
of the cavity (Figure 6). In the crystal structure of the apo-TTR, Ser117 side chains face the cavities
and hydrogen bonded to crystallographic water molecules. BBM binding induces the rotation of the
side residues of serine 117 of all four monomers, prompting the formation of strong intermonomer
hydrogen bonds which presumably increase the stability of the TTR tetramer.

Thr118

TR A)

AEEF R

T

Ser117

T

I

LR
T
>

Seri1?’

Figure 6. (A). Crystal structure of TTR in complex with benzbromarone (BBM). Monomers A and B
and their symmetry-related pair (shown in light blue and brown) form a cavity in the dimer interface
that can simultaneously accommodate two BBM molecules. (B) Close-up view of the BB binding site,
showing the two symmetry-related positions of BBM. 2Fo-Fc map (blue mesh) contoured around BBM
at 1.0 0. Bromine atoms in green; oxygen in red; nitrogen in dark blue.

Three pairs of symmetry-related binding pockets (HBP1 and HBP1’, HBP2 and HBP2’, HBP3 and
HBP3’) are found within each hormone-binding pocket according to the positions of the iodine atoms
of T4, when bound to TTR. BBM binds TTR in forward mode (Figure 7), with the bromine-substituted
ring occupying the innermost part of the T4 binding site. The two bromine atoms are anchored in
HBP3’, comprising the side chains of Ser117’, Leul10’, Thr119’ and Ala108’, and in HBP2, comprising
residues Leul7, Ala108, Alal09 and Leull0, respectively. Ligand binding induces the rotation of the
side chains of Ser117 residues of the four monomers, leading to the formation of strong intermonomer
hydrogen bonds.
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Figure 7. Close view of the interactions of benzbromarone (BBM) with the TTR AA” binding site (carbon
atoms in grey, nitrogen atoms in dark blue, oxygen in red, sulfur in dark yellow and bromine atoms of
BBM in green).

The binding mode of BBM to TTR is very similar to the one of the abovementioned TBBPA.
Nevertheless, superposition of the two crystals structures reveals that BMM binds slightly deeper than
TBBPA (Figure 8).

Figure 8. Close superposition of TTR AA’ binding site of the complexes of TTR with BBM and with
TBBPA (PDB ID: 5HJG). Only the ligands are shown to highlight the similarities of their binding modes.
The orientation of the protein binding site is similar to the one in Figure 7. BBM and TBBPA atom colors
as in Figure 7 except for TBBPA carbon atoms shown in light blue.

2.5. Comparative Analysis of the Ability of BBM to Inhibit TTR Fibrillogenesis at Acidic pH

Finally, to investigate the impact of BBM on TTR aggregation, we determined the effect of BBM on
the aggregation of the amyloidogenic Y78F hTTR mutant, by using our kinetic assay [43] that follows
turbidimetry of TTR at 340 nm (Figure 9A), and performed a comparative analysis with other TTR
stabilizers, such as tafamidis (Figure 9B), tolcapone (Figure 9D) and IDIF (Figure 9C).
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Figure 9. Time course of Y78F hTTR fibril formation at pH 4.2, 37 °C in the presence of different
concentrations of: (A) BBM (inset: plot of initial rates of fibril formation (V0) vs. BBM concentration
(Figure S1). Data were fitted to eq 1); (B) tafamidis (inset: plot of initial rates of fibril formation
vs. tafamidis concentration) (Figure S2); (C) IDIF (inset: plot of initial rates of fibril formation vs.
IDIF concentration) (Figure S4); and (D) tolcapone (inset: plot of initial rates of fibril formation vs.
tolcapone concentration) (Figure S3).; for diflunisal (Figure S5); as monitored by absorbance at 340 nm
at different concentrations. Experiments were performed in duplicate.

Kinetic measurements showed that BBM efficiently prevents the aggregation of Y78F hTTR at low
pH, with IC59 = 4.30 uM, in the same order as the ICsy for our small-molecule IDIF (IC5¢ = 3.81 uM)
and the ones for the drugs tafamidis (IC5y = 5.69 uM) and tolcapone (IC5y = 4.05 pM).

3. Materials and Methods

3.1. Compounds

Tafamidis was synthesized in our laboratory according to reported procedures in the literature [44].
HEPES, N-(2-Hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid); glycine; dimethyl sulfoxide
(DMSO), the NSAID drug diflunisal (DIF) and the drug tolcapone were commercially available
from Sigma-Aldrich (St. Louis, MO, USA). Iododiflunisal (IDIF) was prepared in our lab by iodination
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of the NSAID diflunisal, following our previously described procedures [28]. Purity of all compounds
was proved to be >95% by means of analytical HPLC, NMR and UPLC-TOE-MS techniques.

3.2. TTR Production and Purification

Human recombinant wild-type TTR (wt TTR) and the mutant Y78F (Y78F hTTR) were produced in
a bacterial expression system using Escherichia coli BL21 [45] and purified as previously described [46].
Briefly, after growing the bacteria, the protein was isolated and purified by preparative gel
electrophoresis after ion exchange chromatography. Protein concentration was determined by the
Bradford method (Bio-Rad, Hercules, CA, USA), using bovine serum albumin (BSA) as standard.

3.3. TTR Stability Assay

Recombinant wtTTR was incubated alone or in the presence of different compounds: IDIF as a
reference positive control, the veterinary drug sulfaquinoxaline as a negative control, and the BBM drug
atamolar ratio of 1:10 (TTR:drug) for 1 hat 37 °C. Then, urea was added at 6 M and samples were further
incubated at 37 °C, overnight. The cross-linking reaction was performed by adding 2.5% glutaraldehyde
for 4 min and then the reaction was quenched by adding 0.1% sodium borohydride. Samples were
then run in a 13.5% acrylamide gel prepared with SDS, and transferred onto a nitrocellulose membrane
(Amersham NC Protran™ 0.2 um Amersham GE Healthcare, Buckinghamshire, UK) using a wet
system (Bio-Rad Criterion Blotter). The membranes were blocked for 1 h at RT with 5% nonfat dry
milk (DM) in PBS containing 0.05% Tween-20 (PBS-T) and then incubated with primary antibody
antihuman TTR (Dako; 1:1000 in 3% DM/PBS-T, Dako, Glostrup, Denmark). Then, washed membranes
were incubated for 1 h at RT with sheep antirabbit immunoglobulins conjugated with horseradish
peroxidase (Binding Site; 1:5000 in 3% DM/PBS-T). The blots were developed using Clarity™ Western
ECL substrate (Bio-Rad), and levels of folded (tetramer + trimer + dimer) and monomeric TTR were
detected and visualized using a chemiluminescence detection system (ChemiDoc, Bio-Rad).

3.4. Thyroxine Binding Assays

Qualitative studies of the displacement of T4 from TTR were carried out by incubation of 5 pL of
human plasma, with 2°I-T4 (specific radioactivity ~ 1200 uCi/ug; Perkin Elmer) in the presence of
the different compounds (IDIF, BBM and sulfaquinoxaline) at a final concentration of 666 M. Protein
separation was carried in a native PAGE system using glycine/acetate buffer. The gel was dried and
revealed using an X-ray film.

For the quantitative analysis, T4 binding competition assays based on a gel filtration procedure
were used, as previously described [47]. Briefly, 30 nM human recombinant wtTTR was incubated
with cold T4 or compound (IDIF, BBM and sulfaquinoxaline negative control) solutions of variable
concentrations ranging from 0 to 1000 nM and with a constant amount of labeled '2°I-T4 (~50,000 cpm).
This solution was counted in a gamma spectrometer and incubated at 4 °C overnight. Protein-bound
1251-T4 and free '%°1-T4 were separated by gel filtration through a 1 mL BioGel P6DG (Bio-Rad,
Hercules, CA, USA) column. The bound fraction was eluted while free T4 was retained on the BioGel
matrix. The eluate containing the bound T4 was collected and counted. Bound T4 was expressed as
a percentage of total T4 added. The experiment was performed twice, and each assay was done in
duplicate. Analysis of the binding data was performed with the GraphPad Prism program (version 5.0,
San Diego, CA, USA) and data were expressed as the ratio of ECsy T4/EC5y compound.

3.5. Isothermal Titration Calorimetry (ITC) Studies

Isothermal titration calorimetry (ITC) measurements were carried out in a VP-ITC (MicroCal,
LLC, Northampton, MA, USA). In a titration experiment, the ligand in the syringe is added in small
aliquots to the TTR protein in the calorimeter cell, which is filled with an effective volume that is sensed
calorimetrically. All solutions, either TTR protein or drugs, were prepared in 25 mM HEPES buffer,
10 mM glycine, pH 7.4 and 5% DMSO (final concentration). The concentration of TTR solution was

133



Int. J. Mol. Sci. 2020, 21, 7166 11 of 16

5-10 uM and 50-100 puM for ligand solutions. All solutions were filtered and degassed prior to usage.
The TTR protein solution was injected over 20 or 30 times at a constant interval of 300 s with a 450 rpm
rotating stirrer syringe into the sample cell. In the control experiment, the ligand was injected into the
buffer in the sample cell to obtain the heat of dilution. The value of the heat of dilution was subtracted
from the experimental result in the final analysis. The experiments were performed at 25 °C, reference
power at 10. Titration data were analyzed by the evaluation software, MicroCal Origin, Version 7.0,
provided by the manufacturer. Calorimetric data were plotted and fitted using the standard single-site
binding model. The binding curves were fitted to the calculations of the parameters’ stoichiometry (n),
dissociation constant (Kd) and the changes in the enthalpy (AH), entropy (AS) and Gibbs free energy
(AG) during the complex formation. Each experiment was done three times.

3.6. Co-Crystallization

The wtTTR at 182 uM was incubated with BBM (molar ratio BBM/wtTTR = 13) at 4 °C for
16 h, in 10 mM HEPES butffer, pH 7.5. Crystals suitable for X-ray diffraction were obtained by the
hanging-drop vapor-diffusion technique at 20 °C and were grown within 2 weeks by mixing 2 pL
of the protein:BBM solution with 2 uL of reservoir solution. The reservoir solution contained 0.2 M
acetate buffer pH 4.8, 2.2 M ammonium sulfate and 7% glycerol. Crystals were transferred to reservoir
solutions containing increasing concentrations of glycerol (10-25%) and flash frozen in liquid nitrogen.

3.7. X-Ray Diffraction Data Collection, Processing and Structure Refinement

X-ray diffraction data sets were collected using synchrotron radiation (A = 0.979 A) at the Proxima
1 beam line of the SOLEIL synchrotron (Paris, France). Preliminary data were measured in ESRF and
ALBA synchrotrons. A summary of the data collection and refinement statistics is presented in Table S1
in the Supporting Information. Diffraction images were processed with the iMosflm software [48] and
the scaling and merging of the reflections were performed using programs SCALA and TRUNCATE [49].
A random 5% sample of the reflection data was flagged for R-free calculations [50] during model
building and refinement. Initial molecular replacement phases were generated with Phaser MR [51],
using as the initial model one monomer of the complex TTR:IDIF (PDB ID: 1Y1D) [27] followed by
refinement cycles performed with Refmac5 [49]. The final models were obtained after further cycles
of manual model building and refinement, carried out with Coot [52] and PHENIX [53], respectively.
Structural data were deposited in the Protein Data Bank (PDB) with PDB ID code 7ACU and figures of
the protein model were generated with PyMol [54].

3.8. Kinetic Turbidity Assay

Protein (Y78F hTTR) stock: 4 mg/mL in 20 mM phosphate, 100 mM KCl, pH 7.6. Incubation buffer:
10 mM phosphate, 100 mM KCl, 1 mM EDTA, pH 7.6. Dilution buffer: 400 mM sodium acetate, 100 mM
KCl, 1 mM EDTA, pH 4.2. Protocol for one compound: 20 puL of Y78F hTTR stock was dispensed into
seven wells of a 96-well microplate. Different volumes of working inhibitor solution were added to give
final concentrations ranging from 0 to 40 uM, and the final DMSO content of each well was adjusted to
5% by adding the corresponding volume of a H20/DMSO (1:1) solution. Incubation buffer was then
added up to a volume of 100 uL. The plate was incubated at 37 °C in a thermostated microplate reader
with orbital shaking 15 s every minute for 30 min. A 100 uL portion of dilution buffer was dispensed
to each well, and the mixture was incubated at 37 °C with shaking (15 s every min) in the microplate
reader. Absorbance at 340 nm was monitored for 1.5 h at 1 min intervals. Data were collected and
analyzed using Microsoft Excel software. All assays were done in duplicate.

3.9. Statistics

The data are presented as means + SEM and were analysed by the unpaired Student’s t-test using
GraphPad Prism 8 software for Windows (GraphPad, San Diego, CA, USA), and those showing a
p-value < 0.05 were considered significant.
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4. Conclusions

We have shown that BBM stabilizes the TTR tetramer and in vitro and ex vivo approaches
demonstrated that the binding occurs in the T4-binding pocket, with a capacity similar to IDIF, tafamidis
and tolcapone, known as strong TTR stabilizers. A full characterization of the thermodynamic profile
by ITC studies showed that the BBM enthalpically driven mode of action is through kinetic stabilization
of TTR, with similar profiles to tafamidis and tolcapone.

The analysis of the crystal structure shows that BBM binds TTR in forward mode, with the
bromine-substituted ring occupying the innermost part of the T4-binding site. BBM binding induces
the rotation of the side residues of serine 117 of all four monomers, prompting the formation of strong
intermonomer hydrogen bonds, which presumably increase the stability of the TTR tetramer.

Importantly, by a comparative kinetic analysis of the inhibition of TTR fibrillogenesis at moderately
acid pH, we have concluded that BBM has similar inhibitory potency as known TTR stabilizer drugs.

On the basis of the obtained results, we can conclude that the uricosuric drug benzbromarone
(BBM) presents an interesting scaffold in the quest to design of new and improved TTR stabilizers.
Further studies are in progress to evaluate if this drug can be repurposed for FAP.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/19/
7166/s1. Data collection and refinement statistics; kinetics of aggregation of TTR in the presence of different
stabilizers; list of organohalogen compounds among the TTR T tetramer stabilizers reported in PDB.
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Abbreviations

AD Alzheimer’s disease

BBM Benzbromarone

BSA Bovine serum albumin

COMT Catechol-O-methyltransferase

CSF Cerebrospinal fluid

DIF Diflunisal

DM Dried milk

DMSO Dimethyl sulfoxide

ECL Enhanced chemiluminescence

EDTA Ethylenediaminetetraacetic acid

FAP Familial amyloid polyneuropathy

HBP Halogen-binding pocket

HEPES N-(2-Hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid)
HPLC High-performance liquid chromatography
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IDIF Iododiflunisal

ITC Isothermal titration calorimetry
NMR Nuclear magnetic resonance
NSAID Non-steroidal anti-inflammatory drug
PBP Pentabromophenol

PBS Phosphate-buffered saline

PDB Protein Data Bank

rpm revolutions per minute

RT Room temperature

SDS Sodium dodecyl sulphate
TBBPA Tetrabromobisphenol A

T4 Thyroxine

TBG Thyroxine-binding globulin
TTR Transthyretin

UPLC-TOF-MS Ultra-high performance liquid chromatography time of flight mass spectrometry
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ABSTRACT

In the past few years, attempts have been made to use decision criteria beyond Lipinski’s guidelines (Rule of five)
to guide drug discovery projects more effectively. Several variables and formulations have been proposed and
investigated within the framework of multiparameter optimization methods to guide drug discovery. In this
context, the combination of Ligand Efficiency Indices (LEI) has been predominantly used to map and monitor the
drug discovery process in a retrospective fashion. Here we provide an example of the use of a novel application of
the LEI methodology for prospective lead optimization by using the transthyretin (TTR) fibrillogenesis inhibitor
iododiflunisal (IDIF) as example. Using this approach, a number of compounds with theoretical efficiencies
higher than the reference compound IDIF were identified. From this group, ten compounds were selected,
synthesized and biologically tested. Half of the compounds (5, 6, 7, 8 and 10) showed potencies in terms of IC50
inhibition of TTR aggregation equal or higher than the lead compound. These optimized compounds mapped
within the region of more efficient candidates in the corresponding experimental nBEI-NSEI plot, matching their
position in the theoretical optimization plane that was used for the prediction. Due to their upstream (North-
Eastern) position in the progression lines of NPOL = 3 or 4 of the nBEI-NSEI plot, three of them (5, 6 and 8) are
more interesting candidates than iododiflunisal because they have been optimized in the three crucial LEI
variables of potency, size and polarity at the same time. This is the first example of the effectiveness of using the
combined LEIs within the decision process to validate the application of the LEI formulation for the prospective
optimization of lead compounds.

1. Introduction

functions as backup transporter for thyroxine (T4) in plasma, and as a
main transporter in cerebrospinal fluid. Interestingly, TTR has a neu-

Transthyretin (TTR) is a human tetrameric protein produced in the roprotective role against Alzheimer’s disease (AD).>*° Several muta-
liver hepatocytes, choroid plexus and retina.:* TTR is involved in the tions in the TTR sequence are the cause of a series of rare but serious
extracellular transport of thyroid hormones and vitamin A, through a amyloid diseases.® TTR tetrameric stabilization has been defined as the
complex with serum retinol-binding protein (RBP). The protein basis for one of the possible therapeutic strategies for the TTR-related

Abbreviations: H-p-Ala-OMe.HCl, p-alanine methyl ester; BoPin,, Bis(pinacolato)diboron or 4,4,4',4',5,5,5,5'-octamethyl-2,2'-bi-1,3,2-dioxaborolane; B(OMe)3,
Trimethyl borate; DCC, N,N'-dicyclohexylcarbodiimide, IPy,BF,, bis(pyridine)iodonium tetrafluoroborate; NCS, N-chlorosuccimide; DIPEA, N,N-diisopropylethyl-
amine; DMSO, dimethylsulfoxide; EtAcO, ethyl acetate; HOBt, 1-hydroxybenzotriazol; HRMS, high-resolution mass spectrometry; HPLC, high performance liquid
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Fig. 1. a) Binary complex TTR with IDIF (PDB 1Y1D); B) Chemical structures of two TTR tetramer stabilizers, the small-molecule biphenyl compound Iododiflunisal

(IDIF) and the benzoxazole drug Tafamidis, a registered drug for FAP.

amyloid diseases,”’®° which include familial amyloid polyneuropathy
(FAP),'*!! familial amyloid cardiomyopathy (FAC),'? senile systemic
amyloidosis (SSA)'® and central nervous system selective amyloidoses
(CNSA).'* Currently, the Protein data Bank'® contains more than 300
crystallographic structures of TTR, most of them in complex with small
molecule ligands.'®!” Structurally diverse families of compounds are
known to stabilize effectively TTR preventing its aggregation in vitro. '®
'9 The orphan drug Tafamidis (Vyndaqel®), an small-molecule obtained
by an structure-base design,”’ was the first drug to obtain approval for
FAP treatment.”’ Another drug, Tolcapone, for the treatment of Par-
kinson’s disease has been repositioned for FAP.>? Additional TTR
tetramer stabilizers are the small-molecule AG10 now in phase 3 trial
(NCT03860935)23 and the palindromic molecule mds84 in preclinical
development.?* Alternative therapeutic strategies are gene-silencing
therapies, as the antisense oligonucleotide inotersen?” and the small
interfering RNA (siRNA) patisiran.26

One of our contributions to this ongoing drug discovery effort
focused on TTR amyloid diseases has been the preclinical development
of Iododiflunisal (IDIF, Figure 1).”7 Our lead compound is a iodinated

Table 1
Ligand efficiency indices names and definitions.
Index Name® Definition
BEI p(Ky), p(Kp) or p(ICs0)/MW(kDA)
SEI p(K), p(Kp) or p(ICs0)/(PSA/100 A?%)
NSEI p(Ky), p(Kp) or p(ICso); -log10K;i/(NPOL) = pK;/
NPOL (N + O)
NBEI P(Ky), p(Kp), or p(ICsp);
-log10Ki/(NHEAV) = pK;/(NHEAV)
nBEI -log10(Ki/NHEAV); K;, Kp, or ICsq
NHEAV Number of heavy atoms (non-hydrogen in the
compound)
NPOL Number of polar atoms (N,O)
Efficiency plane®: NSEI, nBEI Lines of slope NPOL and intersect
x,y). log1o NHEAV
Algebraic relationship*® Lines: nBEI = NPOL*NSEI + log;(NHEAV

between nBEI, NSEI

 Efficiency planes are defined as the combination of a polarity-based effi-
ciency variable in the abscissa with a size-related variable in the ordinate. In
these planes, polarity increases counter clockwise and in the NSEI, nBEI (x,y)
planes, the slope of the lines increases by the number of polar atoms
(NPOL =N+ 0) in the ligand. This quantity is equivalent to the number of
hydrogen bond acceptors in the description of Lipinski’s rule of 5. NPOL*NSEI
stands for NPOL times NSEI; the slope of the lines is given by NPOL in the nBEI
vs. NSEI plots.*®

derivative of the non-steroidal anti-inflammatory drug (NSAID) Diflu-
nisal.?® In vitro biochemical and biophysical evidences as well as in vivo
animal studies support the interest on this lead.?®>%3!

Since the seminal work of Lipinski and collaborators®? there has been
an extensive effort to optimize medicinal chemistry efficiency in order to
reduce the high attrition rates of drug candidates.>*"> A line of research is
directed towards defining and using alternative variables, more aligned
with drug efficacy that the target affinity alone, which has been the
dominant parameter in medicinal chemistry for decades. These so called
efficiency indices or composite parameters are metric-based rules and
visualization tools to help in guiding medicinal chemists in the design of
new compounds with more favorable properties.** > An early example is
Ligand Efficiency (LE)*’ suggested by Hopkins and collaborators*! that
proposed binding energy (AG) per heavy atoms as a metric for lead se-
lection. This concept has given rise to an increasing range of ligand
efficiency indices (LEIs) that combine potency or affinity with molecular
weight (MW), polar surface area (PSA) and other ligand properties
(Table 1).42 Other indices such as ligand lipophilicity efficiency (LLE)43'44
reflect the increased risk of high lipophilicity of drug candidates. A review
of the application of ligand efficiency metrics related to size and
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Fig. 2. Retrospective map of the Diflunisal/Iododiflunisal-based library: nBEI
vs. NSEI plot shows that iododiflunisal (black square, IDIF), compared to
diflunisal (white square, DIF), is the most effective TTR amyloid inhibitor for
this chemical series, with optimized size and polarity parameters at the
same time.
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lipophilicity is provided in a previous publication by Hopkins et al.*> A
unified formulation of the LEIs, combining size and polarity in relation to
a biological activity or affinity towards a biological target, has been
presented in extensive detail.*° In particular, it has been proposed that
the combined variables NSEI-nBEI (x,y) (Table 1), can be used to map the
chemico-biological space (CBS) to visualize trends across different targets
and the progress of drug discovery and lead optimization projects. > */>!
The uniqueness of this pair of variables *° is that they provide an
appealing two-dimensional, vector like, representation of the drug dis-
covery process giving a sense of ‘direction’ and ‘distance’ in a Cartesian
plane,*©°C referred to as the ‘Efficiency plane’. The formulation is such
that the ‘direction’ (slope of the lines) is given by the number of polar
atoms in the molecule (NPOL=N + O, equivalent to number of
hydrogen-bond donors in the Lipinski Ro5), and the ‘distance’ (from the
origin) is related to the affinity or biological activity of the compounds.*
This graphical representation is very useful in distinguishing the
direction (slope of the lines) of the optimization process (given by the
scaffold atoms: NPOL and NHEAV defining the lines), from the potency
gains (distance from the origin) that can be achieved with that chemical
scaffold.

These combined size-polarity efficiency indices (nBEI-NSEI) have
been applied in an “efficiency plane” to a series of proprietary biphenyl
compounds with TTR aggregation inhibitory properties, in a retrospec-
tive fashion, to monitor the optimization progress of our lead compound
IDIF.°? In a further attempt to widen the applications of the LEIs
formulation, an initial proof of the concept that the LEI metrics can be
used in a prospective rather than a retrospective manner is presented in
this work. Further work is encouraged to demonstrate conclusively the
value of the LEIs formulation in lead optimization and preclinical
candidate selection.

2. Results and discussion

Iododiflunisal optimization as a ground test. In an initial tradi-
tional optimization study of our lead compound IDIF, we examined the
influence of small structural changes in the functional groups on the
salicylic ring while leaving the 2,4-difluorophenyl core of the compound
unchanged.”” Using parallel synthesis methods, a biologically annotated
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Fig. 3. nBEI vs. NSEI plot of the 80 selected docked compounds. Region
highlighted shows compounds with increased efficiency (the reference com-
pound IDIF is indicated by a black square). The direction(s) for the optimization
path(s) for the different scaffolds containing NPOL values of 3, 4, 5 are indi-
cated. The compounds with the largest NSEI, nBEI values in the North-East
quadrant have combined optimum values of the NSEI, nBEI and the esti-
mated affinity constant Ki*. Compounds with lower number NPOL atoms
(NPOL < 5 following Lipinski guidelines) have higher probability of favorable
permeability.
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library of 46 analogs was obtained after testing their activity. Only three
iodinated compounds of the library were more potent (in terms of ICsq
values) than iododiflunisal (IDIF) (SI Table S1). However, when these
results were plotted in a nBEI (parameter relating the potency to the
number of heavy atoms of the ligand) versus NSEI (parameter relating
the potency to the number of polar atoms of the ligand) Cartesian plane
(Figure 2), it emerged that the most efficient compound of the series i.e.
the one with optimal size and polarity parameters at the same time, was
still IDIF. As Figure 2 shows, several analogs with increasing efficiencies
are found between diflunisal and IDIF along the NPOL = 3 slope but
none is superior to it.

Virtual iododiflunisal optimization guided by a LEI prospective
approach. In search of more efficient IDIF analogs, a three steps
workflow methodology has been developed.” First, a IDIF scaffold-
based search was effected on the MMSING database® which allowed
to extract 2300 virtual and commercial biphenyl compounds. Next,
using an IDIF pharmacophore deduced from the crystallographic infor-
mation of the complex TTR:IDIF,* this 2300 database was further
filtered to a set of 1200 compounds that share the same IDIF interaction
pattern with TTR. Lastly, these molecules were docked to a protein
model from the IDIF:TTR X-ray crystal structure (PDB ID 1Y1D) and 80
of them were selected by their docking score value. Taking into account
that the docking scores resulting from the docking calculations, using
the MOE software package,” are an estimate of the binding free energy
(herein AG*), it is possible to establish a relationship between K;*
(pseudo Ki) and AG*, through the equation: AG*= -RTInK;*. Following
this approximation, K;* values were estimated relating the docking score
obtained from each best pose of the 80 selected molecules, which share
the same biphenyl scaffold, and have a high similarity to IDIF and
among themselves, to the free binding energy. In order to normalize
these values, the experimental TTR binding K; for IDIF obtained through
an isothermal calorimetry experiment (ITC) was used (see Table S2 of S.
1).%

After this step, the results were plotted in a nBEI-NSEI plane.”” The
nBEI and NSEI parameters were calculated based on the estimation of
their Ki*, with reference to the experimental Ki for IDIF. Figure 3 shows
that compounds with efficiencies higher than IDIF can be found on the
slope lines with NPOL = 3, 4 and 5.

To provide experimental validation of the virtual predictions on
improved efficiency described above, a subset of compounds located at
the region with theoretically more efficient candidates were selected,
synthesized and subsequently tested for biological activity, and their
experimental and theoretical efficiencies compared.

Synthesis of the selected compounds. Using criteria like minimal
change on the structure, small changes in the number of polar atoms
(NPOL) and ready synthesis, ten of the theoretically more efficient
compounds were selected as test compounds. The structures of this
subset of compounds (1-10) are depicted in Figure 4. Also, some of the
corresponding non-halogenated derivatives of compounds 1-7, in the
position 5 of the biphenyl moiety (1A, 2A, 4A, 6A, and 7A), were
included in the synthesis plan to compare the effects of the presence or
absence of this particular halogen on the biological activity and hence
the experimental efficiency of these molecules.

The general synthesis scheme of the compound series is outlined in
Scheme 1. Biphenyl analogues (5-aryl salicylic derivatives) (1A, 2A, 4A
and 6A) were prepared by Suzuki cross-coupling reactions (SI,
Figure S5).%

The iodinated biphenyl derivatives (1, 2, 4, 6, 7) were prepared from
their parent compounds (1A, 2A, 4A and 6A) by electrophilic aromatic
iodination reaction using the iodinating reagent IPy,;BF,4 (Barluenga’s
reagent) in CHyCly at room temperature.so Brominated derivatives (3
and 5) were prepared by electrophilic bromination using a mixture of
potassium bromide and N-chlorosuccinimide (NCS) at room tempera-
ture. The synthesis of the polyhalogenated compound 7A was initially
designed as the previous analogs, involving a Suzuki coupling reaction
between 5-iodosalicylic acid (11) and a polyhalogenated boronic acid.
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Fig. 4. Iododiflunisal analogs selected as theoretically more efficient than Iododiflunisal in terms of ligand efficiency parameters. (Some non-halogenated derivatives

in the position 3 of the salicylic moiety are also shown).
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Scheme 1. Synthesis of Diflunisal and IDIF analogs. “Reagents and conditions: Suzuki-Miyaura cross-coupling reaction (Condition A: in water): a) aryl boronic acid
(1 equiv.); 5-iodosalicylic acid (11) (1 equiv.), Pd(OAc), (1 mol%), NayCOj3 (3 equiv.), H20 (degassed water), rt, 3 h.; b) Suzuki-Miyaura cross-coupling reaction aryl
boronic acid (1 equiv.), 5-iodosalicylic acid (11) (1 equiv.), [Pd(PPh3)4] (1 mol%), Na>CO3 (3 equiv.), dioxane/water (4:1), 80 °C; c) for iodinated derivatives:
IPy,BF, (Barluenga’s reagent) (1.5 equiv.), dichloromethane, rt, 1 h; or d) for brominated derivatives: NCS (1 equiv.), KBr (1 equiv.), ethanol.
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Scheme 2. Synthesis of polyhalogenated
Diflunisal analogs. “Reagents and conditions:
a) Tetrabutylammonium iodide (TBAI) (1.1
equiv.), Cul (1.1 equiv.), tert-butyl nitrite
("BuONO) (3 equiv.), acetonitrile, 80 °C; b) 5-
iodo salicylic acid (11), TMSCI (4 equiv.),
MeOH, 110 °C, 24 h; ¢) methyl 5-iodosalicy-
late (14) (1 equiv.), bis(pinacolato)diboron
(BoPiny) (2 equiv.), Pda(dba); (2mol%),
XPhos (4 mol%), KOAc (3 equiv.), dioxane,
110°C; d) Suzuki-Miyaura coupling: boro-
nate 15 (1 equiv.), iodinated compound 13
(1 equiv.), Na,CO3 (3 equiv.), Pd(PPh3),
(5mol%), dioxane, 110°C; e) LiOH (4
equiv.), H,O/dioxane, 80°C, 30min.; f)
IPy,BF, (Barluenga’s reagent) (1.5 equiv.),
CH.Cl,, rt, 1h; g) NCS (1 equiv.), KBr (1
equiv.), ethanol.
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Scheme 3. Synthesis of iododiflunisal amino acid conjugated analogs. “Reagents and conditions: a) H-Ala-OMe.HCl (1 equiv.), DCC, HOBt, DIPEA, dichloromethane,
rt, 50%; b) p-Ala-OMe.HCI (1 equiv.), DCC, HOBt, DIPEA, dichloromethane, rt, 77%.

Table 2

Inhibition of acid-induced fibrillogenesis by compounds under study: ICs, values
measured by the kinetic turbidimetric assay” and the corresponding nBEI-NSEI
indices values.”

Compound X ICs0 (pM) RA (%) nBEI NSEIL
IDIF 1 4.2+0.2 94.0£0.5 6.66 1.79
1A H 23.1+4.3 60.4+0.3 5.96 1.55
1 I 7.2+0,1 87.0+1.6 6.49 1.71
2A H 6.0+0.2 87.8+0.9 6.50 1.31
2 I 5.3+0.3 90.3+1.3 6.58 1.32
3 Br 5.2+0.5 95.5+1.6 6.59 1.32
4A H 6.1 +0.5 88.8+0.3 6.52 1.30
4 I 51+1.1 91.1+0.7 6.61 1.32
5 Br 4.3+0.4 89.9+0.8 6.69 1.34
6A H 21.7+1.6 77.3+4.9 5.92 1.55
6 1 39+1.7 885+1.4 6.69 1.80
7A H 7.2+0.5 89.1+1.1 6.42 1.71
7 1 4.6+0.2 91.0+0.4 6.64 1.78
8 Br 3.6+0.2 89.0+2.2 6.74 1.81

I 6.0 +0.5 89.0+0.6 6.64 1.04
10 I 3,7+0.3 90.0 +£0.1 6.85 1.09

# Kinetic turbidity assay: 0.4 mg/mL TTR-Y78F, 0-40 pM inhibitor, pH 4.2,
37°C.

> nBEI and NSEI values have been calculated by using the definitions listed in
Table 1 using the pICsq value for the biological activity.
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Fig. 5. nBEI vs. NSEI plot based on the experimental data (ICso values) ob-
tained from the kinetic turbidimetry assay. Black square corresponds to the
reference compound IDIF; crosses are the non-halogenated derivatives for the
corresponding compounds as indicated in Figure 4; compounds with a similar
or higher efficiency compared with IDIF (in good agreement with the pre-
dictions performed in this study) are highlighted in the “Efficient candidates”
region as white squares; grey squares are the compounds less efficient than IDIF
(in which the prediction fails).

Polyhalogenated boronic acids are especially challenging coupling
partners for Suzuki-Miyaura reactions because they quickly deboronate
under basic conditions.””**®

Due to the inherent difficulties of these polyhalogenated boronic
acids, an alternative pathway was designed based on a pinacol boronate
ester (Scheme 2). Thus, a new pinacol boronate ester (15) was prepared.
The Suzuki coupling reaction between the iodocompound 13 and the
newly prepared boronate ester 15 was done in dioxane/water (9:1) at
80°C catalyzed by tetrakis(triphenylphosphine)palladium (0) [Pd
(PPh3)4] (5mol%), in the presence of NayCO3 as base providing the
desired biphenyl compound 7A (Scheme 2).

Amino acid conjugates 9 and 10 were prepared through a similar
method as we have reported previously,?” starting from biphenyl car-
boxylic acid derivative 7, by a coupling reaction either with the methyl
ester of L-alanine or the one from p-alanine, respectively (Scheme 3). In
both reactions N,N’-dicyclohexyl carbodiimide (DCC) was used as the
coupling reagent used in the presence of 1-hydroxybenzotriazol (HOBt)
for the amide bond formation.*’

Experimental validation of the efficiency. This set of 15 synthe-
sized compounds and the reference IDIF, were tested in a turbidimetric
in vitro assay to evaluate their potential activity as TTR fibril in-
hibitors.®” The protocol uses a highly amyloidogenic TTR variant (Y78F)
which enables kinetic monitoring of protein aggregation in short time
under acid-induced fibrillogenesis conditions. One of the parameters
that can be assessed through this method is the ICso value, which is the
concentration of inhibitor at which the initial rate of fibril formation is
half than in the absence of inhibitor. A second parameter is the per-
centage of reduction in fibril formation rate (RA%) at high concentration
of test compound relative to the rate obtained in the absence of com-
pound. RA values of 100% indicate that the inhibitor can fully prevent
the formation of fibrils. Experimental ICsy values are reported in
Table 2, showing that compounds 5, 6, 7, 8 and 10 have a similar or even
higher fibrillogenesis inhibition activity compared to iododiflunisal.

Evaluation of the LEI predictive power. To evaluate the accuracy
of the LEI predictions and the extend of the optimization of iododi-
flunisal in terms of efficiency gain, the experimental potencies of the
compounds expressed as ICsp values have been used to calculate the
corresponding experimental nBEI and NSEI values for each molecule
(Table 2). The efficiency indices (NSEI, nBEI) for a biological assay can
be calculated similarly using the ICsq listed in Table 2.6 Also, to visu-
alize the predictive power of this methodology, the predictive map
shown in Figure 3, was redrawn as the experimental map presented in
Figure 5. A rough 50% matching rate was found between predicted and
experimental efficiencies of compounds with five clear failures in the
case of compounds 1, 2, 3, 4 and 9. However, only product 1 is rather far
apart from the region selected in the prediction step. On the other hand,
although product 7 is at the border of this best candidates region, an
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interesting fact is that no mismatches between the efficiency maps have
occurred in case of compounds 5, 6, 8 and 10 which, in turn, are most
potent than iododiflunisal.

Appearing above IDIF in the nBEI-NSEI map and on top of the pro-
gression line of NPOL = 3, product 8 is the most efficient candidate of
this series. The potency of this compound (ICso= 3.6 pM), compares
with the most potent TTR amyloidogenic inhibitor known up to date,
triiodophenol®’ (ICso = 3.2 pM), and provides an approximate idea of
the level of optimization achieved. This optimization capacity of the
LEIs is reinforced when the comparison between the biological activities
of 8 and Tafamidis, the drug marketed in Europe for the treatment of
FAP, shows that product 8 has an enhanced potency and efficiency.
Thus, under the kinetic turbidity assay conditions, Tafamidis presents an
IC50 = 6.59 pM, and values of 6.48 and 1.30 for nBEI and NSEI respec-
tively. Besides 8, two more compounds, 6 (3.9 pM, NPOL =3) and 5
(4.3 pM, NPOL = 4) have been identified and characterized as better and
more efficient candidates than IDIF. The main feature of this triad (5, 6
and 8) is that their three crucial LEI variables (potency, size and po-
larity) have been optimized at the same time.

Finally, it is worth noting that the non-halogenated derivatives at the
position 5, that were also included among the test compounds, show
lower potencies than their halogenated counterparts, and are found
outside the preferred candidate efficiency region. A particular case is 6A
which shows a potency of 21.7 pM and a very poor efficiency behavior,
far from its iodinated counterpart 6 (3.9 pM); this reinforces our hy-
pothesis on the important role that halogen atoms play on TTR tetramer
stabilization and prevention of fibril formation.

3. Conclusions

Here we presented the first experimental evidence of a novel appli-
cation of the LEI formulation for prospective lead optimization by using
the iododiflunisal chemico-biological space as example. The results also
suggest that the LEI methodology, both retrospective and prospective,
may be easily combined and integrated with computational workflows
such as pharmacophore modeling and docking experiments. This pro-
spective LEI approach has allowed us to identify a triad of compounds
with optimized properties (potency, size and polarity) with respect to
iododiflunisal. Significantly, compound 8 that maps in the extreme
North-East corner of the efficiency plane, has the best combination of
ICso and physico-chemical properties (size, polarity) as ‘combined’ in
the corresponding NSEI, nBEI values (Table 2). Compound 8 compares
very favorably with triiodophenol (3.2 pM), one of the most potent TTR
fibrillogenesis inhibitor known up to date, which may be of interest for
future drug developments in the field of TTR-related amyloid diseases
treatment. In contrast, compound 10 with better ICsy than IDIF and
slightly larger values of efficiency per size (ICs50=3.7 vs. 4.2;
nBEI = 6.85 vs. 6.66, respectively) exhibits a significantly lower value of
the polarity efficiency NSEI (NSEI =1.09 vs. 1.79) (Table 2) making it
significantly more polar and less suitable for further development.

3.1. Experimental section

3.1.1. Synthesis and characterization of compounds.

All diflunisal and IDIF analogues were prepared following the
Schemes 1, 2 and 3. The synthesis and characterization are described in
the SI.

Protein and inhibitors. The human TTR variant Y78F protein was
recombinant expressed in E. coli and purified as already reported.®” All
assays were performed in buffers containing a final 5% (v/v) DMSO
concentration for solubilization of the ligands.

Kinetic Turbidimetric Assay. Inhibition of fibrillogenesis was
determined by the kinetic turbidimetric assay previously reported.®® In
seven different wells of a 96-well microplate, 20 uL of a 4 mg/mL TTR
variant Y78F solution in 20 mM potassium phosphate buffer, 100 mM
KCl, and 1 mM EDTA at pH 7.6, was mixed with an 80 pL solution of
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inhibitor prepared by mixing different volumes of a stock solution of the
compound in H,O/DMSO (1:1) to give a range of final compound con-
centrations of 0-40 pM. DMSO content was adjusted to a final 5% (v/v),
where all ligands tested are soluble. After 30 min incubation at 37 °C
with 15 s shaking every minute, 100 pL of 400 mM KAcO, 100 mM KCl,
and 1 mM EDTA buffer at pH 4.2 were added to each well. The final
mixture, containing 0.4 mg/mL TTR, 0 to 40 pM ligand, and 5% DMSO,
was incubated at 37 °C with 15s shaking every minute. Absorbance at
340 nm was monitored for 1.5 h at 1 min intervals. A control solution of
the ligands at the highest concentration (40 uM) following the same
procedure in the absence of TTR was also monitored, showing that the
ligands remained soluble and no turbidity due to colloidal aggregation
was observed. Initial rates of protein aggregation (vy) were obtained
from the linear plot absorbance versus time. The dependence of vy on
inhibitor concentration is defined as:

vg = A+B.e™l

where vy is the initial rate of fibril formation (in absorbance units per
hour, AU-h’l) and [I] the concentration of the inhibitor (uM). From the
adjustable parameters, the ICso (inhibitor concentration at which the
initial rate of protein aggregation is half than that in absence of inhib-
itor) and RA(%) (percentage reduction of amyloidosis at high inhibitor
concentration) were calculated (See SI, Fig. S3)

Crystallographic Complex. 3D atomic coordinates of the TTR-
iododiflunisal complex (PDB ID: 1Y1D)*° used in the present work
were obtained from the structural information available in the Protein
Data Bank (PDB) (http://www.rcsb.org). Before the ligand—protein in-
teractions mapping, a previous processing of the pdb file was needed.
The asymmetric crystal unit of TTR complexes is formed by a dimer, two
ligand molecules (one for each binding site) and water molecules; taking
this into account, coordinates for the tetrameric form of TTR were ob-
tained by applying the crystallographic symmetry transformations
described in the pdb file. For residues with multiple conformations, we
considered the one with the highest occupation factor.

Hydrogen Atoms Refinement. Added hydrogen atoms were
energy-minimized by using the Protonate 3D package implemented in
MOE 2013.08.%* Ligand partial charges were obtained by computing the
electrostatic-potentials around the optimized structures using MOE
2013.08. Minimization was carried out using a distance dependent
dielectric constant and a cutoff distance of 10 A for Van der Waals in-
teractions. Hydrogen atoms refinement was accomplished using 1000
cycles of steepest descents followed by conjugate gradient until the
maximum gradient of the energy was smaller than 0,05 kcal/mol - A,

Data Set Selected. A set of 2300 biphenylic compounds was
extracted from MMSINC Database.® LigX package (MOE 2013.08) was
used for the hydrogen addition and ligand preparation.

Docking Experiments. MOE 2013.08 package was used to perform
the docking studies of the data set selected with the crystallographic TTR
complex. Alpha Triangle was used as placement method, Alpha HB as
score function and MMF94 as forcefield in the refinement step of the
docking solutions.

Author contributions
Overall research design and writing of the manuscript: G.A., C.A.Z.,

A.P., N.B.C, J.Q., D.B. Computational studies: D.B. Chemistry experi-
ments: G.A. Biological experiments: E.Y.C., M.V.

Declaration of Competing Interest
The authors declare no competing financial interest.
Acknowledgements

We thank Dr. Lluis Bosch for help on the synthesis work. Funding

147



E.Y. Cotrina et al.

Sources. This work was supported by a Grant 080530/31/32 from the
Fundacié Marat6 de TV3, Barcelona, Spain (to G.A, A.P., and J.Q.) and a
Grant from Plan Nacional, Ministerio de Economia y Competitividad
(Ref: CTQ2010-20517-C02-02) to G.A.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.

0rg/10.1016/j.bmc.2020.115794.

References

—_

S

w

EN

v

(=)}

N

@

A=}

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Vieira M, Saraiva MJ. Transthyretin: a multifaceted protein. Biomol Concepts. 2014;5:
45-54.

Hamilton JA, Benson MD. Transthyretin: a review from a structural perspective. Cell.
Mol. Life Sci. 2001;58:1491-1521.

Giao T, Saavedra J, Cotrina E, et al. Undiscovered roles for transthyretin: from a
transporter protein to a new therapeutic target for alzheimer’s disease. Int. J. Mol
Sci. 2020;21:2075. https://doi.org/10.3390/ijms21062075.

Alemi M, Silva SC, Santana I, Cardoso 1. Transthyretin stability is critical in assisting
beta amyloid clearance — Relevance of transthyretin stabilization in Alzheimer ‘s
disease. CNS Neurosci. Ther. 2017;23:605-619.

Cotrina EY, Gimeno A, Llop J, et al. Calorimetric studies of binary and ternary
molecular interactions between transthyretin, Ap peptides and small-molecule
chaperones towards an alternative strategy for Alzheimer’s Disease drug discovery.
J. Med. Chem. 2020;63:3205-3214.

Roweczenio DM, Noor I, Gillmore JD, Lachmann HJ, Hawkins PN, Obici L,
Westermark P, Grateau G, Wechalekar AD. Online registry for mutations in
hereditary amyloidosis including nomenclature recommendations. Hum. Mutat.
2014;11. https://doi.org/10.1002/humu.2261, 35-E2403-E2412.

Nevone A, Merlini G, Nuvolone M. Treating protein misfolding diseases: therapeutic
successes against systemic amyloidoses. Front. Pharmacol. 2020;11:1024. https://doi.
org/10.3389/fphar.2020.01024.

Almeida MR, Gales L, Damas AM, Cardoso I, Saraiva MJ. Small transthyretin (TTR)
ligands as possible therapeutic agents in TTR amyloidoses. Curr. Drug Targets. CNS
Neurol. Disord. 2005;4:587-596.

Connelly S, Choi S, Johnson SM, Kelly JW, Wilson Ia. Structure-Based Design of
Kinetic Stabilizers That Ameliorate the Transthyretin Amyloidoses. Curr. Opin. Struct.
Biol. 2010;20:54-62.

Andrade C. A peculiar form of peripheral neuropathy. Brain. 1952;75:408-427.
Saraiva MJ, Magalhaes J, Ferreira N, Almeida MR. Transthyretin deposition in
familial amyloidotic polyneuropathy. Curr. Med. Chem. 2012;19:2304-2311.
Griffin JM, Maurer MS. Transthyretin cardiac amyloidosis: A treatable form of heart
failure with a preserved ejection fraction. Trends Cardiovasc. Med. 2019;S1050-1738
(19):30166-30175.

Manso MC, Marques DP, Rocha SL, Rodeia SC, Domingos R. Senile systemic
amyloidosis: an underdiagnosed disease. Eur. J. Case Rep. Intern. Med. 2017;4,
000725. https://doi.org/10.12890,/2017_000725.

Sekijima Y, Hammarstrom P, Matsumura M, et al. Energetic characteristics of the
new transthyretin variant A25T may explain its atypical central nervous system
pathology. Lab. Invest. 2003;83:409-417.

Berman HM, Westbrook J, Feng Z, et al. The protein data bank. Nucleic Acids Res.
2000;28:235-242.

Palaninathan SK. Nearly 200 X-ray crystal structures of transthyretin: what do they
tell us about this protein and the design of drugs for TTR amyloidoses? Curr. Med.
Chem. 2012;19:2324-2342.

Nencetti S, Orlandini E. TTR fibril formation inhibitors: is there a SAR? Curr. Med.
Chem. 2012;19:2356-2379.

Guo X, Liu Z, Zheng Y, et al. Review on the structures and activities of transthyretin
amyloidogenesis inhibitors. Drug Des. Devel. Ther. 2020;14:1057-1081.

Ciccone L, Tonali N, Nencetti S, Orlandini E. Natural compounds as inhibitors of
transthyretin amyloidosis and neuroprotective agents: analysis of structural data for
future drug design. J. Enzyme Inhib. Med. Chem. 2020;35:1145-1162.

Bulawa CE, Connelly S, Devit M, et al. Tafamidis, a potent and selective transthyretin
kinetic stabilizer that inhibits the amyloid cascade. Proc. Natl. Acad. Sci. U.S.A. 2012;
109:9629-9634.

Coelho T, Maia LF, Martins da Silva A, et al. Tafamidis for transthyretin familial
amyloid polyneuropathy: a randomized, controlled trial. Neurology. 2012;79:
785-792.

Gamez J, Salvaddé M, Reig N, et al. Transthyretin stabilization activity of the
catechol-O-methyltransferase inhibitor tolcapone (SOM0226) in hereditary ATTR
amyloidosis patients and asymptomatic carriers: proof-of-concept study. Amyloid.
2019;26:74-84.

Fox JC, Hellawell JL, Rao S, et al. First-in-human study of AG10, a novel, oral,
specific, selective, and potent transthyretin stabilizer for the treatment of
transthyretin amyloidosis: a phase 1 safety, tolerability, pharmacokinetic, and
pharmacodynamic study in healthy adult volunteers. Clin. Pharmacol. Drug Dev.
2020;9:115-129.

Corazza A, Verona G, Waudby CA, et al. Binding of monovalent and bivalent ligands
by transthyretin causes different short- and long-distance conformational changes.
J. Med. Chem. 2019;62:8274-8283.

25

26

27

28

29

3

(=}

3

et

3

N

33

34

35

3

[

37

38

39

4

S

4

fuary

42

43

44

45

46

47

48

49

50

51

52

53

5

b

55

5

<))

5!

N

5

o]

Bioorganic & Medicinal Chemistry 28 (2020) 115794

Benson MD, Waddington-Cruz M, Berk JL, et al. Inotersen treatment for patients with
hereditary transthyretin amyloidosis. N. Engl. J. Med. 2018;379:22-31.

Adams D, Gonzalez-Duarte A, O’Riordan WD, et al. Patisiran, an RNAi therapeutic,
for hereditary transthyretin amyloidosis. N. Engl. J. Med. 2018;379:11-21.

Mairal T, Nieto J, Pinto M, et al. [odine atoms: a new molecular feature for the design
of potent transthyretin fibrillogenesis inhibitors. PLoS ONE. 2009;4, e4124.

Berk JL, Suhr OB, Obici L, et al. Repurposing diflunisal for familial amyloid
polyneuropathy: a randomized clinical trial. JAMA. 2013;310:2658-2667.

Gales L, Macedo-Ribeiro S, Arsequell G, Valencia G, Saraiva MJ, Damas AM. Human
transthyretin in complex with iododiflunisal: structural features associated with a
potent amyloid inhibitor. Biochem. J. 2005;388:615-621.

Ribeiro C, Oliveira SM, Guido LF, et al. Transthyretin stabilization by iododiflunisal
promotes amyloid-p peptide clearance, decreases its deposition, and ameliorates
cognitive deficits in an alzheimer’s disease mouse model. J. Alzheimers. Dis. 2014;39:
357-370.

Cotrina EY, Pinto M, Bosch L, et al. Modulation of the fibrillogenesis inhibition
properties of two transthyretin ligands by halogenation. J. Med. Chem. 2013;56:
9110-9121.

Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. Experimental and computational
approaches to estimate solubility and permeability in drug discovery and
development settings. Adv. Drug Deliv. Rev. 2001;46:3-26.

Kola I, Landis J. Can the pharmaceutical industry reduce attrition rates? Nat. Rev.
Drug Discov. 2004;3:711-715.

Waring MJ, Arrowsmith J, Leach AR, et al. An analysis of the attrition of drug
candidates from four major pharmaceutical companies. Nat. Rev. Drug Discov. 2015;
14:475-486. https://doi.org/10.1038/nrd4609.

Hinkson IV, Madej B, Stahlberg EA. Accelerating Therapeutics for Opportunities in
Medicine: A Paradigm Shift in Drug Discovery. Front Pharmacol. 2020;11:770.
https://doi.org/10.3389/fphar.2020.00770. Published 2020 Jun 30.

Segall M. Can we really do computer-aided drug design? J. Comput. Aided. Mol. Des..
2011:121-124.

Segall M. Advances in multiparameter optimization methods for de novo drug
design. Expert Opin. Drug Discov. 2014;9:803-817.

Yusof I, Shah F, Hashimoto T, Segall MD, Greene N. Finding the rules for successful
drug optimisation. Drug Discov. Today. 2014;19:680-687.

Abad-Zapatero C, Champness EJ, Segall MD. Alternative variables in drug discovery:
promises and challenges. Future Med. Chem. 2014;6:577-593.

Kuntz ID, Chen K, Sharp Ka, Kollman Pa. The Maximal Affinity of Ligands. Proc. Natl.
Acad. Sci. U. S. A. 1999;96:9997-10002.

Hopkins AL, Groom CR, Alex A. Ligand efficiency: a useful metric for lead selection.
Drug Discov. Today. 2004;9:430-431.

Abad-Zapatero C. Ligand efficiency indices for effective drug discovery. Expert Opin.
Drug Discov. 2007;2:469-488.

Garcia-Sosa AT, Hetényi C, Maran U. Drug efficiency indices for improvement of
molecular docking scoring functions. J. Comput. Chem. 2009;31:174-184.

Shultz MD. Setting expectations in molecular optimizations: strengths and
limitations of commonly used composite parameters. Bioorg. Med. Chem. Lett. 2013;
23:5980-5991.

Hopkins AL, Keserii GM, Leeson PD, Rees DC, Reynolds CH. The role of ligand
efficiency metrics in drug discovery. Nat. Rey. Drug Discov. 2014;13:105-121.
Abad-Zapatero C. Ligand efficiency indices for drug discovery: towards an atlas-guided
paradigm, Oxford. UK: Academic Press, an imprint of Elsevier; 2013.

de Souza Neto LR, Moreira-Filho JT, Neves BJ, et al. Jr. In silico strategies to support
fragment-to-lead optimization in drug discovery. Front Chem. 2020;8:93. https://doi.
org/10.3389/fchem.2020.00093.

Abad-Zapatero C, Metz JT. Ligand efficiency indices as guideposts for drug discovery.
Drug Discov. Today. 2005;10:464-469.

Abad-Zapatero C, Blasi D. Ligand efficiency indices (LEIs): more than a simple
efficiency yardstick. Mol. Inform. 2011;30:122-132.

Christmann-Franck S, Cravo D, Abad-Zapatero C. Time-trajectories in efficiency
maps as effective guides for drug discovery efforts. Mol Inform. 2011;30:144.
Sugaya N. Ligand efficiency-based support vector regression models for predicting
bioactivities of ligands to drug target proteins. J. Chem. Inf. Model. 2014;54:
2751-2763.

Blasi D, Arsequell G, Valencia G, et al. Retrospective mapping of SAR data for TTR
protein in chemico-biological space using ligand efficiency indices as a guide to drug
discovery strategies. Mol. Inform. 2011;30:161-167.

Masciocchi J, Frau G, Fanton M, et al. MMsINC: a large-scale chemoinformatics
database. Nucleic Acids Res. 2009;37:284-290.

Molecular Operating Environment (MOE), 2013.08; Chemical Computing Group Inc.,
1010 Sherbooke St. West, Suite #910, Montreal, QC, Canada, H3A 2R7, 2013.
Suzuki A. Cross-coupling reactions of organoboranes: an easy way to construct C-C
bonds (nobel lecture). Angew. Chem. Int. Ed. Engl. 2011;50:6722-6737.

Barluenga J. Recent advances in selective organic synthesis mediated by transition
metal complexes. Pure Appl. Chem. 1999;71:1385-1391.

Kinzel T, Zhang Y, Buchwald SL. A new palladium precatalyst allows for the fast
suzuki—miyaura coupling reactions of unstable polyfluorophenyl and 2-heteroaryl
boronic acids. J. Am. Chem. Soc. 2010;132:14073-14075.

Robbins DW, Hartwig JF. A C-H borylation approach to Suzuki-Miyaura coupling of
typically unstable 2-heteroaryl and polyfluorophenyl boronates. Org. Lett. 2012;14:
4266-4269.

148



E.Y. Cotrina et al. Bioorganic & Medicinal Chemistry 28 (2020) 115794

61 Miroy GJ, Lai Z, Lashuel HA, Peterson SA, Strang C, Kelly JW. Inhibiting

59 Sheehan JC, Hess GP. A new method of forming peptide bonds. J. Am. Chem. Soc.
transthyretin amyloid fibril formation via protein stabilization. Proc. Natl. Acad. Sci.

1955;77:1067-1068.
60 Dolado I, Nieto J, Saraiva MJM, Arsequell G, Valencia G, Planas A. Kinetic assay for U.S.A. 1996;93:15051-15056.

high-throughput screening of in vitro transthyretin amyloid fibrillogenesis inhibitors.
J. Comb. Chem. 2005;7:246-252.

8 149



150



Capitulo 4. Discusion

Articulo 1: Preparative scale production of recombinant human transthyretin for biophysical

studies of protein-ligand and protein-protein interactions.

La produccién de proteinas recombinantes juega un papel relevante en el proceso de
descubrimiento de farmacos en diferentes etapas del proceso (Overton, 2014). En la etapa
inicial de desarrollo de farmacos se necesitan disponer de pequefias cantidades de proteina
recombinante (a escala de mg) para realizar estudios estructurales de proteinas diana y
para estudios de cribado de diferentes moléculas con la proteina diana. En otras etapas
posteriores del proceso de desarrollo de farmacos, como por ejemplo en ensayos
preclinicos y clinicos, serd necesaria la produccion en cantidades mayores y en

determinadas condiciones.
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Esquema 3. Produccién de la proteina recombinante TTR y su aplicacién en la investigacion.

En esta tesis doctoral se ha optimizado el proceso de produccion de la TTR para poder
realizar estudios estructurales y ensayos de cribado de moléculas pequefias. Actualmente,
la TTR se puede encontrar disponible en diferentes casas comerciales con un precio
aproximado de 300 € cada miligramo, motivo que justifica su produccién en el laboratorio.
La puesta a punto de un ensayo de cribado de moléculas supone un gran numero de
experimentos que validen su robustez y eficacia, y por lo tanto es necesario disponer de

grandes cantidades de proteina.
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La produccion de TTR a escala de laboratorio ha sido realizada anteriormente por diferentes
grupos de investigacion (Tabla 2). Uno de los primeros trabajos fue el de Furuya et al. que
llevé a cabo la produccién de la TTR y de diferentes mutantes asociadas a la FAP. Estos
investigadores utilizaron un pladsmido pINTR-30 para la expresion de la proteina
recombinante TTR, cuya secuencia expresaba 7 aminoacidos adicionales en el extremo N-
terminal (Figura 29A). Tras su caracterizacion comprobaron que estos aminoacidos extra
no afectaban la funcion de la proteina. Sin embargo, a pesar de optimizar el vector de
expresion, el rendimiento de la proteina conseguido era tan solo de 5 mg/L (Furuya et al.,
1989, 1991).

Plasmido Promotor Escala de Secuencia de
N° de - la Proteina Rdto. :
. de produccion Referencia
EXpresion oy presion (matraz: L) (mg/L)
TTR P :
1 pINTR-30 T7 01L TTR + 7AA 5 Furuya 1989,
1991
2 pMMHa T7 1L L55P 60 Lashuel 1999
3 pQFEgO' T7 0,1L HisTag TTR 130 Matsubara 2003
MR- TTR
4 T7 0,5L (secuencia 80 - 100 Kingsbury 2007
pQE30
exacta)
5 phTTRwt-I T7 1L N-Met-TTR 150 - 200 Dolado 2005

Tabla 2. Descripcion de los principales métodos de produccion de la proteina humana
recombinante transtiretina anteriores a esta tesis.

Con la finalidad de lograr un producto homogéneo y lo mas parecido a la secuencia de la
proteina humana se desarrollaron nuevos sistemas de expresion de TTR. Una aportacion
importante fue la descrita por el Matsubara et al (Matsubara, Mizuguchi, & Kawano, 2003).
Este equipo disefié un plasmido que expresaba la TTR con una secuencia extra de 6
histidinas (cola de Histidinas, His-Tag) para facilitar su aislamiento en un solo paso en la
etapa de purificacion, mediante cromatografia de afinidad por ion metalico (IMAC: ion metal
affinity chromatography). Este procedimiento mejor6 el rendimiento de produccion
notablemente respecto a los protocolos previamente descritos, llegando a obtener unos 130
mg/L de proteina y tras su caracterizacion determinaron que la cola de histidinas no

afectaba las propiedades de TTR.
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En 2007, el grupo de Connors de la Universidad de Boston (Tabla 2, n° 4) optimizo el
anterior sistema (Figura 29B), que consistia en introducir una modificacion en la cola de
histidinas, para que que facilitase su eliminacién de manera eficiente por tratamiento con la
enzima dipeptidil aminopeptidasa | (DAPase |). De este modo se obtuvo la proteina
recombinante TTR, con la secuencia exacta de la proteina humana. El rendimiento de
produccién fue de entre 80 y 100 mg/L (Kingsbury, Klimtchuk, Théberge, Costello, &
Connors, 2007; Matsubara et al., 2003).

T7 Terminator

~_T1TRgen+7aa

\
e

Lac Operator

T7 Promoter

ITTR-pQE30

Lac |

Figura 29. Disefio de los diferentes plasmidos de expresion utilizados en los principales
procesos de produccion de TTR. A) Furuya et al., 1991 (Furuya et al., 1991) y B) Kingsbury
et al., 2007 (Kingsbury et al., 2007).

Nuestro equipo de investigacion habia trabajado anteriormente en un proyecto de
descubrimiento de farmacos para tratar amiloidosis relacionadas con la TTR (Tabla 2, n® 5).
En el contexto de este proyecto se puso a punto la expresion y purificacion de la proteina
humana recombinante TTR en el Laboratorio de Bioquimica del Institut Quimic de Sarria —
Universitat Ramon Llull (IQS-URL), bajo la direccion del Dr. Antoni Planas. La produccion
de proteina permitié disefiar un ensayo cinético de cribado de moléculas como inhibidores
de la agregacion de la transtiretina (Dolado et al., 2005). El proceso desarrollado en el IQS,
es un proceso robusto que ha sido utilizado desde su implementacion por diversos

investigadores del grupo.
Optimizacién de la produccion de la proteina recombinante Transtiretina

A) Pladsmido phTTRwt-|
B) Expresion de la proteina recombinante de la TTR

C) Purificacién y control de calidad durante la produccion de la TTR
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La optimizacion de la produccion de la TTR recombinante se ha realizado en el IQS-URL
bajo la supervision del Dr. A. Planas. Cabe destacar, que se ha elaborado un protocolo
optimizado de la expresion y purificacion, asi como la descripcion de las instalaciones y los
equipos necesarios, para facilitar su produccién y aplicacion en proyectos de investigacion

relacionados con la TTR (Esquema 4).

INOCULO PRIMARIO
E. Coli BL21(DE3)

:
; | INOCULO SECUNDARIO |
.
.

CULTIVO DE INDUCCION

PRE INDUCCION

POST INDUCCION

| RECUPERACION DE CELULAS |

CENTRIFUGACION
LISIS CELULAR

CENTRIFUGACION Y ELIMINACION
DE RESTOS CELULARES

4 °C, 10000 rpm, 10 min

French Press a 20 Kpsiy sonicacion a 60% de
amplitud, 45 seg/ciclo (1 seg de pausa cada 3 seg)

PURIFICACION POR PRECIPITACION
CON SULFATO DE AMONIO

CENTRIFUGACION | 12 °C, 12500 rpm, 30 min

Andlisis de fracciones por
SDS-PAGE (14% acrilamida)
v

DIALISIS DE FRACCIONES SELECCIONADAS

Il PASO DE PURIFICACION POR: Tampoén A: Tris 20 mM, 0.1 NaCl pH 7.6
CROMATOGRAFIA DE INTERCAMBIO IONICO| Tampon B: Tris 20 mM, 0.5 NaCl pH 7.6

SDS-PAGE | (14% acrilamida)

DIALISIS DE FRACCIONES SELECCIONADAS

m PASO DE PURIFICACION POR:
CROMATOGRAFIA DE GEL FILTRACION

SDS-PAGE | (14% acrilamida)

LIOFILIZACION

Esquema 4: Proceso de produccion de la proteina recombinante TTR. (Las modificaciones
introducidas durante la produccion de la proteina recombinante TTR se resaltan en color
verde en el esquema).

Tampon A: Tris 20 mM, 0.1 NaCl pH 7.6

En agua desionizada 4 °C (3 pasos de 8h)
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A) Plasmido phTTRwt-I

El plasmido utilizado para la expresién intracelular de la proteina es phTTRwt-1 (Dolado et
al., 2005), basado en un pET38b(+) (Dubendorfft & Studier, 1991) en el que la secuencia
codificante de la TTR esté bajo el control del promotor T7 (Yin, Li, Ren, & Herrler, 2007) y
el marcador de seleccién es la resistencia a kanamicina (Kan). La expresion requiere de
una cepa que contenga una copia cromosomica de la RNA polimerasa de T7, bajo el control
del operador lac, que, en presencia del inductor, generalmente IPTG, se inhibe el represor
lac | y el operador lac inicia la sintesis de la RNA polimerasa del fago T7, que reconoce el
promotor T7 y activa la maquinaria de transcripcion y traduccién del gen diana clonado en
el vector. La proteina expresada presenta una metionina adicional en el extremo N-terminal

comparado con la secuencia natural de la TTR humana (Dolado et al., 2005).

T7 Terminator Avr Il (132) Nde I (533)

Initiating Met T7 Promoter

T7 Terminator ™, e
“TTRgen—""

Initiating Met

Lac Operator
T7 Promoter

Lacl

Figura 30. Plasmido phTTRwt-1 disefiado en el grupo del Dr. Antoni Planas (IQS-URL).
Representacion del plasmido phTTRwt-I sefialando la composicién de la secuencia del gen
gue codifica para la proteina recombinante TTR.
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B) Expresion de la proteina recombinante de la TTR

1. Optimizacién: del medio de cultivo

La expresion de la proteina recombinante TTR (forma salvaje) se realizé empleando medio
de cultivo enriquecido 2xYT, en lugar del medio LB utilizado por Dolado et al (Dolado et al.,
2005). El gen que codifica la proteina se encuentra en un sistema pET y en presencia del
inductor IPTG se inicia la expresion de TTR. Este sistema de expresion permite la seleccion
del tiempo de crecimiento celular antes de la induccion, a fin de maximizar la expresion de
la proteina en una etapa de crecimiento exponencial. Las condiciones de crecimiento a 37
°C en la etapa de pre-induccion y post-induccion fueron las necesarias para obtener un alto
rendimiento en el crecimiento y expresion de la proteina. Esto se puede atribuir a que son
las condiciones Optimas para el metabolismo de E. coli y potencian su mecanismo de
expresion. El uso de matraces Erlenmeyer con deflector contribuyé a una mejor aireacion
del cultivo, alcanzando una densidad celular muy alta en comparacion al registro de

crecimientos previos en el grupo.

Teniendo en cuenta la experiencia previa, en este proceso de optimizacion se modificé el
volumen del inéculo en el cultivo de induccién, con el objetivo de conseguir una mayor
densidad celular y corroborar su efecto sobre la concentracion final de proteina y su correcta
caracterizacion. El volumen de indculo fue de 0.37 % (v/v) en lugar de 0.08 % (v/v). Se
realizé el seguimiento del crecimiento celular a fin de definir la fase exponencial, sobre la

cual se selecciona el tiempo de induccién.
1.1. Etapade pre-induccion

El seguimiento del crecimiento celular en los diferentes medios de cultivo se realizé
midiendo la densidad celular a una densidad éptica a 600 nm (ODeoo). Para caracterizar la
cinética de crecimiento celular bajo las condiciones de crecimiento descritas (Esquema 4),
se realizé un cultivo de referencia a 11 h. Tras el analisis se identificaron tres puntos
principales en la fase exponencial de crecimiento: la fase temprana a 6h, la mediaa 7hy la
tardia a 8h (Figura 31).
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Figura 31. Crecimiento celular a 37 °C en el cultivo de induccién.
Medidas de densidad celular a ODsoonm, & diferentes tiempos de crecimiento (tc): tc 6h (azul), tc
7h (verde) y tc 8h (rojo), en comparacioén con el crecimiento de referencia a 11h (gris).

1.2. Etapade postinducciéony expresiéon de la proteina TTR

Tras la induccion los medios de cultivo se mantienen durante 14 h en la etapa de expresion.
La tabla 3 muestra un crecimiento celular mas eficiente en el cultivo inducido a las 7h. El
cultivo de induccién temprana muestra que la induccién afecta a la via de crecimiento
celular, visible en la ODsoo al final de las 14h. El cultivo de induccién tardio, muestra también
un efecto notable sobre el crecimiento celular. Estos resultados confirman que el cultivo
mas eficiente, con una velocidad especifica de crecimiento (1) de 0.04 ht tras la induccién,

se da en el medio inducido a 7h (Figura 32).

Tiempo de ODeoo Fase de ODeoo u(h?)
crecimiento (final) expresion (h) (final) (fase de
pre-induccion expresion)

(h)

6 3.50 14 5.03 0.03
7 5.91 14 10.13 0.04
8 7.68 14 10.92 0.02

Tabla 3. Valores de densidad éptica del crecimiento celular, etapa pre-inducciéon y post-

induccion.
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Figura 32. Crecimiento celular en la etapa pre-induccién y post-induccién.
Gréfico de seguimiento de la ODsoo total para los medios de cultivo con tiempo de induccion
(ti) a 6h (azul), 7h (verde) y 8h (rojo).

La induccién temprana a las 6h muestra un impacto notable sobre el crecimiento celular,
alcanzando una ODsoo=5 al final de la induccidn, por razones explicadas anteriormente, el
metabolismo celular se desvia de potenciar su crecimiento a la sintesis proteica. Una
induccién tardia a las 8h, muestra también un efecto en el crecimiento que nos permitio
alcanzar una ODeoo=10 (Tabla 3). La induccién tardia es la menos recomendada, porque el
cultivo puede estar cerca de una etapa de estrés y muerte celular y esto afectaria a la
sintesis de proteina y por consiguiente, se reduciria el rendimiento. Otros controles
aplicados durante estudio fueron las medidas de pH del medio, asi como la estabilidad del
plasmido.

En base a la cinética de crecimiento a 11h, a las 7 h estamos cerca del punto medio de la
fase exponencial y se decidié seleccionar ésta como la mejor para el tiempo de induccion,
teniendo en cuenta la lectura al final de la etapa de expresion de ODgwo=10 (en registros
previos se alcanzaba una ODewo=5). La induccion a las 7h nos permite alcanzar una elevada
densidad Optica. Ademas, al estar en un punto temprano de fase exponencial, la OD
alcanzada al final de la etapa de expresion es ¢ptima y como consecuencia aporta un alto

rendimiento en la produccion de la proteina TTR.

Por otro lado, ademas de las medidas de ODsoo Se realizé la medida de pH, ya que permite

conocer las condiciones de crecimiento del medio, evitando el estrés celular por variaciones

158



drasticas de éste. La tabla 4 registra los valores de pH al inicio del cultivo de induccion
(inicial) y al finalizar la etapa de expresion.

Tiempo de pH pH
crecimiento (tc) (h) (inicial) (final)

6 7.0 7.4

7 6.9 7.5

8 6.9 7.8

Table 4. pH de los diferentes cultivos de induccion.

Tras el crecimiento celular en el cultivo de induccién, realizado en 4 matraces Erlenmeyer
de 1,3 L con medio 2xYT (Kan 100 pg/mL), las células que contienen nuestra proteina de
interés son recuperadas mediante centrifugacion. Para corroborar que la proteina TTR no
se libera al medio de cultivo, se toma una muestra del medio de cultivo separado de las
células de cada uno de los matraces, a estas muestras las llamamos SN1 (por 4 matraces).
Tras un paso de lisis celular, se separan los restos celulares por centrifugacion y se analiza
el pellet (P1). El sobrenadante es recuperado para continuar el proceso de purificacion, a

fin de aislar la proteina del resto de las proteinas expresadas por E. coli.

C) Purificacion y control de calidad durante la produccion de la proteina TTR

La produccion de TTR y el objetivo de su aplicacién, exigen una proteina de alta pureza,
por ello el control de calidad en cada etapa de purificacion que garanticen el éxito en
cada paso es un aspecto importante. Durante la produccion de TTR, este control de
calidad se realiza tras cada paso de purificacion, mediante el andlisis por electroforesis
en gel de poliacrilamida con dodecilsulfato sédico (en inglés, sodium dodecyl sulphate

polyacrylamide gel electrophoresis, SDS-PAGE
C.1) Precipitacion fraccionada con sulfato de amonio (NH4)2SO.

El sobrenadante es tratado en 3 etapas de precipitacion fraccionada con sulfato de
amonio al 40, 55 y 85 %, a estos les llamamos P2, P3 y P4 respectivamente.
Finalmente, tras la tercera precipitacion el sobrenadante es analizado y le llamamos
SN2.

Como resultado del andlisis por SDS-PAGE de las muestras, los carriles SN1, sefialan
gue no existe expresion extracelular de la proteina TTR. El carril P1, muestra que se

arrastra algo de nuestra proteina, pero es muy pequefia. En el carril P2, no se ven
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rastros de TTR, en el carril P3 vemos trazas de TTR. Sin embargo, es en el carril P4
donde obtenemos la TTR mayoritariamente. Finalmente, la muestra SN2 no contiene
proteinas con lo cual el tratamiento muestra una excelente recuperacion de las
proteinas.

| PURIFICACION POR PRECIPITACION
CON SULFATO DE AMONIO

M P1L P2 P3 P4 1 2 3 4 SN2

97,4 KDa% -
66,2 kDo, -

-
45 KDa%.

31 Kba*
-

21,5KDa 9.

14,4 KDa =
M-wiTTR

Figura 33. Andlisis por SDS-PAGE de la purificacion por precipitacion con sulfato de amonio.
M: marcador de peso molecular de referencia (Range protein Standard, Bio-Rad Laboratories);
P1. Pellet de los restos celulares; P2: Muestra del pellet tras el primer paso de precipitacion;
P3: Muestra del pellet tras el segundo paso de precipitacion; P4: Muestra del pellet tras el tercer
paso de precipitacion; SN1: Corresponde a las muestras de cultivo de cada Erlenmeyer; y SN2:
Andlisis del sobrenadante tras la tercera precipitacion.

C.2) Purificacién por cromatografia de intercambio i6nico

En este paso de purificacion analizamos por SDS-PAGE las fracciones, siguiendo el
cromatograma, la proteina se observa principalmente en las fracciones D12 a G3, la
suma de las fracciones nos da un volumen final de 280 mL, volumen que sera

acondicionado por didlisis para ser utilizado en el siguiente paso de purificacion.
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Figura 34. Cromatograma y analisis SDS-PAGE (14% acrilamida) de las fracciones obtenidas
tras la purificaciéon por cromatografia de intercambio iénico. (Columna DE 120 mL XK 26/40
de Amersham, resina Q Sepharose High Performance de Pharmacia Biotech; tampén de
elucion; Tris-HCI 20 mM con un gradiente de 0.1 a 0.5 M de NaCl a pH 7.6)

A I
800 1000 mL

C.3) Purificacién por cromatografia de gel filtracion

El andlisis de las fracciones por SDS-PAGE sefialan que, nuestra proteina TTR se

eluye principalmente en las fracciones F14 a 110, la suma de las fracciones

I PASO DE PURIFICACION POR:
CROMATOGRAFIA DE GEL FILTRACION

2000- F M F8 G11 H14 H6 I1 110 115 J10 J4
/
|
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Figura 35. Cromatograma y analisis SDS-PAGE (14% acrilamida) de las fracciones obtenidas
tras la purificacién por cromatografia de gel filtracién (Columna de 440 mL XK 26/100 de
Amersham; resina Superdex 75 prep Grade de Amersham; tampon Tris-HCI 20 mMNacCl 0.1

M a pH 7.6).
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En un paso final tras un proceso de liofilizaciébn de la proteina para su posterior
almacenamiento (Figura 36), se realiza un andlisis por espectrometria de masas (MALDI-
ToF-MS). Nuestra proteina se expresa como ha sido descrito con un aminoacido adicional
en el extremo N-terminal respecto a la secuencia nativa. La secuencia exacta de la TTR
tiene una masa de 13762 Da y nuestra proteina recombinante tiene una masa final de 13910
Da (TTR+ Met).

Figura 36. Proteina liofilizada y preparada para su almacenamiento a -20 °C.

En el espectro obtenido tras el analisis por MALDI-ToF-MS, se observa un pico de 13912
Da correspondiente al monémero de nuestra proteina y también un segundo pico de 14202
Da, a este ultimo pico se le atribuye la forma S-glutationada de la proteina TTR, una

moadificacion post-traducccional asociada al tnico aminoacido cisteina (Cys-10) de la TTR.

Ademas, tomamos una muestra en la etapa final previa liofilizacion de cada cultivo para su
analisis por SDS-PAGE, como resultado de este se puede apreciar que nuestra proteina
TTR tiene una pureza superior al 95% y que el lote producido tras la induccién a 7h tiene
mayor concentracion de proteina. La pureza de la proteina es similar a la descrita en los
protocolos publicados (Tabla 2, n® 3 y 4) y a los descritos por algunas casas comerciales,

como por ejemplo Alexotech (www.alexotech.com).
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Figura 37. Espectro de masas MALDI-ToF-MS de la proteina TTR.

En este trabajo se ha optimizado la produccién de la proteina recombinante TTR. Teniendo
en cuenta el registro de los trabajos previos de produccion de TTR a escala de matraz
Erlenmeyer, se ha logrado unos valores de crecimiento celular de hasta 3 veces mayor, con
lo que se ha conseguido triplicar o cuadriplicar la cantidad de proteina obtenida. Por lo tanto,
la modificacién introducida en esta tesis mejora de forma notable el protocolo anterior. El
rendimiento en la produccién de TTR en este trabajo fue de 150 a 200 mg/L y en esta tesis
doctoral se prepararon mas de 600 mg de proteina pura, proteina suficiente para el
desarrollo de los estudios estructurales y para los ensayos de cribado a realizar en el

contexto de esta tesis doctoral.
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Capitulo 4. Discusién

Articulo 2: Calorimetric Studies of Binary and Ternary Molecular Interactions between
Transthyretin, AB Peptides, and Small-Molecule Chaperones toward an Alternative Strategy

for Alzheimer’s Disease Drug Discovery.

Uno de los objetivos del proyecto de descubrimiento de farmacos de nuestro consorcio era
elucidar las caracteristicas estructurales de la interaccion molecular entre la proteina TTR
y el péptido amiloide AB y en particular estudiar el efecto potenciador de esta interaccion
con moléculas pequefas estabilizadoras del tetrdmero de la proteina TTR, como el

lododiflunisal (IDIF), que es nuestro compuesto lider.

Los primeros estudios fueron realizados por uno de los grupos de investigacién del
consorcio, el del Profesor Jesus Jiménez Barbero en el CIC BioGUNE. Se empled la técnica
de Espectroscopia de RMN y se combinaron diferentes aproximaciones, entre ellas la de
Espectroscopia RMN de Diferencia de Transferencia de Saturacion (STD-NMR), una de las
aproximaciones de RMN mas potentes para detectar y caracterizar interacciones receptor-
ligando en disolucién, observando las sefiales de la molécula pequefia (ligando), que
presentan propiedades espectroscopicas apropiadas para estudios a alta resolucion, con
independencia del tamafio del receptor. Esta técnica espectroscopica es muy potente en el
marco de la quimica del reconocimiento molecular (Bhunia, Bhattacharjya, & Chatterjee,
2012; Meyer & Peters, 2003; Walpole, Monaco, Nepravishta, & Angulo, 2019).

En este estudio de RMN de incluyeron 3 secuencias cortas del péptido AB(1-42) (Figura 38)
para explorar e identificar la regiéon de interaccion especifica. Con este estudio se
confirmaron las caracteristicas estructurales que eran clave en la interaccién entre la
proteina TTR y el péptido ABR(12-28), siendo Vall8/Phel9/Phe20 el epitopo de

reconocimiento.
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Figura 38. Espectros de STD-NMR (on-resonance) y de 'H-NMR de referencia (off-
resonance) (600 MHz) de cada una de las tres secuencias peptidicas: a) AB(1-11); b) AB(10-
20) y ¢) AB(12-28) (Gimeno et al., 2017).

Nuevos estudios de STD-NMR de la interaccion entre TTR y AB(12-28) en presencia de
IDIF mostraron que la proteina TTR era capaz de interaccionar con ambos ligandos y
ademas se comprobd que el compuesto IDIF no interferia en la unién TTR/AB, indicando
gue ambos ligandos debian de tener diferentes sitios de unién. Era conocido que el
compuesto IDIF se unia a la proteina TTR en el sitio de unién del ligando endégeno, de

manera que el péptido debia unirse a su superficie.
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Figura 39. Espectros de STD-NMR (on-resonance) de TTR y AB(12-28) en presencia de IDIF

en forma de sal de meglumina (sal de IDIF soluble en agua) (Gimeno et al., 2017).

Lamentablemente, no se pudo extrapolar este estudio de RMN a la interaccion TTR/AB(1-
42) debido a la agregacién observada en el tubo de RMN en las condiciones en las que se

realizaban los experimentos.

Los resultados de RMN fueron los primeros resultados estructurales de la interaccion entre
AB(12-28) y TTR de nuestro consorcio. Para completar esta informacion estructural, en la
presente tesis doctoral uno de los objetivos fue investigar mediante estudios biofisicos las
bases estructurales de las interacciones entre la proteina TTR y diferentes péptidos
amiloides y analizar el efecto de varios compuestos estabilizadores de la proteina TTR en

la potenciacion de esas interacciones.

La técnica de calorimetria de valoracion isotérmica (ITC, Isothermal Titration Calorimetry)
es una técnica que permite cuantificar la energia (AG) de la interaccion proteina/péptido,
asi como determinar su componente entalpica (AH) y entropica (AS). La informacion que se
obtiene de este analisis puede ser utilizada para clasificar y seleccionar aquellos
compuestos que presenten mayor afinidad con el sistema de interés de manera eficaz

(Velazquez-Campoy, Leavitt, & Freire, 2015).

En la bibliografia solo existe un trabajo en el que se emplee la técnica ITC para caracterizar

la union entre la proteina TTR y el péptido AB(1-40). En éste se describe por primera vez el
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perfil termodinamico completo de la interaccion TTR/AB(1-40). Las condiciones
experimentales aplicadas en este andlisis se tomaron como referencia para la puesta a

punto de los estudios en la presente tesis doctoral (Li et al., 2013).

En el estudio de la interaccion TTR/AB(1-42) mediante ITC realizamos una serie de
experimentos preliminares. En primer lugar, se analizo el efecto de distintos tampones
(TRIS y HEPES) sobre la termodinamica de la interaccion. El calor de la dilucion de la
proteina TTR en HEPES fue casi indetectable (Figura 40). Cabe sefialar que el tampon
contiene glicina, lo que permitiria en un futuro realizar estudios con AB en presencia de
metales como el Cu?* o el Zn?". Es conocido que estos metales son muy propensos a
precipitar como Zn(OH), y Cu(OH). y la glicina permitiria prevenir este proceso y ampliar la
aplicacion de nuestro método de andlisis (Hatcher, Hong, Bush, Carducci, & Simon, 2008).
Otros factores a tener en cuenta eran: la presencia de DMSO, la presencia de sales y la
temperatura a la que se realizarian los experimentos. En cuanto al DMSO, que es el
disolvente empleado en la preparacién de los stocks de los compuestos a analizar, la
concentracion de DMSO fue del 5%, la cual permitia controlar el calor de dilucién a niveles
bajos. Los tampones fueron preparados con una concentracién baja de sales, dado que a
concentracion alta la amiloidogénesis del péptido se potenciaba. La temperatura del analisis
se fij6 en 25 °C por el mismo motivo. Tras este andlisis se seleccionaron las siguientes
condiciones: tampén HEPES de concentracién 25 mM, con glicina de concentracién 10 mM

de, a pH 7.4 y con una concentracion final de DMSO del 5%.
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Figura 40. Termograma de ITC de los ensayos de control del calor de diluciéon de TTR (20
UM) en diferentes tampones. Los tampones contenian un 5% de DMSO vy los experimentos
se realizaron a 25 °C.

Una vez seleccionado el tampdn, se procedié al estudio por calorimetria de la interaccion
entre TTR y AB(12-28), la interaccion estudiada mediante RMN. Ademas, en este estudio
se incluyeron distintas secuencias mutantes de AB(12-28), para verificar la importancia de
determinados aminoéacidos en el epitopo propuesto por el grupo de RMN de nuestro

consorcio.
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Figura 41. En la parte superior, descripcion de las secuencias de AB utilizadas en el analisis de
interaccion sobre TTR por ITC. Termogramas de ITC de la interaccion de diferentes secuencias
peptidicas de ABy TTR a 25 °C (HEPES 25 mM, 10 mM glicina, pH 7.4y 5% de DMSO).

El perfil termodinamico de la interaccion entre AB(12-28) y TTR, permitié un buen ajuste
para el célculo de los pardmetros termodindmicos, siendo robusto y reproducible. La
afinidad de unién entre AB(12-28) y TTR presenta un valor de la constante de disociacion
(Kd) de 3 uM, el cual es del mismo orden que el sugerido por nuestro consorcio (Kd = 2 uM)

a partir del estudio de RMN anteriormente descrito (Gimeno et al., 2017).
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En un segundo paso del estudio, se procedio a la evaluacion del efecto que moléculas
estabilizadoras de la proteina TTR podian presentar en la union de TTR a AB(12-28). El
ensayo por ITC se desarrollé en dos pasos, en el primero se evalu6 la formacion del

complejo binario, TTR-IDIF, y en otro, la formacién del complejo ternario TTR-IDIF con AB.

Para este estudio se selecciond IDIF, nuestro compuesto estabilizador de la proteina TTR,
con la que habiamos realizado estudios in vivo y en los que se demostro que se reducia la

agregacion y la toxicidad de AB (Rejc et al., 2020; Ribeiro et al., 2014).
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A TTR+AP(12-28) LOOL 0,15 3.00£020 -7.76+£025 -4,52+£0,12 323+£0.14
B (TTR+ IDIF)
+ AB(12-28) 1.00+£0.12 0.81+0.03 -831+032 -2,484+0,11 5.83::0.21
C (TTR+ Diflunisal)
+ AB(12-28) 0.87+0.15 270+£0.14 -7.85+£044 -0.78+0.18 7.07+0.26
D (TTR + Tafamidis)
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Figura 42. Termogramas de ITC de la formaciébn de los complejos ternarios
TTR/estabilizador/AB. La tabla de la parte inferior contiene los parametros termodinamicos
para cada estabilizador.

El efecto chaperona de IDIF, que incrementa de manera cooperativa la fuerza de la
interaccion TTR/AB(12-28), se refleja en una mayor afinidad con un valor de Kd = 0.81 uM
para el complejo ternario, comparada con la del complejo binario TTR/AB(12-28) (Kd = 3
HM). Sin embargo, este efecto no se observa con otros compuestos estabilizadores de la

proteina TTR, como son los compuestos Tafamidis y diflunisal.

Un factor limitante en los estudios en los que interviene el péptido AB(1-42) es su gran
tendencia a la agregacion. En la bibliografia se describen numerosos métodos de obtencion

de AB(1-42) y de mdltiples tratamientos para asegurar que esté en forma monomérica. Uno
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de los procedimientos se basa en el tratamiento con HFIP. Existen ademas hoy en dia
numerosas casas comerciales que suministran AB(1-42) aungque con precios elevados e.].
Bachem HFIP-treated (ref.: H-7442.1000), Genscript (ref.: RP10017), Abcam (ref.: 107761-
42-2), Sigma-Aldrich (ref.: A9810), entre otras.

En esta tesis doctoral se escogidé un depsipéptido descrito en la bibliografia por algunos
investigadores, con el fin de asegurar la ausencia de agregados al inicio de los
experimentos (Beeg, Stravalaci, Bastone, Salmona, & Gobbi, 2011; Sohma, Sasaki,
Hayashi, Kimura, & Kiso, 2004). El precursor del péptido AB(1-42) utilizado en esta tesis
doctoral es el depsipéptido de la casa Genscript (ref.: RP10017). El depsipéptido es mas
soluble en el medio de estudio y tan solo a pH 7.4 se convierte de forma casi instantanea
en la forma nativa del péptido AB(1-42). Cabe destacar que se realizaron controles previos
con este depsipéptido antes de realizar los estudios de ITC. Por un lado, se monitorizo la
conversién del depsipéptido a especie nativa mediante la técnica de UPLC-ToF-MS tras el
cambio de pH. Por otra parte, inmediatamente después del cambio de pH, se determiné el
tamafio de particula. Los resultados mostraron la ausencia de agregados. Se confirmé un
tamafio de radio hidrodinamico de 3,23 + 0,75 nm, similar al valor descrito para el péptido
AB(1-40). (Ghadami et al., 2020), lo que aseguraba una especie monomeérica. Se estudié
también la agregacion del depsipéptido a pH 6.5y a 7.4, observandose que el depsipéptido
no agrega en condiciones de pH acido (pH = 6.5), mientras que lo hace una vez se modifica
el pH (Figura 43B)
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¥ o 0.04 -
N
o £ ® AB(1-42) pH 6.5
HO' W*W
0.00 T T T T T |
Depsipéptido Ap(1-42) 0 3 6 9 12 15 18
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Figura 43. A) Sintesis de AB(1-42) a partir del depsipéptido AB(1-42); B) Cinética de
agregacion del depsipéptido AB(1-42) a pH 6.5y pH 7.4.
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https://www.genscript.com/peptide/RP10017_1-_Amyloid_1_42_human.html

En esta tesis doctoral se describe por primera vez el perfil termodindmico completo de la

interaccion entre la proteina TTR y el monémero de AB(1-42). El complejo tiene una

estequiometria (1:1) y una constante de disociaciéon K4 = 0,94 uM. EIl compuesto IDIF,

aumenta la fuerza de interaccion entre TTR y AB(1-42), observandose una reduccién del

valor de Ky del complejo ternario (K¢ = 0.32 uM). Por otra parte, el compuesto Tafamidis,

otro potente estabilizador de la proteina TTR, no ejerce de chaperona de la interacciéon

puesto que no se observa disminucion de la constante de disociacién de su complejo

ternario.

Estos resultados son similares a los que se habia obtenido empleando el péptido AR(12-

28), por lo que éste se utilizara en el disefio de un ensayo para cribado de nuevas

chaperonas.
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Figura 44. Termograma de ITC de la formacion de los complejos ternarios

TTR/estabilizador/AB. La tabla de la parte inferior contiene los parametros termodinamicos

para cada complejo.
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Posteriormente, se procediod a investigar si la proteina TTR se unia con la misma afinidad
de union a ambos péptidos amiloides, el AB(1-42) y el AB(1-40). Para este fin, se realizaron
los estudios de ITC con AB(1-40) en las mismas condiciones experimentales. En este caso,
se ensayo6 con un péptido procedente de dos fuentes comerciales distintas. Por una parte,
un péptido ApP(1-40) de la casa Bachem que habia sido tratado con HFIP (ref.
4090147.1000) y por otra, un péptido AB(1-40) de Abcam (ref.: 131438-79-4). En ambos
casos se formé un complejo binario (1:1) con resultados similares en cuanto a constantes
de disociacion (Kd = 7.1 y 6.9 puM, para los péptidos de Bachem y de Abcam,
respectivamente). Cabe recordar que los estudios de ITC de la interaccion binaria
TTR/AB(1-40) habian sido descritos por otros autores usando otras condiciones (valor de
Kd =24 uM) (Li et al., 2013).
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Figura 45. Termograma de ITC de la formacion de: A) los complejos binarios entre TTR-AB(1-
40) de distintas casas comerciales, B) del complejo ternario TTR/IDIF/AB(1-40).

Tras estos experimentos se comprob6 que la proteina TTR poseia una afinidad de union
hacia AB(1-42) (Kd = 0.94 uM) notablemente mayor que la de TTR hacia AB(1-40) (Kd =7
UM) y se comprobd que el compuesto IDIF tenia un efecto chaperona similar en ambas

interacciones.
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En un segundo paso se determino el perfil termodinamico de la interaccion entre la proteina
TTR y AB(1-40) en presencia de IDIF. Los resultados muestran de nuevo que IDIF
incrementa la fuerza de la interaccién entre TTR y AB(1-40), con una reduccion de la
constante de disociacion del complejo ternario igual a 3.34 UM y por tanto una mayor
afinidad de union en relacion al complejo binario TTR/AB(1-40) (Kq = 6.49 uM) (Figura 45).
Por dltimo, para corroborar los resultados de ITC se determinaron las cinéticas de
agregacion de AB(1-42) mediante la técnica de fluorescencia de tioflavina T (ThT). Se usé
el mismo tampdn que en los estudios de ITC, pero en este caso las cinéticas se estudiaron
a una temperatura de 37 °C. Como puede observarse en la Figura 46, los distintos
estabilizadores empleados (DIF, IDIF y Tafamidis) no interferian en la agregacion de AB(1-
42). Sin embargo, la proteina TTR reducia la agregacion de AB(1-42) alargando la fase de
latencia. Este efecto fue mayor cuando la proteina TTR fue incubada previamente con IDIF

y en este caso la agregacion de AB (1-42) fue casi nula.
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Figura 46. Cinética de agregacion del péptido AB(1-42): solo; en presencia de los distintos
estabilizadores; en presencia de TTR; y en presencia de TTR previamente incubada con cada
estabilizador (Diflunisal, IDIF y Tafamidis)

En definitiva, en esta tesis doctoral hemos obtenido el perfil termodindmico completo de la
interaccion entre la proteina TTR y el péptido ABR(1-42). Ademas, los estudios de ITC
realizados nos han permitido describir por primera vez la base estructural del efecto

chaperona del compuesto IDIF en la interaccion entre la proteina TTR y el péptido Ap(1-42)
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Capitulo 4. Discusién

Articulo 3: An assay for screening potential drug candidates for Alzheimer’s disease that act

as chaperones of the transthyretin and amyloid-8 peptides interaction

El disefio de un ensayo siempre es una etapa crucial en cualquier proyecto de
descubrimiento de farmacos (Figura 47) (Busby et al., 2020; Hughes, Rees, Kalindjian, &
Philpott, 2011).

La finalidad del ensayo es identificar compuestos con determinada actividad para una diana
determinada. En el desarrollo de un ensayo es importante tener en cuenta diversos factores
del mismo, como por ejemplo: la relevancia del ensayo, esto significa que tiene que permitir
identificar moléculas con una determinada potencia y mecanismo de accion; la
reproducibilidad a lo largo de distintos ensayos, diferentes dias, etc.; la calidad del ensayo,
que viene determinada por el factor Z’ (Zhang, Chung, & Oldenburg, 1999); las
interferencias (disolventes, presencia de DMSO, etc.); y el coste del mismo, ya que ha de
ser razonable para poder ensayar multiples moléculas.

Chemistry
Structure-Activity Pre-clinical
“Hit” Relationship (SAR) GLP-Tox
validation bioavailability (PK, ADME), ~ Clinical
toxicity
| In vivo efficacy

Lead
Identification

Assay development
Primary assays
Secondary assays

H TS Target

Identification

Figura 47: El desarrollo de un ensayo en la etapa de descubrimiento de farmacos

El objetivo general del siguiente trabajo es el disefio, puesta a punto y validacion de un
ensayo in vitro de cribado de alto rendimiento (HTS, High-throughput screening) para la

evaluacién de una biblioteca de moléculas.

El primer ensayo descrito para evaluar compuestos desarrollados en el consorcio utilizaba
un ensayo competitivo con TTR marcada con yodo radiactivo (Ribeiro, Saraiva, & Cardoso,
2012). Dentro de nuestro consorcio se habia intentado el desarrollo de una metodologia
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basada en la fluorescencia por anisotropia, pero los resultados no fueron alentadores
(Boes, Olatunji, Mohammadi, Breukink, & Terrak, 2020).

En la literatura cientifica, existen pocos ejemplos de ensayos que evallen interacciones
ternarias en las que esté implicada la AR (Bode et al., 2018; Litus, Kazakov, Sokolov,
Nemashkalova, & Galushko, 2019; Liu et al., 2017; Mangrolia & Murphy, 2018; Sadowski et
al., 2004).

Tal como se ha citado en la introduccion, nuestro grupo habia participado en el desarrollo
de un ensayo de cribado de alto rendimiento (HTS), en el que a través de un método
turbidimétrico (Assc) se evaluaba la fibrilogénesis de la TTR a pH &cido en 1.5 h. En la
presente tesis doctoral, nos inspiramos en este ensayo y procedimos al disefio de un
ensayo in vitro que midiera en este caso la agregacion de AB(12-28), péptido con

caracteristicas similares al péptido Ab(1-42).

Por tanto, para lograr este objetivo, se inici6 el disefio y validacién de un nuevo ensayo por
turbidimetria para monitorizar la cinética de agregacion de AR, en presencia de TTR y en
presencia del complejo binario TTR/estabilizador. Este trabajo consto de diferentes etapas
(Figura X48).

B Small
lecul
A compond
P
1. Ensayos preliminares Turbidity assay
2. Optimizacién de la agregacion AB(12-28) g’
3. Optimizacion del ensayo
4. Desarrollo del ensayo HTS . (Ao, time)
urtrer
5. Ensayos complementarios -
o AP 8 <A
6. Validacion del ensayo

Figura 48: Disefio de un ensayo basado en la agregacién de AB. A) Etapas y B) Ensayo de
formacion de complejos binarios (TTR/AB y Ap/compuesto) y ternarios

(TTR/compuesto/Ap).

En la puesta a punto de la metodologia de monitorizacion de la agregacién de AB se

selecciond la técnica de turbidimetria y como péptido AB se selecciond el péptido Ap(12-
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28). Cabe recordar, que en los estudios estructurales previamente realizados en el
consorcio de investigacion, se habia confirmado que ésta era la secuencia de
reconocimiento para TTR (Cotrina, Gimeno, et al., 2020; Gimeno et al., 2017). Ademas, se
habia descrito que el péptido AB(12-28) exhibia un comportamiento neurotédxico idéntico y
caracteristicas de formacion de fibras similares al péptido AB(1-42) (Flood, Morley, &
Roberts, 1994; Fraser, Lévesque, & McLachlan, 1994; Hsu, Park, & Guo, 2018). Este

péptido AB(12-28) fue sintetizado en nuestro laboratorio, aunque es comercial.

Para el ensayo se mantuvo como tampén el HEPES a 25 mM,10 mM glicina, pH 7.4 y que
contenia un 5% de DMSO. En el analisis se tuvieron en cuenta dos controles negativos de
agregacion, por una parte la secuencia peptidica AB(1-11), péptido amiloide que no agrega;
y por otra, la proteina TTR que tampoco agrega a este pH. La proporcion AB/TTR se fijo en

(2:1) y se realizaron experimentos preliminares.

Para definir la longitud de onda a la que se realizarian las mediciones de absorbancia, se
realizé un barrido a diferentes longitudes de onda entre 260 y 440 nm y se seleccioné la

longitud de onda a 340 nm (Asao).

Se aplicé un disefio de experimentos (DoE) factorial para optimizar las condiciones
optimas de trabajo. Tres fueron las variables seleccionadas a optimizar: la concentracion,
la fuerza i6nica (presencia o ausencia de sales) y la temperatura. En este experimento se
tuvieron en cuenta los parametros a los dos niveles y se realizé una incubaciéon de 18 h
para garantizar la formacion de los agregados de AB(12-28) (Milojevic, Raditsis, & Melacini,
2009).

Parametros Nivel 1 Nivel 2 Unidades
1 Concentracion 50 100 uM
2 Sales (NaCl) 0 100 mM
3 Temperatura 37 40 °C

Tabla 5. Seleccién de variables y niveles para su aplicacion en el disefio de experimentos.

Tras los experimentos se determiné que las mejores condiciones para la monitorizacion de
la agregacion de AB(12-28) era: una concentracion de péptido Ap(12-28) de 100 puM, baja

fuerza ionica (ausencia de NaCl) y una temperatura de 37 °C.

La cinética de agregacion de AB(12-28) es una cinética rapida, no presenta fase de latencia
y el plateau alcanza en aproximadamente 4h, lo que representa una ventaja al obtenerse

una rapida respuesta en el cribado de moléculas.
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Para la evaluacion de las moléculas estabilizadoras de TTR, se disefié un experimento en
dos fases. En una primera fase, se formaba el complejo TTR/estabilizador durante 30 min
y en una segunda fase, se afiadia el complejo TTR/estabilizador al péptido AR(12-28). Se
evalud IDIF como estabilizador. Los resultados indicaron que la TTR reducia la agregacion
de AB(12-28) aproximadamente en un 70% y cuando la TTR se habia incubado con IDIF se

observaba una reduccion casi total de la agregacion de ABR(12-28) (Figura 49).
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Figura 49. Cinética de agregacion de AB(12-28) (100 uM): A) Ensayos de turbidimetria, ODsa0
(B) ensayos de fluorescencia ThT. Se estudian AB(12-28) en presencia de IDIF (1:1); AB(12-
28) en presencia de TTR (2:1) y AB(12-28) en presencia de TTR/IDIF (2:1:2) en tamp6n
HEPES a 25 mM,10 mM glicina, pH 7.4, 5% DMSO (concentracion final) y a 37 °C .

Ribeiro y colaboradores habian descrito un grupo de estabilizadores de la TTR que se
comportaban como chaperonas (Ribeiro et al., 2012). Entre ellos estaban los acidos
3,5-diclorofenil antranilico (DCPA) y 3,5-difluorofenyl antranilico (DFPA). Por otra parte,
en el estudio de calorimetria de valoracion isotérmica (ITC) del articulo 2 de esta tesis
doctoral habiamos observado que otros estabilizadores de la TTR, como el tafamidis o
el diflunisal, no eran chaperonas. Por tanto, para la validacion del ensayo se
seleccionaron estas moléculas: DCPA, DFPA, el tafamidis y el diflunisal. Como puede
observarse en la Figura 50 el ensayo desarrollado permitia identificar a DCPA y DFPA
como moléculas chaperonas de comportamiento similar al referente IDIF. Asimismo, el
ensayo permitia discriminar aquellas que no lo eran, como tafamidis y diflunisal. Los
resultados de turbidimetria fueron corroborados con ensayos complementarios como

fueron los ensayos de fluorescencia de tioflavina T.
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Figura X50: Estudios de agregacién de AB(12-28): A) sola o en presencia de TTR; B) de TTR
+ IDIF; C) de (TTR + DCPA), D) (TTR + DFPA), F) Fluorescencia ThT de AB(12-28) sola, en
complejo binario con TTR y en complejo ternario con TTR/IDIF, TTR/DCPA y TTR/DFPA.

La afinidad de unién en estos complejos se evalué mediante ITC (Figura 51) y se observo
gue las constantes de disociacion de los complejos ternarios con cada uno de los
compuestos DCPA (Kd = 1.14 uM) y DFPA (Kd = 0.56 uM) eran similares a las del complejo
ternario con IDIF (Kd = 0.81 uM). Lo que confirmaba de nuevo que DCPA y DFPA eran
también chaperonas como el IDIF. Por el contrario, la Kd para el complejo ternario con
tafamidis (Kd = 2.8 uM) y diflunisal (Kd = 2.7 uM) era similar a la del complejo binario
TTR/AB(12-28) (Kd = 3 pM), lo que significaba que no eran chaperonas.
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Figura X51: Termogramas de ITC de las interacciones: A) TTR/AB(12-28), B)
TTRITAFA+AB(12-28), C) TTR/DIF+AB(12-28), D) TTR/IDIF+AB(12-28), E)
TTR/DCPA+AB(12-28) y E) TTR/DFPA+APB(12-28).

Tras estos resultados con la secuencia AB(12-28) empleada en el ensayo, se procedié a
estudiar la agregacion de AB(1-42) con ensayos de fluorescencia de tioflavina T. De nuevo,

para estos estudios se opto por las ventajas de utilizar el depsipéptido AB(1-42) de la casa
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comercial Genscript (ref.. RP10017) utilizado en el articulo 2 de esta tesis doctoral. Los

resultados obtenidos con AB(1-42) eran similares a los de AB(12-28), los compuestos DCPA

y DFPA reducian casi por completo la agregacion de AB(1-42).
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Figura 52. Ensayos de fluorescencia de tioflavina T para estudiar la agregacion del péptido
AB(1-42) (50 pM), A) solo o en presencia de TTR (2:1) o en presencia e TTR/DIF (2:1:2) ; B)
En presencia de TTR/Tafamidis (2:1:2); C) En presencia de TTR/DCPA (2:1:2); D) En
presencia de TTR/DFPA (2:1:2), en tampén HEPES a 25 mM,10 mM glicina, pH 7.4, 5%
DMSO (concentracién final) y a 37 °C .

En este estudio se ha disefiado y validado un nuevo ensayo de cribado de moléculas

pequefias para saber si son chaperonas de la interaccion TTR/AB. En el disefio ha sido

clave el uso del péptido amiloide AB(12-28), péptido que posee caracteristicas similares al

péptido AB(1-42), pero es mas estable y econdmico que el AB(1-42). El ensayo es robusto

y reproducible (Z' = 0.9 para IDIF y Z’ = 0.87 para TTR) y se ha adaptado en formato de

cribado de alto rendimiento para su uso en microplaca de 96 pocillos. Los resultados han

sido corroborados mediante ensayos de fluorescencia con Tioflavina T y estudios de ITC.
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Capitulo 3. Resultados y discusién

Articulo 4: Targeting transthyretin in Alzheimer’s disease: drug discovery of small-molecule

chaperones as disease-modifying drug candidates for Alzheimer’s disease.
Trabajo enviado para su publicacion: Informacién confidencial.

En proyectos de descubrimiento de nuevos farmacos contra la enfermedad de Alzheimer
(EA) se integran diferentes aproximaciones, ya sea experimentales como computacionales.
Un punto de partida clave en el desarrollo de este trabajo ha sido el modelo virtual de la
interaccion TTR con la AB(1-42), creado a partir de estudios computacionales y de RMN
(Gimeno et al., 2017).

En este proyecto se han empleado dos aproximaciones: el reposicionado de farmacos
(utilizar farmacos conocidos para otras terapias) y la polifarmacologia o aproximacion
multidiana (gracias a la interacciobn de un determinado ligando con diferentes dianas

implicadas en una enfermedad).

Asi pues, este trabajo parte de una seleccibn de compuestos a partir de estas dos

aproximaciones computacionales.

El punto de partida ha sido un cribado virtual de moléculas, existentes tanto en la literatura

cientifica como en la base de datos Integrity, con estos criterios de busqueda:

- Compuestos que seunena TTR

- Ligandos peptidicos amiloides

- Compuestos que a su vez pueden unirse a TTR y a péptidos amiloides

- Compuestos en fase clinicas para el tratamiento de la EA utilizando la

metodologia de reposicionado.

Los estudios realizados indicaron la existencia de unas estructuras (scaffolds) privilegiadas.
Con el modelo virtual creado para TTR/AR se realizé un primer cribado virtual. Un segundo
cribado virtual complementario se llevo a cabo en base a una aproximacion multidiana, con
el fin de identificar moléculas que se unieran a TTR, pero también a otras dianas asociadas

con la EA (p.e. acetil colinesterasa; APP; a-, - y y- secretasas; etc.).

Tras la obtencion de una primera lista virtual de compuestos nuestro grupo hizo una
seleccion de aquellos compuestos que o bien podian ser adquiridos a precios razonables

de distintas casas comerciales o bien estaban disponibles en nuestro laboratorio, o bien
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podian ser extraidos de farmacos adquiridos en una farmacia. Los 83 compuestos de esta
nueva lista se enviaron al laboratorio de la Dra. Cardoso en Porto para averiguar qué

compuestos se unian a TTR.

COMPUTATIONAL BIOLOGICAL
STUDIES SCREENING

CHEMICAL DATABASES P ——

DRUG In vitro assays
REPURPOSING

MULTITARGET »
DRUG DESIGN

Figura 53: Combinacién de estudios computacionales y ensayos bioldgicos para la obtencion
de las 53 moléculas a estudiar en esta tesis doctoral.

Se disefi6 una bateria de ensayos biolégicos in vitro, tales como:

a) Ensayo cualitativo de unién a TTR. El primer ensayo fue un ensayo competitivo
cualitativo con el ligando enddgeno de la TTR, la tiroxina (T4), marcado con 125I.
Aquellos compuestos capaces de unirse en el lugar de unién de T4 harian que la
intensidad de la banda correspondiente al complejo [1251]-T4/TTR disminuyera.
Ademas, al utilizar plasma humano como fuente de TTR nos permitia visualizar otras
proteinas de unién a T4, tales como la albimina (HSA) o la globulina de unién a tiroxina
(TBG).

b) Ensayo cuantitativo para evaluar EC50 de cada compuesto. Se seleccionaron aquellas
moléculas en las que la proporcién EC50 T4/ EC50 era superior o igual a 0.5.

c) Ensayo de estabilidad de TTR. Todas aquellas moléculas que dieron resultado negativo
en el ensayo competitivo a), se ensayaron en un test de estabilidad de TTR, ya que
podia ser que no compitiesen en el sitio de unién de la T4 pero se unieran a TTR y la

estabilizaran.

Estabilidad de la TTR?

T4p

> EC50 T4
EC50

Figura 54: Tipo de compuestos QUé estabilizan el tetramero de la TTR

Tras estos estudios bioldgicos in vitro se obtuvo una lista de 53 compuestos listos para ser

ensayados en el ensayo desarrollado en la presente tesis doctoral (Tabla 6).
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Tabla 6: Compuestos ensayados en esta tesis doctoral.
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Cribado de moléculas

Las 53 moléculas fueron ensayadas utilizando el ensayo de cribado de alto rendimiento

desarrollado en esta tesis doctoral (articulo 3, Figura 55).

| SCREENING | | SELECTION | (> | sMmcs
Small-molecule 0,16 5
compounds 014 ] ® AB(12-28)
HTS assay ¢ o
0,06 ® AB(12-28) + TTR
Aﬂ Aﬁ 0,04 ]
"l’a "3 002 4 — ® AB(12:28) + (TTR + IDIF)

0 1 2 3 4 5 6
Time (h)

Figura 55: Cribado de alto rendimiento y seleccién de compuestos.

A continuacién, tan solo se muestran las cinéticas de agregacion de una seleccién
representativa de los 53 compuestos (Figura 56). Los 53 compuestos fueron clasificados

segun la reduccion de la agregacion (RA (%) (Tabla 7)

0,14 -
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Figura 56. Cinéticas de agregacion de AB(12-28) a) el péptido solo; b) en presencia de TTR;
¢) en presencia de TTR tras ser incubada con una molécula pequefia. La curva representa las
lecturas realizadas cada 30 min, en total 13 cada curva. El nGmero de réplicas para los
controles es n =8 y n=>5 para cada compuesto a ensayar. El analisis estadistico se ha realizado
en base a un intervalo de confianza del 95%.
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Tabla 7: Resultados obtenidos

# Experimento Abs (final) 52)
AB(12-28) 0,124 -
TTR +AB(12-28) 0,044 74
1B TTR + 1B + AB(12-28) 0,032 79
2B TTR + 2B + AB(12-28) 0,007 95
3B TTR + 3B + AB(12-28) 0,030 81
4B TTR + 4B + AB(12-28) 0,034 78
5B TTR + 5B + AB(12-28) 0,043 74
6B TTR + 6B + AB(12-28) 0,037 77
7B TTR + 7B + AB(12-28) 0,037 77
8B TTR + 8B + AB(12-28) 0,032 79
9B TTR + 9B + AB(12-28) 0,014 90
10B TTR + 10B + AB(12-28) 0,021 86
11B TTR + 11B + AB(12-28) 0,018 88
12B TTR + 12B + AB(12-28) 0,053 70
13B TTR + 13B + AB(12-28) 0,014 90
14B TTR + 14B + AB(12-28) 0,012 91
15B TTR + 15B + AB(12-28) 0,009 93
16B TTR + 16B + AB(12-28) 0,044 74
17B TTR + 17B + AB(12-28) 0,054 70
18B TTR + 18B + AB(12-28) 0,033 79
19B TTR + 19B + AB(12-28) 0,008 94
20B TTR + 20B + AB(12-28) 0,042 75
21B TTR + 21B + AB(12-28) -=* --
22B TTR + 22B + AB(12-28) 0,049 72
23B TTR + 23B + AB(12-28) 0,057 69
24B TTR + 24B + AB(12-28) 0,047 73
25B TTR + 25B + AB(12-28) 0,031 80
26B TTR + 26B + AB(12-28) 0,041 75
27B TTR + 27B + AB(12-28) 0,044 74
28B TTR + 28B + AB(12-28) 0,043 74
29B TTR + 29B + AB(12-28) 0,057 69
30B TTR + 30B + AB(12-28) 0,055 69
31B TTR + 31B + AB(12-28) 0,058 68
32B TTR + 32B + AB(12-28) 0,001 99
33B TTR + 33B + AB(12-28) 0,042 75
34B TTR + 34B + AB(12-28) 0,034 78
35B TTR + 35B + AB(12-28) 0,047 73
36B TTR + 36B + AB(12-28) -- --
37B TTR + 37B + AB(12-28) - -
38B TTR + 38B + AB(12-28) 0,028 82
39B TTR + 39B + AB(12-28) 0,006 95
41B TTR +41B + AB(12-28) 0,037 77
42B TTR +42B + AB(12-28) 0,004 97
43B TTR + 43B + AB(12-28) 0,027 82
44B TTR + 44B + AB(12-28) 0,042 75
45B TTR + 45B+ AB(12-28) 0,007 95
46B TTR + 46B + AB(12-28) 0,051 71
47B TTR + 47B + AB(12-28) 0,058 68
48B TTR + 48B + AB(12-28) 0,126 0
49B TTR + 49B + AB(12-28) 0,097 56
50B TTR + 50B + AB(12-28) 0,079 61
51B TTR + 51B + AB(12-28) 0,003 98
52B TTR + 52B + AB(12-28) 0,119 0
53B TTR + 53B + AB(12-28) 0,061 67

*Problemas de solubilidad
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Segun el ensayo de cribado, entre los mejores compuestos se encontraron los siguientes
cinco compuestos estabilizadores de la TTR: tres farmacos registrados, el sulindac, la
olsalazina y el 4cido flufenamico; el producto natural luteolina, que se encuentra en fases
clinicas; y nuestra molécula lider el IDIF. Otros cuatro compuestos dieron muy buenos
resultados, pero no se muestran en esta tesis por razones de proteccién intelectual. La
Figura 57 muestra las cinéticas de agregacion de los complejos ternarios
TTR/compuesto/AB(12-28) con estas cinco moléculas. En la Figura 57C se presenta la
cinética del complejo ternario con diflunisal (DIF), como puede observarse este compuesto
no redujo la agregaciéon del complejo binario (En la discusién de los articulos 2 y 3 se

menciona que el DIF no es chaperona).
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Figura 57: Cinéticas de agregacion de AB(12-28) A) el péptido solo; B) en presencia de TTR
tras ser incubada con cada chaperona (OLS, LUT, SUL, FLU); C) en presencia de TTR+DIF.
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Para corroborar los resultados de las mejores moléculas resultantes del cribado se obtuvo

el perfil termodinamico completo de las interacciones ternarias mediante ITC (Figura 58).

Los resultados de ITC confirmaron que luteolina (LUT), sulindac (SUL), olsalazina (OLS) y

acido flufenamico (FLU) eran chaperonas (Kd = 0.8 para LUT; 0.73 para SUL; 0.97 para

OLS vy 1.83 uM para FLU) ya que la afinidad de unién era similar a la del IDIF en el complejo
ternario (Kd = 0.81 pM).
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Figura 58: ITC del complejo binario AB(12-28) + TTR; ITC de los complejos ternarios [AR(12-

28)+(TTR + SMC)] siendo las chaperonas (SMCs): IDIF, LUT, SUL, OLS, y FLU.
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Cabe sefialar que mediante ITC también se estudio la afinidad de unién de estas moléculas

ala TTR (complejos binarios TTR/molécula) comprobandose que todas ellas poseian unas
constantes de disociacion (Kd = 0.02/ 0.76 para LUT; 0.52 para SUL; 0.48 para OLS y 0.20
UM para FLU) (Figura 59A) del mismo orden que los mejores estabilizadores de la TTR (Kd
= 0.20 para Tafamidis; 0.27 para Tolcapone; 0.9 para DIF y 0.12 uM para IDIF) (Figura

59B). En esta tesis doctoral se describe por primera vez el perfil termodindmico de la

interaccion de la olsalazina con la TTR, lo que significa que se ha descubierto un nuevo

estabilizador del tetrdmero de la TTR.
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Figura 59: A) ITC de los complejos binarios TTR+ LUT; TTR+SUL; TTR+OLS, TTR, FLU; B) Perfil
termodinamico de los complejos binarios: TTR+ TAFAMIDIS; TTR+ Tolcapone; y TTR+ Diflunisal.
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Posteriormente, se valoraron las afinidades de union de las chaperonas obtenidas en los
complejos ternarios esta vez de AB(1-40) (Figura 60). El efecto chaperona observado en la

interaccion ternaria con ApB(12-28) también se observéo con AB(1-40). La interaccion binaria

TTR/AB(1-40) tiene una Kd = 6.49 uM, y esta Kd se reduce en las interacciones ternarias
con cada una de las chaperonas Kd = 1.52 uM para LUT; Kd = 3.42 uM para SUL; Kd =
0.81 uM para OLS y Kd = 2.34 uM para FLU).
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Figura 60: ITC de los complejo binario AB(1-40) + TTR; ITC de los complejos ternarios [AR(1-

40)+(TTR + SMC)] siendo las chaperonas (SMCs): IDIF, LUT, SUL, OLS, y FLU.
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Finalmente, se realizaron estudios complementarios de fluorescencia de Tioflavina T, para
determinar las cinéticas de agregacion de AB(1-42) en presencia de los complejos de TTR
con cada una de las chaperonas encontradas. La proporcion AB(1-42)/TTR/chaperona fue
de (2:1.2) (Figura 61).
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Figura 61: Cinéticas de agregacion de AB(1-42) A) el péptido solo; en presencia de TTR; y en
presencia de TTR+IDIF; B) en presencia de TTR tras ser incubada con cada chaperona.

Con estos resultados se abordd un estudio similar, pero en el que se estudio la variacion
de la concentracion en cada una de las chaperonas (estudios de dosis-respuesta) (Figura
62). En este caso se optd por reducir la proporcién entre la AB(1-42) y la TTR, fijandola a
(4:1) y la concentracion de cada chaperona se fue incrementando hasta llegar a una
proporcion AB(1-42)/TTR/chaperona de (4:1.2). El efecto dosis respuesta de la TTR en la
interaccion con AB(1-40) habia sido descrito en 2020 por Ghadami y colaboradores
(Ghadami et al., 2020). En esta tesis doctoral, se describe por primera vez el estudio dosis-
respuesta de la TTR en la interaccion con AB(1-42) y de IDIF como chaperona de TTR/

AB(1-42) como chaperona den nuestro proyecto de descubrimiento de farmacos.
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Figura 62: Estudios de dosis respuesta de la TTR
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Figura 63: Estudios de dosis respuesta de la chaperona iododiflunisal (IDIF)
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En resumen, uno de los objetivos del proyecto multidisciplinar de descubrimiento de
farmacos era descubrir nuevas moléculas, que potenciasen la interaccion TTR/A, al igual
que nuestra molécula lider IDIF. En una primera etapa, se seleccionaron una gran
diversidad de moléculas mediante un cribado virtual que utilizé diferentes estrategias
computacionales, entre ellas, el reposicionado de farmacos y la polifarmacologia. La
propuesta virtual fue evaluada para conocer la disponibilidad de las mismas en diferentes
casas comerciales, asi como también seleccionar aquellas que estuvieran disponibles en
nuestro laboratorio gracias a un proyecto anterior. Las moléculas disponibles de la anterior
seleccion virtual fueron evaluadas con diferentes ensayos biolégicos in vitro, con tal de
seleccionar aquellas moléculas que estabilizaran el tetramero de la TTR, ya sea uniéndose
en el lugar de union del ligando endégeno o estabilizando a la proteina en otros puntos de
unién. Tras la accion combinada de estudios computacionales y ensayos biolégicos in vitro

se obtuvo una lista de 53 de compuestos listos para su ensayo.

Colateralmente, entre estos compuestos se han encontrado tres nuevos estabilizadores de
la TTR, no descritos antes (35, 73 y el farmaco olsazalina), dos de ellos con una estructura

tipo azo (el compuesto 35 i la olsalazina).
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14B

Figura 64: A) Estructuras quimicas del compuesto 35 y de la olsalazina. B) Vista ampliada
de las estructuras cristalinas de los complejos TTR:35 (PDB ID 6EP1) y de TTR:73 (PDB
ID 6EQY).

En una segunda etapa, gracias al disefio y validacion de un ensayo de cribado disefiado y
validado en la presente tesis doctoral (articulo 3), se han ensayado cada una de las 53
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moléculas provenientes de la combinacion de estudios computacional y biolégico. El
cribado ha dado como resultado una lista priorizada de moléculas que se han estudiado
mediante estudios complementarios, ya sea de ITC como de fluorescencia de ThT, no solo
con el péptido AB(12-28), sino también con los péptidos ABR(1-40) y AB(1-42). Entre las
mejores chaperonas se encuentran: nuestra molécula lider, el IDIF, una molécula en la fase
descubrimiento; el producto natural luteolina, un compuesto en estudios de fase clinica; y
tres fArmacos, la olsalazina, el sulindac y el acido flufenamico, farmacos que podrian se

reposicionados para el tratamiento de la enfermedad de Alzheimer.
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Capitulo 4. Discusion

Descubrimiento de nuevos compuestos estabilizadores de la estructura tetramérica

inhibidores de la agregacion de la TTR

Articulo 5: Repurposing benzbromarone for Familial Amyloid Polyneuropathy: a new

transthyretin tetramer stabilizer.

Articulo 6: Optimization of Kinetic Stabilizers of Tetrameric Transthyretin: A

Prospective Ligand Efficiency-guided Approach

En este apartado se presentan los puntos mas importantes de los articulos publicados
(articulos 5y 6). El denominador comun de ambos estudios es el descubrimiento de nuevos

inhibidores de la agregacion de la TTR.

native
tetramer
I: ] D - Q » § > >
native amyloidogenic  soluble
® t monomer monomer oligomers
i d protofibrils amyloid
(ligand) fibrils

-
B

Figura 65. Mecanismo de inhibicion de la formacion de fibras mediante moléculas pequefas.
Las moléculas se unen a TTR en su conformacion tetramérica, evitando su disociacién y
agregacion mediante la estabilizacién cinética del tetramero de TTR.

hd

Para llevar a cabo estos estudios se han desarrollado dos objetivos:

a) La produccion de una mutante recombinante de la TTR, la Y78F rhTTR por sus
propiedades amiloidogénicas.

b) La evaluacion in vitro de moléculas pequefias como inhibidores de la fibrilogénesis
de la TTR, mediante un ensayo cinético por turbidimetria, metodologia desarrollada
previamente en un proyecto anterior (Cotrina, E. Tesis de Master IQS 2013), (Dolado
et al., 2005)).

En esta tesis doctoral se han descubierto nuevos estabilizadores de la TTR y nuevos

inhibidores de la fibrilogénesis de la TTR.
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Produccion de la proteina recombinante Y78F TTR

Para la produccion de la proteina Y78F TTR el protocolo utilizado fue similar al que
previamente se ha descrito en este trabajo para TTR (Apartado 5.1 (Cotrina, Vila, Nieto,
Arsequell, & Planas, 2020)).

La proteina Y78F TTR es una variante altamente amiloidogénica y esta caracteristica fue
clave para poner a punto una metodologia de cribado de alto rendimiento (HTS, High
throughout Screening) para la evaluacion de compuestos, en un ensayo cinético de 1.5 h

de duracion.

D) La produccion se llevé a cabo en el IQS-URL bajo la supervision del Dr. A. Planas. Tras
la expresion de la proteina recombinante de la Y78F TTR se procedié a su purificacion.
y control de calidad durante la produccién de la proteina Y78F TTR. Se realizé un

control de calidad por SDS-PAGE tras cada paso de purificacion (Figura 66)
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A) Precipitacion fraccionada con sulfato de amonio (NH,),SO,

SN1
M P1 P2 P3 P4 1 2 3 4 SN2

97,4 KDa —p
66,2 KDa—»

45 KDa—p

31 KDa—p
21,5KDa—p
14,4 KDa—»

B) Cromatografia de intercambio i6nico
M A1 B9 B4 C2 C8 D11 E2 E3 E4 ES AWM M E6 ES F6 F3 G3 G7 G11 HT H4 12 13 AM2

C) Cromatografia de gel filtracion
M AM1 E13 F6 F2G3 G7 G8 G15S HIS H1ZH8 M AMZ H1 14 I8 110 JI0 K7 K9 K1ZK15L15

+—974 KDa —p
4—66,2 KDa—»

4—45 KDa—p

4+—31 KDa—p

+—215KDa—»
+—144 KDa—»

Figura 66. Andlisis por SDS-PAGE (14% acrilamida) de las etapas de purificacién de la proteina
Y78F. M: marcador de peso molecular de referencia (Range protein Standard, Bio-Rad
Laboratories). (A) Precipitacion por precipitacién con sulfato de amonio, P1-P4, andlisis del
precipitado, P4 es el precipitado a 85% (NH4)2SO4 donde se observa la proteina, SN2 es el
sobrenadante del P4, SN1, sobrenadante del medio de cultivo tras la separacion de las células.
(B) Purificacion por cromatografia de intercambio i6nico, analisis de las fracciones recogidas,
E6-G12 presentan mayoritariamente la proteina, el volumen de las fracciones es de 240 mL.
(C) Purificacién por cromatografia de gel filtracion, analisis de las fracciones recogidas, G15-
K15 presentan mayoritariamente la proteina, el volumen de las fracciones es de 75mL.
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Antes de liofilizar la proteina (Figura 67), se realiz6 un analisis por espectrometria de masas

(MALDI-ToF-MS). En el espectro de la proteina se observaron dos picos, uno de 13913.2

Da, que corresponde a la proteina, y otro pico a 14184.9, que corresponde a la proteina en

su forma S-glutationada (modificacién en el Unico aminodacido cisteina (Cys-10) de la TTR).

El andlisis por SDS-PAGE de la muestra antes de ser liofilizada mostr6 que la proteina

mutante Y78F TTR tenia una pureza superior al 95%.
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Figura 67. Espectro de masas MALDI-ToF-MS de la proteina Y78F TTR. En la parte inferior
espectro de la proteina resultante y en la parte superior muestra tratada con 1,4-ditiotreitol
(DTT). Dentro del espectro de la proteina no tratada con DTT, se muestra el andlisis por SDS-
PAGE (14% acrilamida) de la proteina Y78F TTR de pureza >95%. M: marcador de peso
molecular de referencia (Range protein Standard, Bio-Rad Laboratories). De T1 a T4
diferentes concentraciones de proteina de 9, 18, 27, 36 pug/mL respectivamente.
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El rendimiento en la produccion de Y78F TTR fue de 80 a 90 mg/L. Para los ensayos se
utilizé la Y78F TTR tal como se obtuvo, es decir en su forma modificada, ya que en estudios
realizados anteriores se habia observado que ambas proteinas, Y78F TTR modificada y no

modificada, seguian patrones de fibrilogénesis similares (Cotrina, Vila, et al., 2020).

Ensayos de inhibicién de la fibrilogénesis de la TTR de nuevas moléculas

Las moléculas evaluadas proceden de dos estudios diferentes. El primer estudio esta
relacionado con un farmaco en concreto, la benzbromarona (BBM), molécula que contiene
una estructura de dibromofenol. En el segundo estudio se evallan diferentes analogos de
nuestra molécula lider, el IDIF, con la finalidad de optimizar sus propiedades como inhibidor
de la fibrilogénesis de la TTR. Esta optimizacion se realiz6 aplicando una nueva

metodologia de quimica médica basada en los indices LEI (Ligand Efficiency Indexes)

El ensayo cinético turbidimétrico

La produccion de la proteina mutante Y78F TTR, una variante con una alta capacidad
amiloidogénica, tiene como finalidad ser utilizada en el estudio de nuevas moléculas como

potenciales inhibidores de la fibrilogénesis de TTR.

Esta caracteristica permite obtener formacién de fibras en un corto periodo de tiempo (1.5
h), ademas facilita calcular la velocidad inicial (vo), de la curva de agregacion (AbSzsonm VS
tiempo). Por lo tanto, es una proteina adecuada para cribado de alto rendimiento (HTS,
High Throughput Screening) de nuevos compuestos, a partir del cual se obtiene dos

pardmetros el ICso y el RA (%).

El ensayo se desarrolla en dos etapas: la primera es una etapa de incubacion de 0.5 hy la
segunda es la etapa de formacion de fibras de 1.5 h, inducida por un cambio de pH. Cada

etapa es monitorizada midiendo la absorbancia a 340 nm (Abssza0) mediante turbidimetria

Para cada compuesto se representan los datos de Abss4 frente al tiempo. De las curvas
obtenidas se calcula la velocidad inicial (vo) de formacién de fibras, que corresponde a la
pendiente del incremento lineal de la absorbancia. Los valores de velocidad inicial vo (AU/h)
frente a la concentracion (I, uM) del inhibidor se ajustan a una funcion exponencial inversa

(ecuacion 1). En esta ecuacion se definen los siguientes valores como: A, la velocidad de
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agregacion residual a altas concentraciones de inhibidor (UA/h); B es la disminucion maxima

de la velocidad inicial de formacion de fibras (UA/h); A+B es la velocidad de formacion de

fibras en ausencia de inhibidor; y C es la constante exponencial (uM?)

Ecuacidn1  Vo=A+B-ecll

Para la evaluacién de los compuestos fueron aplicados dos parametros:

- El'lCso (uM), que describe la concentracion de inhibidor a la cual la velocidad de

formacion de fibras (vo) se reduce a la mitad respecto a una en ausencia de inhibidor,

(ecuacion 2).

Ecuacién 2 ICso=—%-ln(%)

- El RA (%), es el porcentaje de reduccion de fibras a altas concentraciones de

inhibidor respecto en ausencia de inhibidor.

0.8

Ecuacion 3 RA %= (ﬁ) -100
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Figura 68. Grafico de representacion de la velocidad de agregacion frente la concentracion
de inhibidor para el modelo exponencial.
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El desarrollo de un método de evaluacion de moléculas robusto y reproducible necesita que
los componentes a analizar cumplan las mismas caracteristicas. En este trabajo se quiso

evaluar la reproducibilidad en la calidad y caracterizacion de la proteina recombinante Y78F

TTR en diferentes lotes de produccion.

Figura 69. Inhibicion de la fibrilogénesis de Y78F TTR. Andlisis de IC50 de potentes
inhibidores de la fibrilogénesis de Y78F TTR y su reproducibilidad en diferentes lotes de
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potencial amiloidogénico, cualidades necesarias para la evaluacion de la capacidad de

inhibicion de los compuestos (Cotrina, Vila, et al., 2020).

La benzbromarona, un farmaco uricosurico, nuevo estabilizador de la TTR
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Tal como se ha comentado en la Introduccion de esta tesis existen méas de 400 estructuras
cristalinas de la TTR depositadas en el banco de datos Protein Data Bank (Berman et al.,
2000). La gran mayoria son estructuras de complejos binarios de la TTR con moléculas
pequefas. Todo este extenso trabajo habia servido para caracterizar los puntos de unién a
la TTR. Una caracteristica principal de estos complejos, tal como se ha comentado en la
Introduccidn, es la presencia de 3 cavidades de union a halégeno (HBP, halogen binding
pockets) en los que se puede acomodar el ligando enddgeno, es decir, la tiroxina (hormona
tiroidea). Los bolsillos méas profundos son los HBP3 y HPB3' y lo los mas externos los HBP1
y HPB1’ (Cotrina et al., 2013).

<--- mmeemmme

MONOMER SUBUNIT A |

HBP1

HBP2
His56  Glu54 Lysl5 i

N/l: I\\ <>
. o )
Ly 000
{ ®
NH;
MNH
&

His56 Glu54 Lysl5
HBP1" | HBP2'

MONOMER SUBUNIT B :
Charged Polar

Figura 70: Representacion del sitio de union de TTR, mostrando las tres regiones quimicas
y sus correspondientes cavidades de unién a halégenos (HBPs) (Cotrina et al., 2013).

Tras una exploracion de la base de datos se puede constatar que un buen nimero de estas
moléculas son compuestos fendlicos halogenados. Entre ellos se encuentra un compuesto
gue se emplea como retardante de llamas, el tetrabromobisfenol A (TBBPA).
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El TBBPA habia sido estudiado por el grupo del Dr. Anders Olofsson de la Universidad de
Umea (Suecia). Estos investigadores habian descrito que el TBBPA se uniaala TTR en el
sitio de unién a la T4 y que los dos atomos de bromo del dibromofenol ocupaban 2 de los 3
bolsillos de unién a halégeno. Ademas, el TBBPA se unia a TTR en el plasma humano de
forma muy selectiva a TTR, de forma similar a Tafamidis, otro estabilizador de la TTR

designado como farmaco huérfano para FAP.

O ,r"'\
B /l‘lw,“% \ Br‘\\uf.-—
g9 1
HO.»‘ T ./ -0 ,fJ‘h ,-*
Br \
BENZBROMARONE TetrabromoblsphenolA
(BBM) (TEEPA)

Figura 71. Estructuras quimicas de las dos moléculas que comparten la estructura de

dibromofenol: el farmaco benzbromarona (BBM) y el compuesto tetrabromobisfenol A.
Asi pues, en nuestro trabajo seleccionamos la benzbromarona (BBM), un farmaco
registrado para combatir la uricosuria, que contenia al igual que el TBBPA una estructura
de dibromofenol. Con este compuesto primero queriamos averiguar si era un buen
estabilizador de la forma tetramérica de la TTR, para este fin se realizaron experimentos
para saber qué especies se mantenian después del tratamiento con urea. La BBM resultd
ser un buen estabilizador de la TTR, similar a nuestra molécula lider el IDIF. Tras averiguar
gue la BBM era una molécula estabilizadora del tetramero de la TTR, era necesario también
saber si se unia en la zona de union del ligando endbégeno es decir la tiroxina. Los
experimentos de competicion con tiroxina radiactiva (*2°I-T4) reflejaron un comportamiento
similar a IDIF y, por tanto, la BBM estabilizaba la TTR uniéndose en el mismo sitio de unién
gue el ligando enddgeno T4 (ECsoT4/ECso compuesto eran 1.06 y 0,96, para BBM e IDIF,
respectivamente). La estructura cristalina del complejo TTR/BBM corrobor6 estos
resultados anteriores. En comparacion con la estructura del TBBPA la BBM se adentra mas
en la cavidad de union a la TTR. En la BBM, los dos atomos de bromo ocupan las zonas
mas internas del bolsillo de la zona de unién de T4 en la TTR (HBP3-HBP3’). La unién del
ligando induce una rotacion de las cadenas laterales de los residuos de Serll7, lo que

conduce a una mayor unién entre los monémeros.
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Figura 72. Representacion del sitio de union de TTR en interaccién con BBM. Descripcion de la
posicion de los aminoacidos AA’ ( PDB ID 7ACU)
Posteriormente, se obtuvo el perfil termodinamico de la unién de BBM a TTR mediante la
técnica Isothermal Titration Calorimetry (ITC) y se compararon estos datos con los de los

mejores estabilizadores de TTR

BBM lododiflunisal (IDIF) Tolcapone Tafamidis Diflunisal (IDIF)
Kd =60 nM Kd =120 nM Kd =270 nM Kd =200 nM Kd = 900 nM

Unfavorable

o 3 J/ 3 AG

g B v

@ -6 / -6 _

™ 3 % | F TAS
avorable

-12

-15

n Kq (NM) AG AH TAS
WITTR + IDIF 1 120 -9,25 -13,68 -4,43
WITTR + DIFLUNISAL 1 900 -8,25 -11,96 -3,70
WITTR + BBM 1 60 -9,93 -9,94 -0,02
WITTR + TOLCAPONE 2 270 -8,90 -11,30 -2,47
WITTR + TAFAMIDIS 2 200 -9,39 -6,57 2,82

Figura 73. Perfil termodinamico obtenido por ITC de potentes estabilizadores de TTR. De
izquierda a derecha: el farmaco BBM; nuestro compuesto lider, el iododiflunisal (IDIF); el
Tafamidis, medicamento huérfano para la FAP; el Tolcapone, farmaco para Parkinson,
reposicionado para la FAP, y por ultimo el farmaco NSAID Diflunisal.
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En estudios anteriores (lakovleva et al., 2015; Miller et al., 2018) se habia descrito la
correlacion entre la fuerza entélpica (AH) con la selectividad en plasma humano. En
nuestros estudios, el IDIF sigue siendo el que posee una AH mayor. En este contexto no se

ha podido comprobar esta correlacion al no haber realizado estudios con plasma humano.

Por ultimo, se investigaron las propiedades inhibidoras de la BBM utilizando la variante
amiloidogénica Y78F TTR. El valor de ICso es de 4.3 uM para BBM y por tanto del mismo

orden que los mejores inhibidores, IDIF o Tafamidis (ICsp 3.7 y 5.4 uM, respectivamente)
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Figura 74: Monitorizacién de la formacion de fibras de Y78F TTR a 340 nm, pH 4.2 y 37°C en
presencia de diferentes concentraciones de BBM (A). Grafica de la velocidad de agregacion (Vo)

frente la concentracion de BBM, ajuste siguiendo la ecuacién 1.

Con los experimentos anteriores se puede concluir que el farmaco benzbromarona,
compuesto que contiene una estructura de dibromofenol en su estructura como el TBBPA,
es un potente estabilizador de la TTR, se une a la TTR en la zona de unién de T4 y es
ademas un buen inhibidor de la fibrilogénesis de la TTR. Dado que el TBBPA como la BBM
contienen dibromofenol, se concluye que esta estructura es interesante en el disefio de
nuevos estabilizadores de la TTR. La benzbromarona por tratarse de un farmaco tal vez

pueda reposicionarse en un futuro para tratar este tipo de amiloidosis.
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Optimizacion de nuestra molécula lider el IDIF

En 2004, Hopkins y colaboradores introdujeron un nuevo concepto en el area de
descubrimiento de farmacos, la Eficiencia de ligando (LE, Ligand Efficiency), en el que se
cuantificaba la energia libre en funcién del nimero de a4tomos (no atomos de hidrogeno)
unidos a una diana determinada (LE = AG/NHA). Desde entonces en la literatura cientifica
se han descrito una inmensa variedad de indices de eficiencia. Estos indices son unas
herramientas de visualizacion de la quimica médica aplicada al disefio de nuevos
compuestos con propiedades optimizadas (Abad-Zapatero, 2021; Blasi et al., 2011;
Cavalluzzi, Mangiatordi, Nicolotti, & Lentini, 2017; Hopkins, Groom, & Alex, 2004; Pesini et
al., 2012).

En la presente tesis doctoral se ha aplicado esta metodologia LEI para optimizar de forma
prospectiva nuestra molécula lider, el iododiflunisal (IDIF), estabilizador de la TTR e
inhibidor de la fibrilogénesis de la TTR. Para este fin, ha sido necesario realizar la
evaluacién de la actividad biolégica de una serie de moléculas, analogos del IDIF, mediante
un ensayo turbidimétrico (Dolado et al., 2005). Las moléculas fueron propuestas por el
grupo del Dr. Jordi Quintana del Parc Cientific de Barcelona (PCB) en la Universidad de

Barcelona y fueron sintetizadas en nuestro laboratorio del IQAC del CSIC.

En estudios anteriores se habia explorado esta metodologia de forma retrospectiva (Blasi
et al., 2011). Se habia obtenido las actividades bioldgicas de una serie de analogos de IDIF
(compuestos bifenilicos) (Mairal et al., 2009) mediante el ensayo de Dolado et al. A partir
de los datos de I1Cso obtenidos se calcularon los indices LEI (Tabla 8). La representacion en
un plano de eficiencia de estos indices, en concreto, de NBEI (parametro que relaciona la
potencia del nimero de atomos pesados del ligando) frente a NSEI (parametro que
relaciona la potencia del nimero de atomos polares del ligando) se muestra en la Figura
75.

Nombre Definicién

BEI p(Ki), p(Kd) or p(ICs0)/MW(kDA)

SEI p(K), p(Kd) or p(ICso)/(PSA/100 A?)

NSEI -log10Ki/(NPOL)= pKi/NPOL (N,0)

NBEI -log10Ki/(NHEAV)= pKi/(NHEAV)

nBEI -log1o(Ki/NHEAV)

NHEAV Number of heavy atoms (non-hydrogen in the compound)
NPOL Number of polar atoms (N,O)

Tabla 8. Nombres y definiciones de los “Ligand efficiency indices” (LEI).
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Los mapas de eficiencia se definen como la combinacion de variables de eficiencia basadas
en la polaridad (abscisas) vs el tamafio de la molécula en las ordenadas. En estos planos,
la polaridad se incrementa en sentido contrario a las agujas del reloj y la pendiente de las

lineas se incrementa segun el nimero de &tomos polares en el ligando (NPOL).

Oy

IDIF analogs
KINETIC SCREENING (ICs)

nBEI

NSEI

Figura 75. Mapa retrospectivo LEIs.

En esta tesis doctoral se investiga la aplicacion de la metodologia LEI de forma prospectiva
(Figura 76).

La evaluacion prospectiva consta de diferentes pasos:

1. Optimizacion virtual del IDIF mediante métodos computacionales
2. Obtencion de un nuevo mapa nBEI-NSEI

3. Seleccion de compuestos propuestos por el estudio computacional
4. Sintesis de los compuestos

5. Evaluacion de la actividad

6: Obtencion de un nuevo mapa nBEI-NSEI
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Figura X76. Mapa prospectivo

1. Optimizacion virtual del IDIF mediante métodos computacionales

El iododiflunisal se utiliz6 como scaffold en la base de datos MMSsSINC que contiene
aproximadamente 4 millones de compuestos, a su vez integrada por bases de datos
primarias como PubChem, Protein Data Bank, the Food and Drug Administration database

of approved drugs, ZINC y también catalogos comerciales de compafiias.

MMSINC (1800) _ Complejo Docking Docking scores AG*
n cristalografico 1Y1D TTR-Ligand

Moléculas basadas LigandScout Obtencion del Se obtiene el Ki*
AG*

en el iododiflunisal software estimado
(500 compuestos) (1200 compuestos) (80 compuestos) (AG*=-RTInKi*)

Esquema 5. Seleccion bioinformatica de un nuevo farmaco utilizando la herramienta LE/’s.

A partir de esta base de datos se seleccionaron 1800 compuestos, a los que se afiadié un
conjunto de 500 compuestos comercialmente viables, seleccionados en base a la estructura
bifenilica del iododiflunisal, pero con sustituciones aleatorias en el anillo aromético. De esta
manera se conformé una base virtual inicial de 2300 compuestos. A partir de la estructura
cristalografica del complejo TTR/IDIF se obtuvo un determinado farmacéforo para IDIF. De
los 2300 compuestos, 1200 compartieron el mismo perfil de interaccién de IDIF con TTR.
Un estudio de docking posterior proporcioné 80 moléculas cada una con un “score”
asociado. Con estos valores se calculdo AG* y a partir de AG* se estimaron unos valores de
Ki* (AG*= -RTInKi*). Para normalizar estos valores se utilizd el valor experimental de Ki para
el IDIF obtenido a partir de los datos de calorimetria (Cotrina et al., 2013).
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2. Obtencion de un nuevo mapa nBEI-NSEI
3. Seleccion de compuestos propuestos por el estudio computacional

4. Sintesis de los compuestos

Con estos datos se obtuvo un nuevo mapa nBEIl vs NSEI (Figura 77) donde se podia
observar una serie de compuestos propuestos obtenidos por cribado virtual que tenia
mejores propiedades que el IDIF (véase recuadro en la Figura 77). Nuestro grupo hizo una
seleccidn y sintetizé algunos de los compuestos propuestos.
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Figura 77. A) Mapa nBEI/NSEI a partir de datos de docking de los compuestos; B) Seleccion
y sintesis de compuestos bifenilicos analogos de IDIF (IQAC-CSIC)

5. Evaluacién de la actividad

En esta tesis doctoral se realizé la evaluacion de la actividad bioldgica de los compuestos

propuestos mediante en el ensayo turbidimétrico de (Dolado et al., 2005).
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Figura 78. Cinética de agregacion de la Y78F TTR a pH 4.2, 37 °C en presencia de diferentes
concentraciones de los compuestos 5, 6, 8 y IDIF. (En el recuadro se representan la velocidad

inicial de formacién de fibras frente a la concentracion de compuesto)

No se pudo realizar estudios de calorimetria con estos compuestos para poder calcular los
LEIls correspondientes. Asi que se construyd un nuevo plano nBEI vs NSEI a partir de los

datos obtenidos de I1Cso del ensayo turbidimétrico.
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6: Obtencién de un nuevo mapa nBEI-NSEI
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Figura 79. Mapa nBEI/NSEI a partir de datos experimentales obtenidos del ensayo
turbidimétrico (Dolado et al., 2005).

Uno de los mejores compuestos es el compuesto 8, que aparece en el plano de eficiencia
en la parte superior a la derecha, por tanto, posee la mejor combinacion de IC50 (3.6 uM)
ademas de mejores propiedades fisicoquimicas (valores de NSEI y de nBEI) en relacion al
IDIF.

En resumen, la metodologia LEI nos ha permitido optimizar nuestra molécula lider, el IDIF.
Es el primer ejemplo de uso de la metodologia LEI, tanto de forma retrospectiva como

prospectiva, aplicada con éxito en la optimizacion de inhibidores de la agregacion de TTR.
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Capitulo 5. Conclusiones

Con el fin de descubrir de contribuir al descubrimiento de farmacos contra la enfermedad
de Alzheimer teniendo como diana terapéutica la transtiretina (TTR), la presente tesis
doctoral estudia la interacciéon entre la TTR y los péptidos amiloides AB y en particular,
estudia el efecto potenciador de la interaccion mediante moléculas pequefas (chaperonas)
estabilizadoras del tetramero de la TTR, como el lododiflunisal (IDIF) y también afronta el
descubrimiento de nuevas moléculas chaperonas de la interaccion.

Los resultados de estos estudios permiten concluir:
Descubrimiento de farmacos contra la enfermedad de Alzheimer

1. Se ha optimizado el protocolo de expresion y purificacion de la proteina recombinante
humana TTR para poder realizar ensayos in vitro de cribado de moléculas. Con este
protocolo se han preparado 660 mg de proteina. La reproducibilidad en la expresiéon y en la
calidad de la proteina obtenida en diferentes lotes, ha facilitado la implementacion de
ensayos de cribado, tanto para la evaluacion de bibliotecas de compuestos inhibidores de la
fibrilogénesis de la TTR, asi como también la evaluacion de moléculas pequefias como
chaperonas de la interaccion entre la TTR y los péptidos amiloides.

2. Mediante experimentos de calorimetria de valoracion isotérmica (ITC) se ha descrito por
primera vez la afinidad de union entre la TTR y el péptido AB(1-42), determinandose el perfil
termodinamico completo (AH, AS, AG) de la interaccion TTR/AB(1-42). EI complejo binario
de estequiometria (1:1) posee una constante de disociacion Kd = 0.93 uM. El efecto
chaperona del estabilizador IDIF se refleja en la reduccion en el valor de la constante de
disociacion (Kd = 0.31 uM) en el complejo ternario.

3. Mediante experimentos de calorimetria de valoracién isotérmica (ITC) se ha confirmado que
la afinidad de unién de TTR por el péptido AB(1-42) (Kd = 0.93 uM) es mucho mayor que la
afinidad por el péptido AB(1-40) (Kd = 7.09 uM). En ambas interacciones la estequiometria
es (1:1). Se observa que el IDIF ejerce al también una funcién chaperona sobre la interaccion
TTR/AB(1-40) (Kd = 3.34 uM).

4. Mediante experimentos de calorimetria de valoracion isotérmica (ITC) se ha confirmado la
afinidad de union de TTR al péptido AB(12-28), secuencia basica de interaccidon segun
estudios de RMN del consorcio. El comportamiento calorimétrico del péptido AB(12-28) es
similar al del péptido AB(1-42). El IDIF también ejerce de chaperona en la interaccion TTR y
la secuencia amiloide AB(12-28). Este es un punto clave para el desarrollo de un ensayo de
cribado basado en este péptido, ya que posee caracteristicas similares a Ap(1-42).

5. Experimentos realizados con tres péptidos mutantes V18A, F19A and F20A de AB(12-28)
han mostrado que los V18, F19 y F20 son aminoacidos esenciales en la interaccién.

6. Se ha disefiado y validado un ensayo de cribado de alto rendimiento (HTS, high throughput
screening) para encontrar nuevas chaperonas de la interaccion entre la TTR y los péptidos
AB. Este ensayo utiliza la secuencia corta Ap(12-28), una secuencia mucho mas simple y
estable que los péptidos AB(1-42) o AB(1-40). El ensayo estudia mediante la técnica de
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turbidimetria la agregacion de Ap(12-28) a 25°C, en presencia de TTR o en presencia de un
complejo binario de TTR con el ligando a estudiar. Las cinéticas de agregacién han sido
corroboradas de forma paralela con estudios de fluorescencia de tioflavina T.

7. El ensayo ha sido optimizado para los siguientes variables: a) la longitud de onda en que se
monitoriza; b) los distintos factores de agregacién, como son la concentracion de péptido, la
solucién tampon y la temperatura de agregacion; para estos factores se ha utilizado un
Disefio de Experimentos factorial (3122); y por Gltimo, para la proporciéon AB(12-28)/TTR, con
el objetivo de reducir el gasto de proteina a utilizar en el ensayo. El ensayo ha sido adaptado
a un formato de 96 celdas y se ha probado utilizando cuatro compuestos que poseen
diferentes afinidades por TTR. Se cree que esta metodologia pueda utilizarse en el cribado
de chaperonas que actlen sobre otras proteinas que interaccionan con AB, como por
ejemplo la albumina humana.

8. Mediante experimentos de calorimetria de valoracion isotérmica (ITC) complementados con
espectroscopia de fluorescencia de tioflavina T, se ha confirmado que no todos los
estabilizadores del tetramero de la TTR se comportan in vitro como chaperonas de la
interaccion TTR/AB (1-42). Entre los estabilizadores de la TTR que no son chaperonas se
encuentran los farmacos Tafamidis y Diflunisal.

9. Con nuestro ensayo de cribado (HTS) se harealizado un cribado de 53 moléculas pequefas,
hits experimentales. Estas moléculas fueron propuestas en nuestro consorcio, tras una
combinacion de estudios computacionales y una bateria de ensayos bioldgicos in vitro. Se
ha obtenido una lista priorizada de compuestos. Estos estudios se han completado con
experimentos de calorimetria de valoracion isotérmica (ITC) de los complejos ternarios
TTR/chaperona/Ap(12-28). Estos estudios han corroborado la lista priorizada de
estabilizadores del tetramero de la TTR que son chaperonas.

10. Los resultados del cribado de las mejores chaperonas han sido corroborados con ensayos
de fluorescencia de tioflavina T de la agregacion de AB(1-42) realizados en presencia de
TTR con cada una de las mejores chaperonas. El efecto chaperona del IDIF y de las mejores
chaperonas es dependiente de la dosis en todos los casos.

11. Se ha obtenido una lista de chaperonas entre las que se encuentran: nuestra molécula lider
el lododiflunisal, una molécula en la fase de descubrimiento; el producto natural luteolina que
es un compuesto en fase de investigacion clinica, y tres farmacos registrados, el sulindac,
la olsalazina y el acido flufenamico. Estos farmacos podrian ser reposicionados para su uso
en fases clinicas. Con estos compuestos se podra validar la transtiretina como estrategia
terapéutica para la enfermedad de Alzheimer.

Descubrimiento de farmacos en amiloidosis relacionadas con la TTR
Con el fin de descubrir potenciales estabilizadores de la TTR y/o de potenciales inhibidores de la
amiloidosis de la TTR, en esta tesis doctoral se han estudiado las siguientes moléculas: el farmaco

uricosurico benzbromarona (BBM), un compuesto que contiene una estructura dibromofenol, y una
serie de analogos del lododiflunisal.

Los resultados de estos estudios permiten concluir:
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Mediante experimentos de calorimetria de valoracién isotérmica (ITC) se ha confirmado
gue la afinidad de unién de la BBM a la TTR (Kp= 60 nM) es similar a las afinidades de
unién de otros potentes estabilizadores de la TTR, como son IDIF, Tolcapone y
Tafamidis. Se ha descrito el perfil termodinamico completo del complejo binario de la
TTR con la BBM. Estudios de competicion competitiva con T4 y los resultados de
cristalografia de Rayos X confirman que la BBM se une en el mismo sitio que el ligando
endogeno T4.

El estudio cinético de la agregacion de la TTR en presencia de BBM confirma in vitro
que se trata de un inhibidor de la fibrilogénesis de potencia similar a otros inhibidores
como el Tafamidis. Se propone que el dibromofenol es una estructura interesante a tener
en cuenta en el disefio de nuevos estabilizadores de la TTR.

Se ha descrito la primera evidencia experimental de una nueva aplicaciéon de la
metodologia LEI (Ligand Efficiency Indexes) de forma prospectiva para la optimizacién
del compuesto lider IDIF, utilizando el espacio quimico-biolégico del IDIF. Esta
metodologia LEI, tanto retrospectiva como prospectiva, puede ser facilmente combinada
en diferentes estudios computacionales. Con esta herramienta de la quimica médica se
han descubierto 3 nuevos estabilizadores del tetramero de la TTR, compuestos que
comparten el mismo esqueleto quimico, pero tienen propiedades inhibidoras superiores
al IDIF. Es el primer ejemplo que muestra la eficacia del uso de estos LEIS en el proceso
de decision y que valida la metodologia LEI para la optimizacion prospectiva de
compuestos lider. Estos compuestos podran ser desarrollados para el tratamiento de las
amiloidosis relacionadas con la TTR:
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CONCLUSIONS:
Drug discovery in AD

1. We have optimized the preparative expression and purification protocol of transthyretin (wt
hTTR) for the in vitro screening assays. The optimized protocol for recombinant hTTR
production yielded up to 660 mg of homogenous protein. The inter-batch reproducibility of
expression and protein quality has allowed the implementation of screening assays for the
evaluation of libraries of TTR amyloidogenesis inhibitors, as well as the evaluation of small-
molecule chaperones (SMCs) of the TTR/Abeta (AB) interaction.

2. Using the Isothermal Titration Calorimetry (ITC) technique, we have found for the first time
the binding affinity of the TTR/AB(1-42) interaction. We have described the full
thermodynamic profile (N, AH, AS, AG) of the TTR binding to AB(1-42). TTR forms a (1:1)
complex with AB(1-42) with Kd = 0.93 uM. The chaperoning effect of our TTR tetramer
stabilizer IDIF is shown by the reduction of the Kd to 0.31 uM in the ternary complex.

3. Using the Isothermal Titration Calorimetry (ITC) technique we have confirmed that the binding
affinity of TTR is higher for AB(1-42) (Kd = 0.93 uM) than for AB(1-40) (Kd = 7.09 uM). TTR
forms a (1:1) complex with AB(1-40) and the chaperoning effect of our TTR tetramer stabilizer
IDIF is also observed in the TTR/AB(1-40) (Kd = 3.34 uM).

4. Using the Isothermal Titration Calorimetry (ITC) technique, we have shown that the short Ap
(12-28) peptide shows similar calorimetric behavior as the Abeta peptide AB(1-42) in these
complexes with TTR. TTR forms a (1:1) complex with AB(12-28) with Kd = 3,00 uM. In a
similar way, the effect of IDIF in the ternary complex reduces the Kd to = 0.81 uM. This is a
key point toward the design and development of a screening assay.

5. Interestingly, V18A, F19A and F20A AB(12-28) mutant peptides show no binding to TTR,
confirming that these residues are essential for the interaction with TTR corroborating
previous NMR studies in our consortia.

6. We have designed and validated a High Throughput Screening (HTS) assay to search for
small-molecule compounds that may also be good chaperones of the TTR/AB peptides
interaction. The assay makes use of the simpler, easily handling and less costly Ap(12-28)
peptide than the full-length AR peptides. The turbidity-based assay monitors AB(12-28)
aggregation both in the presence of TTR and once TTR is complexed with the small-
molecule. The aggregation kinetics have been corroborated with parallel results monitored
by Thioflavin T (ThT) fluorescence assays.

7. The HTS assay has been optimized for: 1) UV wavelength monitoring (340 nm), 2) AB(12—
28) aggregation factors (concentration of peptide, buffer solution, incubation temperature) by
using a factorial Design of Experiments (DoE) of (3122), and 3) AB(12—-28)/TTR ratio as to
minimize protein expenditure. The assay has been adapted to a 96-well plate format and
tested using a set of 4 compounds that have different TTR binding properties. It was observed
that TTR ligand ability correlates with chaperone efficiency of the AB(12-28)/TTR interaction.
The methodology may be adapted to settle screening methods for chaperones acting on
other proteins interacting with Abeta peptides such as albumin (HSA).

8. By ITC studies and ThT fluorescent assays we have proved that not all TTR tetramer
stabilizers have chaperoning effect on the TTR/AB interaction. Known TTR tetramer stabilizer
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drugs, such as the NSAID diflunisal and the orphan drug Tafamidis, did not show SMC
behavior.

9. By using our in-house validated high-throughput screening (HTS) ternary assay, we have
screened 53 compounds (experimental hits) proposed by a combination of computational
studies and biological in vitro assays. After Isothermal Titration Calorimetry on the best hits,
we have prioritized a list of TTR tetramer stabilizers as chaperones.

10. Results have been corroborated by complementary assays such as Thioflavin T fluorescence
assays. The chaperoning effect of IDIF and of a selection of the best chaperone drugs
(olsalazine, sulindac and flufenamic acid) is concentration-dependent as shown by ThT
fluorescence assays (dose-response studies).

11. We have obtained a prioritized list of chaperones which includes our lead compound IDIF, a
molecule in the discovery phase, one investigational drug (the natural product luteolin), and
3 marketed drugs (sulindac, olsalazine and flufenamic acid), which could be directly
repurposed or repositioned for clinical use.

Drug discovery in TTR amyloidosis

1. By structural and biophysical assays, we have discovered that the uricosuric drug
benzbromarone (BBM) is a new TTR tetramer kinetic stabilizer and potent inhibitor of TTR
amyloidogenesis. Isothermal titration calorimetry (ITC) demonstrated that BBM binds TTR
with an affinity similar to IDIF, tolcapone and tafamidis, confirming BBM as a potent binder of
TTR. Kinetic analysis of the ability of BBM to inhibit TTR fibrillogenesis at acidic pH and
comparison with other stabilizers such as IDIF, tafamidis and tolcapone revealed that
benzbromarone is a potent inhibitor of TTR amyloidogenesis. The drug presents an
interesting dibromophenol scafffold in the quest to design new and improved TTR stabilizers
as candidate drugs for TTR related amyloidosis.

2. We have provided the first experimental evidence of a novel application of the Ligand
Efficiency indexes (LEI) formulation for prospective lead optimization by using the
iododiflunisal (IDIF) chemico-biological space. The LEI methodology, both retrospective and
prospective, may be easily combined and integrated with computational workflows such as
pharmacophore modeling and docking experiments.

Following this medi