UNIVERSITE DU QUEBEC A MONTREAL

DEVELOPPEMENT D’INHIBITEURS DE TEAD, PB1 ET BPTF, TROIS
REGULATEURS DE L’EXPRESSION GENIQUE.

THESE
PRESENTEE
COMME EXIGENCE PARTIELLE

DU DOCTORAT EN CHIMIE

PAR

LEA MELIN

OCTOBRE 2021



UNIVERSITE DU QUEBEC A MONTREAL
Service des bibliothéques

Avertissement

La diffusion de cette thése se fait dans le respect des droits de son auteur, qui a signé le
formulaire Autorisation de reproduire et de diffuser un travail de recherche de cycles
supérieurs (SDU-522 — Rév.04-2020). Cette autorisation stipule que «conformément a
l'article 11 du Reéglement no 8 des études de cycles supérieurs, ['auteur] concéde a
I'Université du Québec a Montréal une licence non exclusive d’utilisation et de
publication de la totalité ou d’'une partie importante de [son] travail de recherche pour
des fins pédagogiques et non commerciales. Plus précisément, ['auteur] autorise
I'Université du Québec a Montréal a reproduire, diffuser, préter, distribuer ou vendre des
copies de [son] travail de recherche a des fins non commerciales sur quelque support
que ce soit, y compris I'Internet. Cette licence et cette autorisation n’entrainent pas une
renonciation de [la] part [de I'auteur] a [ses] droits moraux ni a [ses] droits de propriété
intellectuelle. Sauf entente contraire, [I'auteur] conserve la liberté de diffuser et de
commercialiser ou non ce travail dont [il] posséde un exemplaire.»



REMERCIEMENTS

Dans un premier temps, je souhaite remercier mon superviseur, le professeur Alexandre
Gagnon, pour m’avoir donné I’occasion d’effectuer ma theése de doctorat au sein de son
groupe de recherche. Nombre de réunions, de projets, de congrés et d’opportunités
m’ont été offerts grace a toi et je t’en suis extrémement reconnaissante. Merci d’avoir

cru en moi des le début et de m’avoir encouragée jusqu’a la fin.

Les travaux de cette thése n’auraient pas pu voir le jour sans la collaboration du
Structural Genomics Consortium (SGC) de Toronto et de Zenith Epigenetics, Ltd. Un
grand merci a vous tous ! Je remercie tout particuliérement Vijayaratnam Santhakumar,
pour avoir coordonné les échanges avec I’ensemble des personnes travaillant au SGC
et avoir toujours pris le temps de répondre a nos questions, ainsi que Matthieu Shapira,
pour son accueil et sa supervision au sein de son groupe de recherche en chimie
computationnelle. Merci aux membres de son équipe, surtout Renato Freitas, sans qui
le chapitre III de cette thése n’existerait pas. Ta patience et tes explications claires ont
ouvert un tout nouveau pan de la chimie pour moi. J’aimerais également remercier
Ahmed Aman et Michael Prakesch pour m’avoir pris sous votre aile au Ontario
Institute for Cancer Research (OICR) le temps d’un été. Du c6té de Zenith, je tiens a
exprimer ma gratitude envers Henrik Hansen pour m’avoir fait entierement confiance
sur nos différents projets. Je remercie également Emily Gesner, Sarah Attwell, Olesya
Kharenko, Cyrus Calosing et Edward van der Horst pour leur bienveillance constante
amon égard et leur accueil des plus chaleureux lors de mon s€jour a Zenith. Une pensée
toute particuliere pour Emily Gesner qui m’aura initié¢ a la réalisation des différents
tests biochimiques. Merci aussi a Eric Campeau pour m’avoir donné 1’enrichissante

opportunité d’écrire un chapitre de livre.



iii
Certains travaux ont nécessité¢ la contribution d’autres groupes de recherche, c’est
pourquoi je souhaite remercier les professeurs Borhane Annabi et Steven LaPlante ainsi

que leurs équipes de recherche respectives pour les échanges stimulants que nous avons

pu avoir ainsi que pour leurs apports non négligeables a cette thése.

Bien entendu, ces remerciements ne seraient pas complets sans une mention spéciale a
chacun de mes colléges. Ces années n’auraient vraiment pas été les mémes sans vous !
Emeline, tu as été la premiére a qui j’ai parlé et, déja a ce moment 13, je savais que tu
allais étre spéciale pour moi. Des milliers d’heures de labo, des centaines de fous rires,
des dizaines de coups de blues et un nombre incalculable de discussions plus tard, je
ne sais méme pas comment formuler ma reconnaissance a ton égard. Merci d’avoir été
1a, pour tout, tout le temps. Puis j’ai rencontré Adrien et Maxime. Que de souvenirs !
Entre vos musiques, vos chamailleries et vos conseils, votre duo de choc m’a accueilli
a bras ouverts des le début. Merci d’avoir rendu mes débuts au labo aussi faciles et
agréables | Ahmed, ta force tranquille et ton écoute ont également été précieuses
pendant toutes ces années. Hwai-Chien, ta bonne humeur et ton énergie sans faille ont
définitivement égayé mon quotidien, merci d’avoir toujours le mot pour rire. Bianca,
ta touche de folie a apporté beaucoup a mes journées, merci pour ton enthousiasme et
ton support inébranlable ! Yarelys, ta bienveillance et ton accent chantant ont participé
a la bonne ambiance du labo et m’ont permis de tenir le coup quand on était juste toutes
les deux au labo 1’été dernier. Et Annabelle, méme si on n’aura fait que se croiser au
labo, saches que j’attendais toujours avec impatience nos petits points potins pendant
que je faisais mes colonnes. Pour finir, Myriam, méme si tu n’as été qu’une « Gagnon »
le temps d’un été et ce avant méme que j’arrive, je suis ravie d’avoir pu compter sur

toi a ’'UQAM et en dehors, merci pour tous ces moments !

Finalement, je tiens a remercier mes amis et ma famille, qui m’ont épaulé dans cette
aventure du début a la fin. Tout particulierement Alban, qui m’a écouté inlassablement

raconter mes journées, qu’elles soient bonnes ou mauvaises. Merci de m’avoir supporté



v
sans broncher, ou presque, et d’avoir toujours cru en moi. Une grosse pensée aussi pour
mes parents, qui ont été les premiers a m’encourager a commencer, et a finir, cette theése

de doctorat. Méme a distance, je vous suis extrémement reconnaissante de votre soutien

inconditionnel.



TABLE DES MATIERES

LISTE DES FIGURES ........ooiieiee ettt X
LISTE DES TABLEAUX ..ottt ettt sttt xii
LISTE DES ABREVIATIONS, DES SIGLES ET DES ACRONYMES.................. xiii
LISTE DES SYMBOLES ET DES UNITES .....cooiiiiiiiieieieeeeeeee e Xviii
RESUME . ...ttt Xix
ABSTRACT ...ttt sttt et a ettt e sae et et e saeebeentesneenee XX1
CHAPITRE I INtroducCtion ........cceevueiiiniieienieritesieeieeie ettt 1
1.1 Régulation de I’expression génique................ccoeevviieriiieriiienie e 2
1.2 Régulation de la transcription...............ccooooiiiiiiiniiiiniiee e 3
1.2.1  Facteurs de tranSCription ........cccueeerreeerreeeieieeeiieeeieeeeieeesaeeessseeessneeessneens 3
1.2.2  Topologies de la chromatine et marquage €pigénétique...........c.cecvvennenne. 7
1.2.2.1 Marquage €pPIZENEIQUE .......cccuvierrireeeiieeeiieeeieeeeieeesaeeesereeesereeeereeas 8
1.2.2.2 Remodeleurs de chromating............cccoecveveeriinienienieienieeeeeee 9
1.2.2.3 Facteurs de transcription PIONNIETS ........cceeeeveeerveeenveeenveeenreeenees 12

1.3 Complexe transcriptionnel YAP-TEAD ........c..ccociiiiiiiniiiceece 13
1.3.1  Voie de signalisation HIpPO........ccccuvreriiiiiiieeiireeieecee e 13
1.3.2  Dérégulations et implications dans le cancer..........c.cccceeeveeerieecieeninennnnn. 16
1.3.2.1 Y AP, une protéine proto-oncogénique..........ccceeevreerveeerveeerveeennnns 16

1.3.2.2 YAP-TEAD interdépendance et dérégulations............cccccveeurenneen. 16



vi

1.3.2.3 Implication de YAP-TEAD dans les propriétés des cellules

CANCETEUSES ...vvveeeeuerreeeeserreeeassreeesasssseeessssseeeaasseesesssssseesssssseesssssseeesanssseeesessssees 18

1.3.3  Développement d’inhibiteurs de YAP-TEAD .....cccccoeoviiviieeniieeieeenee, 19
1.3.3.1 Inhibiteurs non SPECIIQUES .......eevveeeiieriieiiieiieeieee e 19
1.3.3.2 Inhibiteurs de YAP......oo oo 20
1.3.3.3 Inhibiteurs pertubant I’interaction protéine-protéine....................... 21
1.3.3.4 Inhibiteurs de TEAD ......ccoiiiiiieeeeeeee e 23

1.4 Lecteur épigénétique PB1 ..............ccoooiiiiiiiiiieee e 30
1.4.1 PBI : une protéine contenant six domaines bromés distincts ................. 30
1.4.1.1 Domaines bromés et reconnaissance des lysines acétylées............. 30
1.4.1.2 Structure unique de PB1.........ooooviiiiiiiiiieeecee e 31

1.4.2 PBI1 : sous-unité du remodeleur de chromatine PBAF ........................... 34
1.4.3  PB1 €t 1€ CANCET....cccuiiieiiieciieeiee ettt e e e 37
1.4.4 Inhibiteurs des domaines bromés de PB1 ..........ccccccvveviiniiiniiniieiieen, 40

1.5 Protéine multidomaines BPTF ................ccccooiiiiiiiiii e, 43
1.5.1 Roles et structure de BPTF ........cccooeoiiiiiiiiiiiiceeeeeeeeee e 43
1.5.1.1 BPTF, sous-unité essentielle de NURF.............occoviiiiiiiiiiininn.n. 43
1.5.1.2 BPTF, une protéine multidomaines.............cccceeeeurerieereenvencneennnenns 45

1.5.2 Implications de BPTF dans le cancer............cccceeevieeciieenciieeciie e 46
1.5.3  Inhibiteurs du domaine bromé de BPTF .............cccoovviiiiiiiiieee, 47

CHAPITRE II Développement d’inhibiteurs de TEAD dérivés de I’acide

FIULENAMIQUE ...eeoiviieeiieece e et e et e st e e e abeeenbeeenseeenneeenes 50
2.1 IMEFOAUCTION ..o e et e e e et e e e e eae e e eaaaeeeeees 50
2.2 ATYLICIE ISSU A€ COS TFAVAUX ...oovvnneieeieeiieeeeee ettt e e e ettt eeeeeeeeeeeeneans 50

2.3 Informations Supplémentaires.............c.ccccooviiiiniiiiniiiiniieeee e 73



204 COMCIUSION ...t e e e e e e et eeee e e e e e e eaaareans 73

2.5 Contributions des auteurs A Particle .............ooovvemmmieeeeee e 73

CHAPITRE III La chimie computationnelle au service du développement

d’inhibiteurs de TEAD .....ccooiiiiiiiii et 76
3.1 Conception assistée par ordinateur d’analogues de I’acide flufénamique .76
3.1.1 Modélisations moléculaires dans TEAD2.........cccccoceeveriieniinennieneenienn 76
3.1.1.1 Modélisation par édition de ligand dans ICM-pro............cccuuen...... 77
3.1.1.2 Modélisation par arrimages dans Glide.........c..ccoceeverienennicniencne. 78

3.1.2  Etudes de perturbation d’énergie libre .............cocoevveiueeeoeeeeeeeeeeenenn. 80

3.2 Criblage virtuel a haut débit (HTVS) ..o, 87
3.2.1 Librairie combinatoire d’acides 2-aminobenzoiques............ccceeervveennnee. 87
3.2.2 Criblage virtuel bas¢ sur la librairie combinatoire d’acides 2-
AMINODENZOTQUES. ... veeeiiieeeiiieeiieeerieeeetteeeetteeestaeeeteeesteeestaeessseeessseeessseeensseennsees 88
3.2.3 Criblage virtuel basé sur les sous-structures de type acide 2-
AMINODENZOTQUE ...eevvieeiiieeeiiieeeiieeertee ettt e e teeestteeeteeesteeestaeessseeessseeessseeansseeennnes 93

CHAPITRE IV Développement d’inhibiteurs de PB1 présentant une sélectivité

accrue CONLIE SMARCAZ ...ooiieiiee ettt e et e e e e e e e s ennaeeeeennes 95
4.1 INroduction ..........coccooiiiiiiiiiiii e 95
4.2 Article issu de €es traVaUX.........occ.eiiiiiiiiiiiiiie et 95
4.3 Informations supplémentaires................c.ccoooiieriiiieniiieniie e 108
44 CONCIUSION ..ottt ettt s 108
4.5 Contributions des auteurs a I’article ................c...cooooiiiiiinin 108

CHAPITRE V Synthese de NVS-BPTF-1, inhibiteur de BPTF, et évaluAtion de son

impact sur 'immunoproteasome.........ueerreeerureeriieerireenireesieeeseeeeeseveeessreeensreeeeneens 110
5.1 INrodUCTION ......oooiiiiiiiiiiiii e et 110
5.2 Article issu de €es travalX..........ccooueiiiiiiiiiiiniceeee e 110
5.3 Informations supplémentaires................cccooouiiiniiiiiniiiiiiieeeeeee e 116
54 COoNCIUSION ..ottt 116

5.5 Contribution des auteurs a ’article................oovvviiiiiiiiiiiiiiiieeeeeeee, 116



CONCLUSION ..ottt sttt st st et 118

ANNEXE A« Development of Small-Molecule TEAD Inhibitors Derived from
Flufenamic Acid. » - partie expérimentale.............cceccveeevveeriiieiiieeeie e 121

ANNEXE B Résultats des campagnes de criblage virtuel a haut débit................... 229

ANNEXE C « Design and Synthesis of a Potent Inhibitor of PB1 with Improved
Selectivity Profile over SMARCAZ2. » - partie expérimentale...........c.ccceeveerueenennne 234

ANNEXE D « Synthesis of NVS-BPTF-1 and evaluation of its impact on the
immunoproteasome. » - partie eXperimentale...........oceevieeviierieriiienieeieeie e 283

BIBLIOGRAPHIE .......ccoiiiiiiiee e 314



LISTE DES FIGURES

Figure 1.1 Du génome au phénotype, de nombreuses étapes pour réguler l'expression

AES GRNES. ..ottt neen 3
Figure 1.2 Classification des facteurs de transcription.?!..............ccoovvvvvvvveeeeereeceenenn. 5
Figure 1.3 Topologies de la chromatine.®” ............ccocoovoveiieveeeeeeeeeeeeeeeeee e 7
Figure 1.4 Les quatre familles de remodeleurs de chromatine.®.................c.ccoco...... 10
Figure 1.5 Mécanismes d'action généraux des remodeleurs de chromatine.’............ 11
Figure 1.7 Structure de YAP2-.120 oo 20
Figure 1.8 Inhibiteurs de YAP. ...ccooiiiiiieieeieceeeee et 21

Figure 1.9 Interactions entre hYAP et hYBD de TEADI en présence d’acide
palmitique (beige) (PDB: 3KYS et SHGU). hTEAD YBD en violet, YAP en vert

(interface 1), bleu (interface 2), rouge et orange (interface 3).......cc.cceveevivieneennennne. 22
Figure 1.10 Petites molécules pertubant l'interaction protéine-protéine..................... 23
Figure 1.11 Structures et homologies de la famille TEAD. .........cccoociiiiiiiniianens 24

Figure 1.12 Pseudo-cavités potentiellement ciblables pour ’inhibition du DBD de
TEAD.E et 26

Figure 1.14 Roles des BCP dans la régulation des genes.'®” ..........c.cocoooiiiieiinnn. 32

Figure 1.16 Structure des complexes BAF et PBAF.!7>...........ccooooivvivieeiieeienn 35



Figure 1.17 Nombre de cas de cancers présentant des mutations au sein des sous-
unités de BAF et PBAF.17 ... oo 38

Figure 1.18 Fréquence d'altérations de PB1 dans différents types de cancer

(cBioPortal, FEVIIET 2021). ..viiiiiieeiiiecie ettt e et 39
Figure 1.19 Types de mutations de PB1 dans les cas de cancer.'” ............................ 40
Figure 1.20 Arbre phylogénétique basé sur les domaines bromés humains.?!* .......... 41
Figure 1.21 Inhibiteurs de PB1 a spectre 1arge. ........ccceevvveeiiiieiiieeiie e 42
Figure 1.22 Structure de NURF chez la mouche et I’humain. ...........ccccceoevieninnnne. 44
Figure 1.23 Structure de BPTE. .....oooiiiieeeee et 45

Figure 1.24 Fréquence d'altérations de BPTF dans différents types de cancer

(CBI0POTtal, MArs 2021 )...ciiiiiiiiiieeiiie ettt et et e e sive e e eaeeesaaeesaeeennees 46
Figure 1.25 Inhibiteurs du domaine bromé de BPTF...........ccccoocviiiiiiiiiniiiiniieiies 49
Figure 3.1 Principe du FEP. ......ccciiieeee et 81
Figure 3.2 Exemples d'analogues testés par FEP. ..........ccccoooiiiiiiiiiniieiicieciees 82

Figure 3.3 Analyses des dynamiques moléculaires de deux analogues par : a)
visualisation schématique des contacts protéine/ligand au cours du temps (seuls les
contacts qui occurent plus de 30% du temps sont représentés), b) visualisation
graphique des contacts protéine/ligand au cours du temps, ¢) nombre de liaisons H
intramoléculaires au Cours dU tEMPS. ....cccveeeriuieeriiieeeiie et e e e v e e rereeeeanee e 84

Figure 3.4 Analyses des dynamiques moléculaires de deux analogues par : a) RMSF
du ligand au cours du temps, b) profil de torsion du ligand au cours du temps.......... 85

Figure 3.5 Analyses des dynamiques moléculaires de 1’acide niflumique par : a)
visualisation schématique des contacts protéine/ligand au cours du temps (seuls les
contacts qui occurent plus de 30% du temps sont représentés), b) visualisation
graphique des contacts protéine/ligand au cours du temps. .......cccceveeverveneenenienenns 86



xi

Figure 3.6 Flux d'¢laboration de la librairie combinatoire d’acides 2-
AMNINODENZOTQUES. . ...eeetieniieeiieeiie ettt te et et e et estteebeesteeeabeesateebeesateesbeesneeeseesnseenseans 88

Figure 3.7 Flux du criblage virtuel basé sur la librairie combinatoire d’acides 2-
AMINODENZOTQUES. ....eeevieitieeiieeiie et et te et eite et e esteesbeesaeeeabeesabeenbeesaseenseessseeseesnseeseanns 89

Figure 3.8 Type de squelettes retrouvés chez I’ensemble des 32 candidats finaux. ... 90

Figure 3.9 Exemples de molécules issues du criblage virtuel illustrant les interactions
caractéristiques obtenues au sein de la poche palmitique de TEAD2......................... 91

Figure 3.10 Potentiels nouveaux hits comme inhibiteurs de TEAD............cccceuenneee 92

Figure 3.11 Superposition d'un Ait issu du criblage virtuel a haut débit (violet) et
d'une molécule dérivée de 1'acide flufénamique (0range). ........ccceeeveevvierieeniverieenieens 92

Figure 3.12 Flux du criblage virtuel basé sur les sous-structures de type acide 2-
AMINODENZOTQUE. ...evieeiieiiieeiieeiieete et ie et eeiteeteestteebeestaeesseesaseeseessseesseessseeseessseenseanns 93

Figure 3.13 Exemples représentatifs de Aits potentiels obtenus lors du criblage virtuel
basé sur les sous-structures de type acide 2-aminobenzoique. ..........cceeeveerverveennnenns 94



LISTE DES TABLEAUX

Tableau 1.1 Interactions entre les domaines bromés de PB1 et les lysines acétylées. 33



LISTE DES ABREVIATIONS, DES SIGLES ET DES ACRONYMES

AACR : association américaine de la recherche contre le cancer
ADN : acide désoxyribonucléique

ADP : adénosine diphosphate

ARN : acide ribonucléique

ARNm : acide ribonucléique messager

ATP : adénosine triphosphate

BAF : BRGI/BRM-associated factor

BCP : protéine contenant des domaines bromés

BLI : biolayer interferometry

BPMC : biased probability Monte Carlo

BPTF : bromodomain and PHD-finger containing transcription factor
BPTFBrD : domaine bromé de BPTF

ccRCC : carcinomes rénaux a cellules claires

CHD : chromodomain/helicase/DNA-binding domain

CHD7 : chromodomain-helicase-DNA-binding protein 7



CSC : cellules souches cancéreuses

DBD : DNA-binding domain

DNA : deoxyribonucleic acid

DNMT : DNA methyltransferase

DPB : DNA-binding protein

DSEF : differential scanning fluorimetry
ECEPP/3 : empirical conformational energy program for peptides 3
EMT : transition épithéliale-mésenchymateuse
FA : acide flufénamique

FALZ : fetal alzheimer antigen

FAS : first apoptosis signal

FEP : free energy pertubation

FP : polarisation de fluorescence

HAT : histone acétyltransférase

HB : hydrogen bond

HDAC : histone désacétylase

HMT : histone méthyltransférase

HSA : helicase-SANT

HTH : helix-turn-helix

X1V



HTRF : homogenous time-resolved fluorescence resonance energy transfer
HTS : high-throughput screening

HTVS : high-throughput virtual screening
INOSO : inositol requiring 80

ISWI : imitation switch

ITC : isothermal titration calorimetry
Lats1/2 : large tumor suppressor kinase 1
LE : ligand efficiency

LR : ligand de référence

LT : ligand a tester

MAZ : Myc-associated zinc-finger protein
MBT : malignant brain tumor

MMEFF : merck molecular force field
Mstl/2 : macrophage stimulating 72

NA : acide niflumique

NCI : National Cancer Institute

NF2 : neurofibromin 2

NK : natural killers

NURF : nucleosome-remodeling factor



Xvi

PBI1 : polybromo-1 protein

PCNA : proliferating cell nuclear antigen
PBAF : polybromo-associated BAF

PHD : plant homeodomain

PRR : prolin-rich region

PWWP : proline — tryptophane — tryptophane — proline
RASSEF : Ras association domain family
RMSD : écart quadratique moyen

RMSF : fluctuation moyenne pondérée
RUNX : Runt related transcription factor
SANT : Swi3, Ada2, N-Cor et TFIIIB

SMARCAZ2/4 : SWI/SNF-related, matrix-associated actin-dependent regulator of
chromatin, subfamily A2/4

SP : standard-precision docking

SPR : surface plasmon resonance

SWH : Salvador-Warts-Hippo

SWI/SNF : switch/sucrose non-fermentable
TAF : TBP-associated factors

TAZ : transcriptional co-activator with PDZ-binding motif



Xvii
TBD : domaine de liaison a TEAD N-terminal (N-terminal TEAD-binding domain)
TEAD : transcriptional enhancer factor with TEA/ATTS domain
TFIIIB : transcription factor 111 B
TGCA : The Cancer Genome Atlas
TNF-a : facteur de nécrose tumorale alpha aussi appelé cachectine
WWTRI1 : WW domain containing transcription regulator 1
XP : extra-precision docking
YAP : yes-associated protein

YBD : YAP-binding domain



LISTE DES SYMBOLES ET DES UNITES

AG : énergie libre de Gibbs

G : énergie libre

kg : constante de Boltzmann

kcal : kilocalories

mol : moles

T : température



RESUME

Une expression génique spécifique permet a chaque cellule de se différencier et de
participer au phénotype sain ou malade de tout individu. Le contrdle de I’expression de
nombreux genes s’effectuant lors de 1’initiation de la transcription de I’ADN (acide
désoxyribonucléique), les facteurs de transcription, les modificateurs épigénétiques
ainsi que les remodeleurs de chromatine se retrouvent en premicre ligne de cette
machinerie complexe. En raison de leur role primordial, des mutations au niveau de
ces protéines sont fréquemment associées a diverses maladies, notamment le cancer.
Ces liens de plus en plus nombreux mettent en évidence I’importance de développer
des sondes chimiques puissantes et sélectives afin d’aider a comprendre la fonction
exacte de chacun de ces points de controle et, potentiellement, d’aboutir au
développement de nouvelles thérapies contre le cancer.

Dans ce contexte, les travaux de cette these de doctorat ont principalement porté sur la
conception et la synthése d’inhibiteurs de trois régulateurs de 1’expression génique.
Tout d’abord, des inhibiteurs du facteur de transcription TEAD (transcriptional
enhancer factor with TEA/ATTS domain). Dans le cadre de son interaction avec son co-
facteur YAP (yes-associated protein), ce complexe est responsable de I’expression de
genes contribuant principalement a la croissance cellulaire et a la prolifération. Les
travaux menés ont conduit sur de nouveaux dérivés de 1’acide flufénamique comme
L.M98 se liant de facon réversible dans la poche palmitique de TEAD, permettant ainsi
une inhibition de I’auto-palmitoylation de TEAD et une réduction de 1’activité
transcriptionnelle associée a YAP-TEAD. Différentes modélisations moléculaires et
des criblages virtuels a haut débit ont également été réalisés afin de faciliter les efforts
de conception. Par la suite, des inhibiteurs sélectifs des domaines bromés de PB1
(polybromo-1 protein) ont été¢ développés. PB1 est une protéine unique contenant six
domaines bromés qui agit comme lecteur épigénétique pour le compte du remodeleur
de chromatine PBAF (polybromo-associated BAF). Les travaux réalisés ont permis
I’obtention de LM 146, une sonde chimique puissante présentant une sélectivité accrue
contre les autres domaines bromés existants, y compris SMARCAZ2. Pour finir, des
études sur BPTF (bromodomain and PHD-finger containing transcription factor), une
protéine multidomaines servant de sous-unité principale pour le remodeleur de
chromatine NURF (nucleosome-remodeling factor), ont été entreprises. Cette these de
doctorat aura ainsi permis de rapporter pour la premiere fois la synthese de NVS-
BPTF-1, un inhibiteur sélectif du domaine bromé de BPTF.
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ABSTRACT

Specific gene expression allows cells to differentiate and participate to the phenotype
of each healthy or sick individual. The expression checkpoint of many genes occurs
during the DNA transcription initiation, which implies that transcription factors,
epigenetic modifiers, and chromatin remodelers are key proteins involved. Because of
their essential role for gene expression regulation, mutations within any of these
proteins is often associated with numerous types of diseases, including cancer. As
increasing evidence is being discovered, the importance of developing potent and
selective chemical probes against these targets is being highlighted. These inhibitors
would help to better understand the exact function of these proteins and, hopefully,
would pave the way to new therapies against cancer.

In this context, this thesis has mainly focused on the design and synthesis of inhibitors
of gene expression regulators. First, inhibitors of TEAD transcription factor were
probed. When interacting with its co-factor YAP, this complex is responsible for gene
expression associated with cell growth and proliferation. The work accomplished led
to new fluflenamic acid derivatives such as LM98 that binds in a reversible fashion to
the palmitic pocket of TEAD, therefore inhibiting TEAD’s autopalmitoylation and
reducing YAP-TEAD transcriptional activity. Diverse molecular modeling and high-
throughput virtual screening were performed in order to facilitate the design process.
Then, the focus was switched to PB1 inhibitors. PB1 is a unique protein that contains
six distinct bromodomains and acts as an epigenetic reader for the chromatin remodeler
PBAF. LM146, a potent chemical probe with unprecedented selectivity against other
bromodomains, including SMARCA2, was obtained at the end of this project. Finally,
studies on BPTF, a multidomain protein serving as the major subunit for the chromatin
remodeler NURF, were performed. This led to the first report of NVS-BPTF-1
synthesis, a selective inhibitor of BPTF bromodomain.

Keywords : medicinal chemistry, chemical probe, inhibitor, TEAD, YAP-TEAD,
transcription factor, molecular modeling, high-throughput virtual screening, PBI1,
bromodomain, epigenetic reader, PBAF, chromatin remodeler, BPTF, NURF, NVS-
BPTF-1.



CHAPITRE I

INTRODUCTION

Ce chapitre commencera par une courte présentation des mécanismes de régulation de
I’expression génique chez les eucaryotes. Les acteurs responsables de la régulation de
la transcription seront ensuite abordés plus en détail, incluant notamment les facteurs
de transcription, les modificateurs épigénétiques ainsi que les remodeleurs de
chromatine. Enfin, trois cas spécifiques seront étudiés : (1) le facteur de transcription
TEAD (transcriptional enhancer factor with TEA/ATTS domain), tout particulierement
dans le cadre de son interaction avec son co-facteur YAP (yes-associated protein), (2)
la protéine contenant des domaines bromés PB1 (polybromo-1 protein), sous-unité du
remodeleur de chromatine PBAF (polybromo-associated BAF), (3) la protéine
multidomaines BPTF (bromodomain and PHD-finger containing transcription factor),
sous-unité du remodeleur de chromatine NURF (nucleosome-remodeling factor). Les
travaux de recherche de cette thése, a savoir le développement d’inhibiteurs des trois
régulateurs de I’expression génique cités au-dessus, seront par la suite abordés chapitre

par chapitre.
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Le phénotype de tout étre vivant, y compris les traits caractéristiques d’individus
malades, est un savant mélange entre causes génétiques et environnementales. Chez
I'humain, I’information génétique contenue dans le noyau cellulaire réside au sein de
46 chromosomes, soit 22 paires d’autosomes et deux gonosomes. Avec pres de 20 000
génes,! contenus dans presque chacune des 37.2 trillions de cellules qui constituent le

corps humain,? comment expliquer la diversité de types cellulaires ?

1.1 Régulation de ’expression génique

En dépit du fait que chaque cellule contienne un génome identique, de nombreuses
¢tudes ont montré le lien entre morphologie/fonction cellulaire et expression génique
spécifique.> L’expression d’une partie seulement des génes encodés par I’acide
désoxyribonucléique (ADN) permet ainsi a chaque cellule de se différencier.
L’expression des geénes passe par deux étapes clefs chez les eucaryotes, a savoir la
transcription et la traduction, et, comme illustré au niveau de la Figure 1.1, de
nombreux points de contrdle existent tout le long de cette machinerie.*’ La
transcription est par exemple régulée par les facteurs de transcription, les marques
épigénétiques et I’accessibilité a la chromatine.®” Il est également possible d’agir sur
la transformation de I’ARNm (notamment via 1’épissage, la polyadénylation ou 1’ajout
d’une coiffe), son transport ou sa dégradation.® La traduction peut quant a elle étre
facilement activée ou inhibée.” Pour finir, I’activité d’une protéine reste modulable via
les multiples modifications post-traductionnelles qu’elle peut encore subir.! En
prenant également en compte la régulation des différentes voies de dégradation
protéasomique, il est indéniable que ces nombreuses étapes permettent d’ajuster avec

précision I’expression des genes dans chaque cellule.
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Figure 1.1 Du génome au phénotype, de nombreuses étapes pour réguler 1'expression
des génes*

Différents genes peuvent étre régulés a différentes €tapes et, a I’inverse, certains génes
importants sont quant a eux soumis a plusieurs points de contrdole. Malgré tout, les
études convergent pour dire que la régulation de la transcription, tout particuliérement
son étape d’initiation, est clef pour le contrdle de I’expression de nombre d’entre eux.!!
Pour cette raison, la suite des travaux présents dans cette theése se concentrera sur cette

partie.

1.2 Régulation de la transcription

Comme vu précédemment, la transcription est essentiellement controlée par les
facteurs de transcription, le marquage épigénétique et la topologie de la chromatine.
S’il est évident que des facteurs extrinséques a la cellule (température, niveau
d’oxygene, protéines/molécules envoyées par d’autres cellules ou par I’environnement
du sujet, etc.) ont un impact sur certains des régulateurs transcriptionnels,'>! les

facteurs intrinséques seront priorisés pour des raisons de clarté.

1.2.1 Facteurs de transcription

Les facteurs de transcription sont des protéines qui se lient a des séquences de
régulation de I’ADN, également appelées séquences-cis, afin de moduler le niveau de
transcription d’un géne.'* En controlant quand, ou et avec quelle efficacité I’ARN

polymérase II agit, ils jouent un rdle crucial dans la régulation de 1’expression génique
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chez les eucaryotes.'> Aussi divers soient-ils, il est possible de les séparer en trois

grandes familles basées sur leur fonction :

- Les facteurs de transcription généraux.'® Ils permettent a I’ ARN polymérase 11
de se lier au promoteur du gene et sont donc nécessaires a 1’initiation de la
transcription. Par conséquent, ils sont omniprésents dans 1’ensemble des
cellules.!’

- Les activateurs de transcription.!® Ils stimulent ’expression génétique en
favorisant la formation du complexe de transcription. L’amplificateur sur lequel
ils se lient peut se situer jusqu’a des centaines de paires de base de I’ADN en
amont du promoteur. "’

- Les inhibiteurs de transcription.?’ Plus rares, ils réduisent, voire abolissent,
I’expression génique en génant la formation du complexe de transcription de

facon directe ou indirecte.

Bien entendu, d’autres systemes de classement existent, le plus commun étant établi
sur I’homologie du domaine se liant & I’ADN (DNA-binding domain, soit DBD).
Bien qu’une grande diversité structurale existe, 4 grandes familles se distinguent :
les facteurs de transcription qui possedent des DBD (1) basiques, (2) se
coordonnant au zinc, (3) hélices-coude-hélices (helix-turn-helix, soit HTH), (4) de
type f-scaffold factors with minor groove contacts (Figure 1.2).2! Une cinquiéme
famille a également été créée afin de regrouper les facteurs de transcription dont le
manque de données structurales ne permet pas encore le classement dans I’une des

quatre catégories citées précédemment.?
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Figure 1.2 Classification des facteurs de transcription®!

Chaque DBD reconnait des séquences spécifiques de I’ADN (allant souvent de 4 a 12
paires de bases) avec une affinité jusqu’a 10° fois supérieure pour la séquence ciblée
par rapport au reste du brin de I’ADN.?® En raison de leurs fonctions, la majorité des
facteurs de transcription possédent deux domaines clefs : un ou plusieurs DBD leur
permettant de se lier spécifiquement a I’ADN et une autre région aidant a I’activation
de la transcription. Si les DBD ont été largement étudiés au cours des dernicres
décennies, les données sur les domaines d’activation de la transcription sont moins
nombreuses et impliquent encore certains modéles prédictifs.?* Ce sont des régions
intrinséquement désordonnées qui ont par conséquent été¢ classées en fonction des
acides aminés majoritairement présents. Il existe ainsi des domaines d’activation dits
«acides », c’est-a-dire composés principalement de résidus chargés négativement
comme |’aspartate ou le glutamate. D’autres sont quant a eux riches en prolines,
sérines/thréonines ou encore en glutamines.”> Quelle que soit leur structure, ces
domaines interagissent avec les facteurs de transcription généraux ou des co-
activateurs de transcription, permettant ainsi de faciliter la formation du complexe de
transcription avec I’ARN polymérase II au niveau du promoteur. Surprenamment,

différents facteurs de transcription avec des domaines d’activation variés sont capables
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de se lier aux mémes protéines, par exemple a TAF (TBP-associated factors)
appartenant au complexe général de transcription II D'! ou bien a des protéines du
complexe Mediator,?® a d’autres de 1’histone acétyltransférase p300,%” voire méme a
certaines des protéines formant les homologues humains du remodeleur de chromatine
SWI2/SNF2.2® Cette caractéristique permet ainsi une approche combinatoire ou
I’action conjointe de différents facteurs de transcription est requise pour amorcer la
transcription.”? Cette synergie est essentielle pour la régulation des génes chez les

eucaryotes et passe fréquemment par une homo- ou hétérodimérisation.*

Malgré tout, une question subsiste : si les facteurs de transcription sont capables de
réguler I’expression génique de par leurs structures et leurs capacités a recruter de
multiples co-facteurs transcriptionnels ainsi que I’ARN polymérase II, comment sont-
ils eux-mémes controlés ? Premi¢rement, il est important de rappeler que les facteurs
de transcription restent des protéines. Ce constat implique que pour exister, les facteurs
de transcription ont eux-mémes di €tre transcrits puis traduits. Par conséquent, il est
possible de limiter leur production, notamment via certaines boucles de rétroaction
négatives incluant soit eux-mémes soit d’autres facteurs de transcription,®! ou bien il
est possible de jouer sur la localisation sous-cellulaire du dit facteur de transcription.
En effet, pour pouvoir exercer sa fonction, un facteur de transcription doit se trouver
dans le noyau cellulaire et donc migrer hors du cytoplasme dans lequel il se trouve
apres sa traduction. Deuxiémement, un facteur de transcription est rarement activé
directement aprés son entrée dans le noyau; il peut avoir besoin de se lier
préalablement a un ligand,** d’étre phosphorylé,** ou bien d’interagir avec des co-

facteurs®> ou d’autres facteurs de transcription.*® Pour finir, en remaniant la structure



de la chromatine, I’acces a la portion du géne a transcrire peut tout simplement lui étre

rendu impossible.

1.2.2  Topologies de la chromatine et marquage épigénétique

Chez les eucaryotes, I’ADN, présent sous forme d’hélice a double brin, interagit avec
des octameres d’histones (deux copies respectives de H2A, H2B, H3 et H4) afin de
former des nucléosomes. Cette structure, souvent décrite en « collier de perles », est
peu condensée et permet la transcription des genes; il s’agit de I’euchromatine. Chaque
nucléosome va ensuite se lier a une histone H1, donnant ainsi des chromatosomes qui
vont se joindre pour créer une fibre.?’” Cette fibre va alors s’enrouler sur elle-méme,
constituant 1’hétérochromatine. A I’inverse de 1’euchromatine, 1’hétérochromatine est

hautement compactée et est considérée inactive vis-a-vis de la transcription (Figure
1.3).8
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Figure 1.3 Topologies de la chromatine®’

Méme a I’état d’euchromatine, la transcription reste difficile et nécessite plusieurs
sous-¢tapes. En effet, a partir du moment ou I’ADN s’est enroulé autour du complexe

d’histones, les s€quences-cis demeurent inaccessibles pour tout facteur de transcription



n’étant pas « pionnier ». La majorité des facteurs de transcription doivent donc attendre
I’intervention conjointe de complexes permettant des modifications covalentes sur la
chromatine et de remodeleurs de chromatine (chromatin remodelers) avant de pouvoir

se lier a ’ADN.

1.2.2.1 Marquage épigénétique

Les modifications covalentes sur les histones, voire directement sur I’ADN, vont
influencer la topologie de la chromatine et donc, par extension, I’expression génique.*
Ces marquages dits épigénétiques sont réversibles et transmissibles de génération en
génération, régulant ainsi la transcription sans pour autant changer la séquence
nucléosidique. S’il existe de nombreuses modifications possibles (méthylation,
acétylation, phosphorylation, ubiquitination, etc.) et s’il est clair que certaines
combinaisons peuvent agir de maniére synergique ou antagoniste,*’ deux d’entres elles
sont tout particulierement importantes pour la modulation de la chromatine:

l'acétylation et la méthylation.

Tout d’abord, 1’acétylation.*! Chaque histone est susceptible d’étre acétylée au niveau
de lysines spécifiques de leur domaine N-terminal par des histones acétyltransférases
(HAT). Ce marquage épigénétique neutralise ainsi la charge positive de la lysine
(normalement ionisée sous forme d'ammonium a pH physiologique), diminuant ainsi
les interactions ioniques avec les groupes phosphates de I'ADN, les interactions
nucléosomes/nucléosomes et les contacts de certaines protéines stabilisant
I’hétérochromatine.*? L ensemble de ces modifications entraine une flexibilité accrue
de la chromatine, exposant finalement I’ADN aux facteurs de transcription. Une
hyperacétylation globale des histones est donc généralement associée aux régions
actives en transcription, tandis que la désacétylation catalysée par les histones
désacétylases (HDAC) est quant a elle affiliée a une répression, voire un silencage de

’expression génique.*
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Ensuite, la méthylation. La méthylation de certaines lysines ou arginines,
principalement sur les extrémités N-terminales des histones H3 et H4, par des histones
méthyltransférases (HMT) peut mener soit a ’activation, soit a la répression de la
transcription en fonction du résidu ciblé et du nombre de groupements méthyles
avoisinants.** Contrairement aux HAT, les HMT présentent une spécificité accrue et
modifient généralement un seul résidu sur une seule histone.*> De fagon intéressante,
le silencage des geénes a souvent été corrélé avec une méthylation de I’ADN dans la
région de leurs promoteurs.*® Cette méthylation s’effectue principalement sur la
cytosine d’ilots CpG via ’action d’ADN méthyltransférases (DNMT) et est associée a
I’hétérochromatine.*” S’il ne fait aucun doute que la méthylation de I’ADN et celle des
histones sont étroitement liées,*® il est important de préciser que les DNMT peuvent
également agir de concert avec d’autres enzymes épigénétiques, notamment les HDAC,

afin d’inhiber la transcription génique.*

Si I’ensemble de ces marques épigénétiques module parfois la structure de la
chromatine de fagon directe, la majeure partie du temps leur impact est indirect et passe

par le recrutement de co-facteurs ou de remodeleurs de chromatine.>

1.2.2.2 Remodeleurs de chromatine

Les remodeleurs de chromatine sont des complexes multiprotéiques possédant un
domaine catalytique ATPase capable d’altérer la structure, la composition ou le
positionnement des nucléosomes. Il existe quatre grandes familles basées sur les
domaines adjacents a celui permettant 1’hydrolyse de I’ATP: (1) la famille
switch/sucrose non-fermenting SWI/SNF avec ses domaines bromés (bromodomains)
et HSA (helicase-SANT), (2) la famille imitation switch ISWI avec ses domaines
HAND, SANT et SLIDE, (3) la famille chromodomain/helicase/DNA-binding domain
CHD avec ses domaines chromés en tandem (tandem chromodomains) et (4) la famille

inositol requiring 80 INO80 qui posséde un domaine HSA (Figure 1.4).%!
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Figure 1.4 Les quatre familles de remodeleurs de chromatine®!

Nombre de remodeleurs de chromatine possedent des domaines considérés comme des
lecteurs épigénétiques, ¢’est-a-dire capables de reconnaitre sélectivement les marques
épigénétiques énumérées dans la partie précédente. Il est cependant a noter que ces
lecteurs épigénétiques ne sont pas un attribut exclusif des remodeleurs de chromatine
et que les domaines présents dans les différentes familles citées ci-dessus ne constituent
pas une liste exhaustive des lecteurs épigénétiques existants.”” Par exemple, la
méthylation des lysines est entre autres reconnue par différents modules de la famille
Royal (domaines chromés (chromodomains), domaines tudor, domaines MBT,

domaines PWWP) ainsi que par des domaines PHD.>

Les remodeleurs de chromatine sont impliqués dans de nombreux procédés biologiques,
incluant notamment 1’assemblage de la chromatine, la compensation de dose du
chromosome X, la réplication, réparation et recombinaison de I’ADN, la ségrégation
des chromosomes, le développement embryonique, la pluripotence et, bien entendu, la
régulation de 1’expression génique.”* Chaque famille posséde un réle spécifique
permettant d’équilibrer 1’acceés aux génes. Certains remodeleurs aident par exemple

I’assemblage de la chromatine en permettant la déposition de nouveaux nucléosomes
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tout en favorisant leur espacement adéquat. D’autres remodeleurs rendent accessibles
les séquences-cis de I’ADN afin d’activer le recrutement des facteurs de transcription.
Pour ce faire, le remodeleur peut : (1) faire glisser les nucléosomes afin que la partie
désirée de ’ADN se retrouve entre les nucléosomes, (2) éjecter le nuclésome en
question pour que I’ADN n’interagisse plus avec I’octamere d’histones, (3) dérouler
une portion de ’ADN localement, directement sur le nucléosome. Pour finir, certains
remodeleurs qui participent a la réparation et recombinaison de I’ADN modulent la
composition des nucléosomes en échangeant le dimeére H2A-H2B par d’autres diméres

d’histones ou en supprimant certains diméres du dit nucléosome (Figure 1.5).>*
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Figure 1.5 Mécanismes d'action généraux des remodeleurs de chromatine>*

Au vu du nombre de membres que chaque famille contient, il est difficile de catégoriser
une famille comme étant responsable d’une action biologique en particulier. Malgré
tout, les études semblent indiquer que la famille SWI/SNF a tendance a promouvoir
I’expression génique en augmentant 1’exposition de I’ADN nu tandis que la majorité
des membres de la famille ISWI permettent davantage I’assemblage et I’organisation

des nucléosomes.> Plus précisément, les homologues SWI/SNF de 1'humain ont entre
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autres été associés a la suppression des tumeurs,®® a la différentiation,’’ au
développement,>® a I’¢longation® ainsi qu’a 1’épissage.*

S’il est évident que les remodeleurs de chromatine utilisent les lecteurs épigénétiques
afin de reconnaitre les histones et les nucléosomes, leurs interactions dynamiques avec
les facteurs de transcription pionniers semblent également jouer un rdle dans

I’accessibilité de I’ ADN.°!

1.2.2.3 Facteurs de transcription pionniers

Les facteurs de transcription dits « pionniers » correspondent a la catégorie des facteurs
de transcription capable de se lier directement a I’ADN nucléosomal.®? Ils peuvent agir
de fagon directe, en ouvrant localement la chromatine afin de permettre a d’autres
facteurs de transcription d’accéder a I’ADN,® ou bien de maniére indirecte, en se liant
a des séquences de régulation de I’ADN, menant ainsi a I’initiation rapide de la
transcription de geénes spécifiques lors du développement ou a la suite de signaux
hormonaux.** Les facteurs pionniers peuvent aussi recruter des remodeleurs de
chromatine ou moduler le marquage épigénétique.® Il a par exemple été démontré que
les facteurs pionniers peuvent notamment protéger certaines cystéines de la

méthylation, évitant ainsi le silengage des génes en question.®

Maintenant que les mécanismes principaux de régulation de 1I’expression génique ont
¢té mis en lumiére, les prochaines parties de ce chapitre traiteront au cas par cas de
trois acteurs spécifiques : (1) le complexe de transcription YAP-TEAD (yes-associated
protein - transcriptional enhancer factor with TEA/ATTS domain), (2) la protéine
contenant des domaines bromés PB1 (polybromo-1 protein), sous-unité du remodeleur
de chromatine PBAF (polybromo-associated BAF), (3) la protéine multidomaines
BPTF (bromodomain and PHD-finger containing transcription factor), sous-unité du

remodeleur de chromatine NURF (nucleosome-remodeling factor).
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1.3 Complexe transcriptionnel YAP-TEAD

Chez les mammiferes, le complexe transcriptionnel YAP-TEAD est considéré comme

étant I’effecteur principal de la voie de signalisation Hippo.

1.3.1 Voie de signalisation Hippo

Initialement découverte lors d’un criblage génétique sur des mutants Drosophila
melanogaster présentant une surcroissance tissulaire, la voie de signalisation Salvador-
Warts-Hippo (SWH ou plus simplement Hippo) régule la prolifération cellulaire et
I’apoptose chez les organismes multicellulaires afin d’assurer un développement
normal des tissus ainsi qu’une croissance adéquate des organes.®” Pour ce faire, cette
voie de signalisation est tout particulierement sensible a 1’organisation spatiale et
physique des cellules, coordonnant notamment 1’inhibition de contact.®® Chez les
mammiferes, des facteurs extracellulaires tels que les signaux hormonaux, les jonctions
cellulaires, la matrice extracellulaire ou encore les protéines RASSF et NF2/Merlin
vont ainsi pouvoir activer la voie Hippo et déclencher une cascade de kinases.®>’® A la
suite des phosphorylations séquentielles des complexes Mst1/2 — Sav et Lats1/2 — Mob
permettant d’activer les kinases en question, le co-activateur transcriptionnel YAP
(yes-associated protein) et son unique paralogue TAZ (transcriptional co-activator
with PDZ-binding motif, également connu sous le nom de WWTRI) vont a leur tour
étre phosphorylés, entrainant alors leur liaison avec la protéine 14-3-3, suivie
ultimement de leur dégradation.”! Il est a noter que la dégradation de YAP/TAZ dans
le cytoplasme s’effectue a la fois par la voie ubiquitine/protéasome via le recrutement
de I’ubiquitine ligase E3 SCFPTRCP 72 qinsi que par ’autophagie.” En revanche,
lorsque la voie de signalisation Hippo est inactive, YAP/TAZ non phosphorylés
translocalisent dans le noyau ou ils interagissent avec de nombreux facteurs de
transcription, parmi lesquels se trouvent p73, RUNXSs (runt related transcription

factor), SMADS ou encore les 4 isoformes de la famille TEAD (transcriptional
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enhancer factor with TEA/ATTS domain),”* afin d’initier la transcription de génes
divers favorisant la prolifération cellulaire et la croissance des organes (Figure 1.6). Il
est intéressant de mentionner que YAP et TAZ, bien que présents sur différents
chromosomes (11q22 et 3q23-q24 respectivement) et codant pour des protéines de
différentes tailles (approximativement 488 acides aminés versus 400 pour TAZ),
partagent 46% de leur séquence d’acides aminés et possédent des topologies presque
identiques.” Ces caractéristiques structurales partagées leur confeérent des fonctions
souvent similaires et la suite des travaux de cette theése se concentrera sur YAP pour

des raisons de clarté d’écriture.”®
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Figure 1.6 Voie de signalisation Hippo

En temps normal, la voie Hippo contrdle la taille des organes en régulant 1I’expansion
des cellules souches par inhibition de YAP. Une fois passé le stade développemental,
la voie Hippo reste impliquée dans de nombreux processus biologiques, notamment
I’homéostasie, la différenciation cellulaire et la régénération/réparation des tissus. En
cas de mutation au sein de la voie de signalisation entrainant, directement ou
indirectement, une hyperactivation de YAP, une surcroissance des organes est
généralement observée ainsi qu’un risque élevé de tumorigénése.”” 1l est a noter que,

méme si moins souvent abordée et étudiée, une telle hyperactivation a également été
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impliquée dans d’autres maladies telles que la douleur neuropathique’® ou la fibrose,”

mais que cette thése se cantonnera au cancer pour davantage de concision.

1.3.2  Dérégulations et implications dans le cancer

De nombreuses ¢tudes ont démontré 1’implication de dérégulations de la voie Hippo
dans diverses formes de cancer.’3! Les analyses de 1’Atlas du génome du cancer ont
permis de mettre en lumic¢re I'importance de l’effecteur en aval de la voie de
signalisation en révélant que parmi 33 types de cancer, YAP est le facteur le plus
fréquemment amplifi¢ de la voie Hippo, tout particuliérement dans les cancers

squameux.®?

1.3.2.1 YAP, une protéine proto-oncogénique

En particulier, la surexpression de YAP et sa présence accrue dans le noyau cellulaire
ont été observées dans de nombreux cas, incluant notamment, mais non exclusivement,
les cancers du foie,** du colon,® des ovaires,®> des poumons®¢, de la prostate®” ainsi
que les tumeurs solides.®® Une surexpression de YAP induit par exemple une
augmentation des transitions €pithéliale-mésenchymateuses (EMT), caractéristique de
certaines progressions tumorales et métastatiques, dans diverses lignées cellulaires.®**°
Chez la souris, des niveaux ¢élevés de YAP dans le noyau ont été associés a une sur-
croissance du foie associée a des carcinomes.’! Il est cependant important de préciser
que YAP ne posseéde pas de domaine lui permettant de se lier directement a I’ADN, son
impact provenant donc principalement de ses interactions avec ses partenaires de

transcription. Il a ainsi ét¢ démontré que le caractére proto-oncogénique de YAP est

essentiellement lié a son association avec TEAD.*?

1.3.2.2 YAP-TEAD interdépendance et dérégulations

En formant un complexe transcriptionnel avec TEAD, tout en recrutant I’activateur de

transcription Mediator,”> YAP active 1’expression des génes responsables de la
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prolifération cellulaire tout en inhibant celle des génes codant pour 1’apoptose. Les
principaux génes régulés sont Cyr61, CTGF (Connective Tissue Growth Factor), c-
mye,”* AXL,” AREG et survivin.”® A ce jour, de nombreuses études indiquent que YAP
agit comme principal co-activateur de TEAD et, réciproquement, TEAD parait
indispensable a I’activation et a I’accumulation de YAP dans le noyau cellulaire.”’ Le
séquencage ChIP-Seq a notamment permis de découvrir que (1) YAP et TEAD co-
occupent plus de 80% des promoteurs détectés dans des cellules MCF10A,%® (2) dans
des cellules MDA-MB-231 génétiquement modifiées pour présenter une voie Hippo
inactive, 80% des protéines TEAD liées a des séquences-cis de ’ADN forment des
hétéromeres avec YAP et, inversement, 75% des protéines YAP liés a I’ADN le sont
via leurs interactions avec TEAD,” (3) 86% des pics associés & YAP indiquent une
association avec TEAD dans des cellules du glioblastome.'® Il a également été
démontré que, dans le cas ou TEAD serait absent du noyau cellulaire (en raison d’une
translocation cytoplasmique induite ou d’un knock-out), YAP ne migre pas dans le
noyau, peu importe son état de phosphorylation ou les stimuli appliqués.'®! D’une
facon similaire, une étude avec des knockdowns de TEAD a établi que les cellules
présentent un silencage de la majorité des génes associés a YAP ainsi qu’une
atténuation de la surcroissance.’® A I’inverse, une surexpression de TEAD induit une
accumulation de YAP dans le noyau, suivi par I’expression de génes essentiels pour
IPEMT et la métastase.!” Cette interdépendance entre YAP et TEAD permet
d’expliquer en partie qu'une surexpression de TEAD a également ¢été associée a de
nombreux types de cancer dont les cancers de 1’estomac, des seins, du colon ou de la

prostate, 03104

105

généralement accompagnés d’une faible survie pour les patients

atteints.

L’ensemble de ces études reliant YAP et/ou TEAD au cancer révelent que ce complexe
est non seulement impliqué dans 1’activation et la transcription de génes de croissance
mais aussi dans celles de genes qui conferent des propriétés souvent associées aux

cellules cancéreuses.
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1.3.2.3 Implication de YAP-TEAD dans les propriétés des cellules cancéreuses

Si une hyperactivation de YAP-TEAD entraine de fagcon logique une prolifération
aberrante des cellules menant souvent a [I’initiation de tumeurs, le complexe
transcriptionnel joue également un role important dans leur progression et leur

résistance aux thérapies anti-cancéreuses.!'*®

Premiérement, un niveau surélevé de YAP permet aux cellules cancéreuses de prévenir
leur mort programmeée. Il a par exemple été démontré qu’une surexpression de YAP
permet aux cellules d’éviter 1’anoikose (processus qui peut étre réversible comme
illustré par la restauration de cette forme d’apoptose dans des knockdowns de YAP).!"
YAP est aussi responsable de la suppression des formes d’apoptose mitochondriale.!%
En activant I’expression de génes inhibiteurs de I’apoptose, tels que Survivin, Y AP-
TEAD perturbe également les voies d’apoptose extrinséques initiées par TNF-a et
FAS.!” En plus d’aider les tumeurs a échapper a la mort cellulaire, YAP-TEAD
favorise leur croissance en induisant 1’expression de génes de facteurs de croissance

comme AREG, de génes oncogéniques comme c-myc ou encore de geénes activant

I’angiogenése comme CTGF.!!?

Deuxiémement, il faut savoir que Y AP est non seulement actif dans les cellules souches
cancéreuses (CSC) mais est également nécessaire pour I’expansion de ces derniéres.
YAP est ainsi capable de reprogrammer des cellules tumorales normales en cellules
présentant des propriétés caractéristiques des CSC, incluant la résistance aux

T et I’induction de métastases.''? Le développement de mécanismes de

traitements
résistance aux thérapies anti-cancéreuses causé¢ par YAP est puissant et vari€ et inclu
une résistance a la chimiothérapie, a la thérapie moléculaire ciblée, a I’immunothérapie
ainsi qu’aux radiations.!'*!!* Ceci s’explique partiellement par une augmentation de la
tension du cytosquelette de la cellule cancéreuse, activant davantage Ila

mécanotransduction et par conséquent, I’accumulation de YAP dans le noyau ; YAP

va ensuite permettre d’augmenter le dépot de la matrice extracellulaire, qui va alors
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avoir tendance a se rigidifier, réinitialisant ainsi la boucle. Ce processus de
rigidification de la matrice extracellulaire induit par Y AP abroge également I’inhibition
de contacts qui permet normalement de limiter la prolifération cellulaire.''* Pour ce qui
est de I'induction de métastases, YAP-TEAD promeut plusieurs étapes de leurs
formations : (1) perturbation des jonctions cellulaires, impact sur la polarité¢ de la
cellule, activation de I’expression de geénes mésenchymateux, en d’autres termes :
activation de ’EMT, (2) migration et intravasation, (3) survie dans différents milieux,

(4) croissance des métastases. '

L’ensemble de ces résultats explique que la formation du complexe fonctionnel YAP-
TEAD est un véritable enjeu pour le développement de médicaments efficaces contre
le cancer, que ce soit comme agents seuls ou en combinaison avec des thérapies

existantes.

1.3.3 Développement d’inhibiteurs de YAP-TEAD

De nombreuses stratégies peuvent €tre mises au point afin d’inhiber 1’activité¢ du

complexe fonctionnel YAP-TEAD.!!”

1.3.3.1 Inhibiteurs non spécifiques

Puisqu’il s’agit des effecteurs finaux de la voie Hippo, 1’une des options envisageables
est d’activer les membres en amont dans la voie de signalisation afin d’induire une
phosphorylation accrue de YAP, empéchant ainsi sa translocalisation dans le noyau et
par conséquent son interaction avec TEAD. Par exemple, les statines, le Dasatinib ou
le Pazopanib sont connus pour étre des régulateurs non spécifiques de YAP-TEAD en
agissant sur de multiples cibles en amont du complexe.!!® Malheureusement, cette
stratégie pose plusieurs problemes : (1) les kinases ciblées sont impliquées dans
d’autres processus biologiques, ce qui augmente le risque de causer des effets

indésirables et (2) le développement d’activateurs reste un défi avec peu d’approches
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rationnelles connues. L’option la plus viable est donc de s’attaquer directement au
complexe YAP-TEAD, soit en inhibant directement I’un des deux partenaires, soit en

empéchant I’interaction protéine-protéine.

1.3.3.2 Inhibiteurs de YAP

Pour ce qui est de I’inhibition de YAP, il faut savoir qu’il existe 8 variants d’épissages
séparés en deux isoformes majeurs : YAPI1, contenant un unique domaine WW, et
YAP2, possédant deux domaines WW.'!* YAP interagit avec TEAD via un domaine
de liaison a TEAD N-terminal (N-terminal TEAD-binding domain, TBD) connecté a

un domaine de transactivation C-terminal par le(s) domaine(s) WW (Figure 1.7).1%°
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Figure 1.7 Structure de YAP2-y!'%

Y AP est une protéine intrinséquement désordonnée qui, de ce fait, est difficile a cibler
avec de petites molécules. A ce jour, la Vertéporfine est considérée comme inhibiteur
de référence de YAP (Figure 1.8). Actuellement prescrit comme agent
photosensibilisant dans les cas de dégénérescence maculaire, cette porphyrine agit en
augmentant 1’activité de la protéine chaperonne 14-3-3 et donc par conséquent en
accroissant la séquestration puis la dégradation protéasomique de YAP, empéchant
ainsi la formation du complexe YAP-TEAD."?! Le seul autre candidat en lice des

inhibiteurs de YAP est le composé¢ CA3 (Figure 1.8). Cette fluorénone oxime a été
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rapportée comme capable de diminuer 1’expression de YAP ainsi que l’activité

transcriptionnelle de YAP-TEAD.'?
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Figure 1.8 Inhibiteurs de YAP

Bien que I’activité antitumorale de ces deux agents ait été démontrée, > la Vertéporfine
reste un inhibiteur non spécifique de YAP, donc non idéal.!** Quant a CA3, son mode
d’interaction et d’inhibition de YAP demeure inconnu. Considérant également que
Y AP peut parfois jouer le role de suppresseur de tumeurs lorsqu’il n’interagit pas avec
TEAD,!® il semble plus judicieux d’agir soit en perturbant la formation du complexe

YAP-TEAD, soit en inhibant TEAD directement.

1.3.3.3 Inhibiteurs pertubant I’interaction protéine-protéine

La structure cristalline de YAP2 interagissant avec TEAD1 (code PDB : 3K'YS) montre
que trois surfaces d’interaction entrent en jeu lorsque YAP s’enroule autour de TEAD.
L’interface 1 est régie par sept liaisons hydrogenes entre le squelette peptidique de
YAP et les feuillets f1 et B7 de TEAD, formant ainsi un feuillet § antiparallele.
L’interface 2 est créée par la proximité de I’hélice al de YAP avec les hélices a3 et a4
de TEAD. Cette liaison est conditionnée par des interactions hydrophobes. Dans
I’interface 3, la boucle Q de YAP interagit avec une poche profonde de TEAD, formée

par ses feuillets P4, 11, 12 et ses hélices al et a4 (Figure 1.9)."%° De ces trois surfaces
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d’interaction, I’interface 3 a été rapportée comme étant la plus importante pour la

formation de 1’hétérodimeére.'?’

Figure 1.9 Interactions entre hYAP ethYBD de TEAD1 en présence d’acide palmitique
(beige) (PDB: 3KYS et SHGU). hTEAD YBD en violet, YAP en vert (interface 1),
bleu (interface 2), rouge et orange (interface 3)

Apres avoir mis en lumiere les résidus clefs présents dans les sites de liaison des deux
protéines, de nombreux groupes de recherche se sont penchés sur le développement de
peptides pour empécher ces interactions. Des peptides similaires & YAP, sous forme

128 et linéaire,'” des peptides denses en cystéines'*” ainsi que des peptides

cyclique
mimant VGLL4!3! ont par exemple été étudiés. De facon intéressante, ces découvertes
ont ét¢ menées autant par de grands groupes pharmaceutiques, comme Roche et
Novartis, que par des laboratoires académiques, démontrant bien le potentiel
thérapeutique et l’intérét croissant pour YAP-TEAD. Cependant, aucun de ces
composés n’a pour le moment ét¢ amené en phase clinique en raison de problémes
associés a des profils pharmacocinétiques non optimaux, une faible stabilité

plasmatique ainsi qu’une perméabilité cellulaire moindre. Afin de s’¢loigner des

difficultés souvent inhérentes aux peptides, d’autres groupes se sont tournés vers le
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développement de petites molécules. A la suite de campagnes de criblage virtuel ont
donc été rapportés le composé 1 qui se lie avec un ICso de 6.5 uM dans une cavité
formée par la région C-terminale de hTEADI en périphérie de I’interface 3'3? et
CPD3.1, une molécule tétracylique qui bloque I’interaction de YAP avec TEADI en
inhibant ’activité de TEAD avec un ICso de 110 pM (Figure 1.10)."3? Finalement, deux
campagnes de criblage paralléle (I’une basée sur des fragments, 1’autre étant un HTS),
ont permis a Inventiva de breveter le composé 2 et ses dérivés.!** Le composé 2 déplace
YAP avec un ICso de 886 nM et permet d’inhiber la prolifération dans des cellules du
mésothéliome NCIH2052.'%

Cl
Cl

1 H CPD3.1 2

Figure 1.10 Petites molécules pertubant l'interaction protéine-protéine

Malgré tout, I’optimisation de composés se liant d’un c6té ou de I’autre de 1’interface
YAP-TEAD reste un défi de taille en raison de 1’absence de véritable poche définie au
niveau des différentes interfaces. La derniere approche stratégique est donc de venir

inhiber directement le deuxiéme partenaire du complexe, a savoir TEAD.

1.3.3.4 Inhibiteurs de TEAD

La famille TEAD est composée chez les mammiféres de quatre paralogues nommés
TEADI, TEAD2, TEAD3 et TEAD4 avec une homologie de séquence variant de 61 a
73%. L’ensemble de ces protéines partage un domaine de liaison a I’ADN N-terminal
(DBD), lié par une région riche en proline (PRR) d’environ 100 acides aminés a un
domaine de liaison de YAP/TAZ/VGLL C-terminal (fréquemment référé simplement

par YBD pour YAP-binding domain). Les DBD et YBD sont hautement conservés
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parmi les quatre membres avec une homologie de séquence minimale de 87.9% et de

72.0%, respectivement (Figure 1.11).1%

GT-IIC : 5'-ACATTCCAC-3'

MCAT : 5'-CATTCCA/T-3'
FZ\"7,\N

1 30 120 206 C344 426
TEAD1 N DBD PRR YBD C

1 40 114 217 ('N”é 447
TEAD2 N DBD PRR YBD C

34.6% 39.2%

é palmitoylation

1 28 104 173 C371 435
TEAD3 N DBD PRR YBD C

41.4% 42.4%

1 30 105 217 (‘7‘(’“% 434
TEAD4 N DBD PRR YBD C

37.9% 56.3%

Figure 1.11 Structures et homologies de la famille TEAD

Alors que les formes complétes de TEAD sont exclusivement présentes dans le noyau
cellulaire, certaines isoformes d’épissage composées uniquement de la partie C-
terminale avec le PRR et le YBD ont été détectés a la fois dans le cytoplasme et le
noyau, servant apparemment de régulateurs additionnels de YAP.!*® Malgré la forte
homologie de séquence des formes completes de TEAD, il semblerait que chaque
paralogue posseéde une fonction distincte. Ainsi chaque membre de la famille TEAD
est exprimé différemment selon le tissu et le stade de développement, méme s’il est a
noter que presque tous les tissus expriment au moins 1’'un des geénes de TEAD, si ce
n’est les quatre. TEAD1 semble nécessaire pour la différenciation et le développement
des muscles cardiaques,'*’ tandis qu’un knockout de TEAD2 est viable mais augmente

les risques d’exencéphalies.'*® Selon toute vraisemblance, TEAD1 et TEAD2 partagent
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certaines fonctions encore non définies lors du développement de I’embryon.'*
TEAD4 semble quant a lui étre 1i¢ a I’implantation de 1’embryon et est largement
exprimé dans les muscles squelettiques.'*’ Finalement, la fonction exacte de TEAD3
reste un mystére, mais la protéine serait principalement exprimée dans le placenta'*! et
d’autres tissus (systéme nerveux et muscles notamment) lors du développement.'*? En
dehors du stade développemental, peu est encore connu sur le role de chaque paralogue.
Etant donné leurs fonctions distinctes et leurs niveaux d’expression variables selon les
tissus, il est donc difficile de prévoir si un inhibiteur a large spectre (pan-inhibitor) sera
nécessaire pour inhiber le caractére oncogénique du complexe YAP-TEAD ou si un
inhibiteur sélectif de certains membres de la famille TEAD serait plus favorable. Quoi
qu’il en soit, développer un antagoniste de TEAD semble une stratégie moins risquée
qu’inhiber YAP puisque TEAD apparait comme non essentiel a ’homéostasie chez les
adultes, diminuant ainsi les risques d’effets secondaires majeurs potentiels.”’®!*?

Théoriquement, le développement de tels inhibiteurs pourrait se concentrer soit sur le
DBD, soit sur le YBD, deux régions hautement conservées chez les différents

paralogues.

1.3.3.4.1 Inhibiteurs du DBD de TEAD

Des études par mutations géniques démontrent que des altérations du DBD de TEAD
meénent a une diminution du taux d’occupation des promoteurs de TEAD, une perte de
spécificité de reconnaissance de I’ADN, une réduction de la transcription associée au
complexe YAP-TEAD et donc une croissance réduite des cellules.!** Bien que la
preuve de concept soit prometteuse, il n’existe a ce jour aucun inhibiteur du DBD de
TEAD. Ceci peut s’expliquer par deux raisons principales. Premiérement, les
interactions sont principalement générées par des hélices a de TEAD avec des sillons
de I’ADN. Il n’existe donc pas de poche bien définie pour favoriser le développement
118

de petites molécules, bien que des pseudo-cavitées aient été identifiées (Figure 1.12).

Deuxieémement, empécher une interaction protéine/ADN requiert généralement une
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molécule chargée, ce qui peut devenir problématique pour passer la membrane

nucléaire.

Figure 1.12 Pseudo-cavités potentiellement ciblables pour I’inhibition du DBD de
TEAD'®

La découverte d’une poche centrale hydrophobe dans le YBD ou s’effectue la

palmitoylation post-traductionnelle de TEAD permet une autre approche.

1.3.3.4.2 Inhibiteurs de la palmitoylation de TEAD dans le YBD

La formation d’une liaison covalente entre un résidu d’acide palmitique et une cystéine
conservée chez tous les paralogues de TEAD induit I’auto-palmitoylation de la protéine
au niveau d’une poche centrale hydrophobe présente dans son YBD. Cette cavité est
bien définie et conservée au sein de la famille TEAD. En prenant I’exemple de TEAD2,
il est possible de remarquer que I’interaction principale s’effectue a I’entrée de la cavité
via les résidus C380 et K357 tandis que 1’hydrophobicité provient a la fois de
groupements aromatiques (3 phénylalanines, 1 tyrosine) et aliphatiques (1 méthionine,

1 isoleucine, 4 leucines, 4 valines et 2 alanines). Il est également intéressant de noter
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que la cavité s’étend directement vers ’interface 1 entre YAP et TEAD avec le feuillet

B1 de TEAD qui en masque I’entrée.

L’influence exacte de cette palmitoylation sur I’interaction entre YAP et TEAD reste
débattue au sein de la communauté scientifique. Certaines études montrent que
I’affinit¢ avec YAP est drastiquement réduite lorsqu’il y a absence de
palmitoylation,'* tandis que d’autres études par mutations partielles semblent indiquer
que Dinteraction entre YAP et TEAD est maintenue, mais avec une plus faible
affinité.!**!" Une rigidification de TEAD semble étre a I’origine de ces résultats. 3 Si
I’effet allostérique est encore questionné, tous s’accordent a dire que la palmitoylation
augmente la stabilité de TEAD, ce qui lui permet d’acquérir et/ou de maintenir sa
conformation active.!* Le niveau d’expression et d’activité transcriptionnelle de

TEAD est également directement modulé par son état de palmitoylation. '

L’ensemble de ces données, combiné au fait qu’une poche définie et hydrophobe
constitue un environnement idéal pour la liaison de petites molécules, explique que
cette stratégie est actuellement la plus couramment exploitée pour le développement
d’inhibiteurs de YAP-TEAD.!*! L acide flufénamique et I’acide niflumique ont été les
premiers inhibiteurs de la palmitoylation de TEAD a étre rapporté en 2015. Bien que
leur liaison n’empéche pas la formation du complexe fonctionnel a proprement parler,
elle méne malgré tout a une réduction du niveau d’expression des genes associés a
YAP-TEAD dans la lignée cellulaire MCF10A avec un Kp de 73 uM pour I’acide
flufénamique.' En 2017, MGH-CP1 fut breveté par I’hopital général du
Massachusetts (Mass General) a Boston comme ligand se liant dans la poche
palmitique de TEAD?2, réduisant 1’activation des genes avec un ICso de 83 nM dans un
test cellulaire de reporteur Gal4-TEAD] ainsi que I’expression de CTGF et Cyr61.'#
Une subvention (RO1CA238270) accordée par le National Cancer Institute (NCI) est
actuellement en cours et devrait se poursuivre jusqu’en 2024, mais a ce jour aucun

résultat concernant 1’optimisation ou le statut de MGH-CP1 n’a été publié. Un autre
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brevet, mais cette fois-ci déposé par Inventiva en France, rapporte le composé 3 qui,
aussi par test cellulaire de reporteur Gal4-TEAD, diminue 1’activation de TEAD avec
un ICsp de 260 nM. !> Une fois de plus, le stade de développement de 3 et de ses dérivés
reste inconnu. L’intérét croissant pour YAP-TEAD comme cible thérapeutique, et pour
cette approche qui est d’inhiber la palmitoylation de TEAD en particulier, s’illustre par
la publication récente des inhibiteurs 4 (issue d’une collaboration entre Genentech et
Roche)'>* et 5 (projet en partenariat entre plusieurs facultés de Dortmund en Allemagne
et AstraZeneca)'> ainsi que par la présentation au meeting annuel de 1’association
américaine de la recherche contre le cancer (AACR) 2020 de deux autres inhibiteurs
réversibles, dont les structures n’ont pas €té divulguées, actuellement en phases pré-

cliniques (développés par la biotech Ikena Oncology'*®

et par le centre de conception
et de découverte de médicaments a Louvain en Belgique,'’ respectivement).
Finalement, divers inhibiteurs covalents sont également en cours de développement.
Ces dérivés DC-TEADin02,"*® TED-347"° et K-975'®0 se lient avec la cystéine
présente a I’entrée de la cavité et présentent des activités anti-tumorales dies a
I’inhibition de 1’auto-palmitoylation de TEAD. Il est cependant important de constater
qu’une exception existe : I’interaction de la quinolinole Q2 avec la poche palmitique
de TEAD meéne quant a elle a une augmentation de ’activité transcriptionnelle du

complexe YAP-TEAD (Figure 1.13).6! Ainsi, Q2 n'agit donc pas comme un inhibiteur

de TEAD mais plutét comme un activateur de ce dernier.
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Figure 1.13 Inhibiteurs de la palmitoylation de TEAD dans le YBD

L’ensemble des approches citées précédemment révelent un intérét croissant et
indéniable pour le développement d’antagonistes de I’activité transcriptionnelle du
complexe YAP-TEAD. Véritable enjeu dans la lutte contre le cancer, il n’existe a ce
jour aucun inhibiteur approuvé, ni méme en phases cliniques connues. Les travaux du
chapitre II de cette thése feront donc état de la conception, de la synthése et de
I’évaluation biologique de nouveaux dérivés de I’acide flufénamique se liant de fagon
réversible dans la poche palmitique de TEAD afin d’inhiber I’auto-palmitoylation ainsi
que I’activité transcriptionnelle associée a YAP-TEAD. Par la suite, le chapitre 111
présentera divers outils informatiques employés afin soit de guider I’optimisation de la

série présentée au chapitre 11, soit d’identifier de nouveaux inhibiteurs de TEAD.
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1.4 Lecteur épigénétique PB1

PB1 (polybromo-1 protein), parfois également mentionné sous le nom de PBRM1 ou
BAF180 dans la littérature, est une protéine contenant des domaines bromés
(bromodomain containing protein, c’est-a-dire BCP) qui agit comme lecteur
épigénétique pour le compte du remodeleur de chromatine PBAF (polybromo-

associated BAF).

1.4.1 PBI : une protéine contenant six domaines bromés distincts

Afin de mieux comprendre le role de PBI1, il est important de se rappeler de
I’importance de la topologie de la chromatine et du marquage épigénétique dans la

régulation de I’expression génique, tel que mentionné dans la partie 1.2.2.

1.4.1.1 Domaines bromés et reconnaissance des lysines acétylées

Les domaines bromés sont des motifs d’approximativement 110 acides aminés qui
gerent des interactions protéine-protéine. Capables de reconnaitre et de se lier
sélectivement aux lysines e-N-acétylées des histones, ces modules jouent le rdle de
médiateur entre la chromatine marquée et divers régulateurs de la transcription, bien
souvent des remodeleurs/modificateurs de chromatine ou des co-facteurs de
transcription.'®> La structure des domaines bromés est hautement conservée et est
définie par quatre hélices a (aA, aB, aC et aZ) liées par deux boucles flexibles (ZA et
BC) de longueur variable, délimitant le site de liaison de la lysine acétylée. Cette cavité
hydrophobe est profonde et permet 1’interaction avec la lysine acétylée (Kac) via une
liaison hydrogeéne entre I’oxygene du groupement carbonyle de I’acétyle et 1’azote de
la chaine latérale d’une asparagine conservée dans la plupart des domaines
bromés.!6%1%* La liaison est renforcée par des interactions supplémentaires avec deux
tyrosines également conservées, ainsi que par un réseau de liaisons hydrogenes,

médiées par des molécules d’eau, avec divers groupements carbonyles du squelette
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peptidique situés au niveau de ’entrée de la cavité.!®> Au sein de la poche, I’absence
de résidus possédant une chaine latérale capable de stabiliser des charges positives
semble participer a la sélectivité des lysines acétylées par rapport aux lysines non
modifiées.!*® La spécificité de reconnaissance de chaque domaine bromé parait quant
a elle provenir des acides aminés délimitant 1’entrée de la poche. En effet, si le
repliement structural est hautement conservé, il a en revanche ét¢ démontré que les
séquences des boucles ZA et BC sont extrémement variables, '’ ce qui implique que le
potentiel électrostatique de la surface limitrophe au site de liaison de Kac est assez
versatile, pouvant fluctuer d’une forte charge négative a une charge hautement

positive. '

Ces lecteurs épigénétiques peuvent se retrouver dans de multiples protéines, le
protéome humain exprimant par exemple 61 domaines bromés distribués parmi 46
protéines, incluant PB1, et répartis dans huit familles en fonction de leurs homologies

de structure et de séquence.'®

1.4.1.2 Structure unique de PB1

Les BCP servant essentiellement d’intermédiaires entre le marquage épigénétique et

les régulateurs de I’expression génique. Ce sont des acteurs clefs qui se retrouvent

souvent au sein de HAT et d’autres complexes protéiques importants (Figure 1.14).'%
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Figure 1.14 Roles des BCP dans la régulation des génes'®

De ce fait, il n’est pas rare qu'une BCP possede d’autres domaines de reconnaissance
de la chromatine et des marques épigénétiques, tels que des doigts PHD (PHD fingers),
des modules PWWP, ou tout simplement plusieurs domaines bromés.'’® Malgré tout,
PB1 demeure une protéine unique en son genre puisqu’il s’agit de la seule BCP
constituée de six domaines bromés distincts (nommés PB1(1), PB1(2), etc. jusqu’a
PB1(6)) tandis que les autres BCP contiennent deux domaines bromés tout au plus. En
plus de ses six domaines bromés en tandem situés du co6té N-terminal, PB1 comprend
deux domaines BAH (bromo-adjacent homology) responsables d’autres interactions
protéine-protéine, notamment la reconnaissance des histones méthylées, ainsi qu’un
groupement a haute mobilité (high-mobility group, HMG) permettant sa liaison aux

nucléosomes (Figure 1.15).!"!



33

N [BrD1| BrD2| |BrD3| BrD4| BrD5|BrD6 IBAHI IBAHZ HMG C

1 250 500 750 1000 1250 1500 1689

Figure 1.15 Structure de PB1 canonique

Plusieurs études réalisées par polarisation de fluorescence (FP) rapportent que chaque
domaine bromé de PB1 se lie a des Kac situées a des positions spécifiques de la queue
de I’histone 3 des nucléosomes, démontrant leur sensibilité unique a I’environnement

entourant la lysine acétylée (Tableau 1.1).

Tableau 1.1 Interactions entre les domaines bromés de PBI1 et les lysines acétylées

Kac i Affinité Méthode
Séquence reconnue e, Ref
reconnue (M) utilisée
H3K4 ARTKAQTARKSTGGKAPRKQLATKAA
ARTKQTARKASTGGKAPRKQLATKAA
PB1 entier ARTKQTARKSTGGKAAPRKQLATKAA 1.1-34 FP 172

H3K18 ARTKQTARKSTGGKAPRKAQLATKAA
ARTKQTARKSTGGKAPRKQLATKAAA

PB1(1) H3K4 ARTKAQTARKSTGGKAPRKQLATKAA 0.39
PB1(2) ARTKQTARKA.STGGKAPRKQLATKAA 0.36
PB1(3) ARTKQTARKA.STGGKAPRKQLATKAA 0.71 FP 173
PB1(4) ARTKQTARKSTGGKAPRKQLATKAAA 0.12
PB1(5) ARTKQTARKSTGGKAAPRKQLATKAA 0.79

Il semblerait donc que chaque domaine bromé participe et oriente la spécificité¢ de
reconnaissance globale de PB1 entier. Récemment, certains groupes de recherche se
sont attelés a déterminer I’importance de chaque domaine bromé afin de découvrir si
tous sont nécessaires au bon fonctionnement de PB1, s’ils agissent de fagon coopérative
ou si, au contraire, ils permettent simplement une plus grande versatilit¢ de
reconnaissance. Des ¢études utilisant des micro-réseaux d’histones (histone
microarrays) et des nucléosomes intactes indiquent que PB1(2) et PB1(4) sont
essentiels pour que PB1 puisse se lier autant a des peptides d’histones acétylés qu’a des
nucléosomes, modifiés ou cellulaires. De fagon intéressante, ces études mettent

également en avant I’'impact de chaque domaine bromé sur ses voisins avec par
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exemple PB1(1) et PB1(5), exhausteurs des activités de PB1(2) et PB1(4), tandis que
PB1(3) servirait a réduire ces mémes interactions.!” S’il est indéniable qu’il reste
encore énormément a découvrir, mieux comprendre la complexité et la variabilité des
fonctions de chaque domaine bromé, et de PB1 en général, demande de remettre la

protéine dans son milieu cellulaire, c¢’est-a-dire comme sous-unité du remodeleur de

chromatine PBAF (initialement nommé SWI/SNF-B).

1.4.2 PBI1 : sous-unité du remodeleur de chromatine PBAF

Comme vu dans la partie 1.2.2.2, SWI/SNF est I’une des quatre grandes familles qui
constitue les remodeleurs de la chromatine. Chez les humains, deux formes majeures
hautement conservées de SWI/SNF existent : BAF (BRGI/BRM-associated factor) et
PBAF (polybromo-associated BAF). Ces complexes sont constitués d’une seule
composante centrale ATPase (BRG = BRG]l = SMARCA4 dans le cas de PBAF, et
soit SMARCAA4, soit SMARCA?2 = BRM pour BAF) entourée de multiples sous-unités.
Tandis que les formes humaines de SWI/SNF partagent 9 de leurs membres, la
différence entre les deux réside principalement dans la présence ou I’absence de
certaines sous-unités spécifiques. PBAF contient ainsi PB1, posséde ARID2 (=
BAF200) a la place de ARID1A/B (= BAF250A/B), BRD7 a la place de BRD?9,
BAF45A (= PHF10) a la place de BAF45B/D/C (= DPF1/2/3), et manque SS18 (Figure
1.16).'7
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Figure 1.16 Structure des complexes BAF et PBAF!"

Comme tout remodeleur de chromatine, PBAF joue un role important dans la
régulation de la transcription génique en contrdlant D’accessibilit¢ a 1I’ADN
nucléosomal, en 1I’occurrence par repositionnement des nucléosomes via hydrolyse de
I’ATP. Plus particulierement, en migrant au niveau des kinétochores lors de la mitose,
PBAF serait requis pour maintenir 1’intégrité du génome lors de cette étape de division
cellulaire.!”® PBAF est également engagé dans la régulation de génes impliqués dans

plusieurs processus du développement : formation du cceur,'”’” développement de

8 9

I’embryon,!”® métabolisation du glucose!” et différenciation des ostéoblastes
notamment.'®® 11 a par exemple été rapporté que ce remodeleur de la chromatine
coopere avec CHD7 afin de promouvoir 1’expression des genes de la créte neurale et

la migration cellulaire lors de I’embryogenése.'®!

Malgré leurs fortes similitudes, il a été démontré que BAF et PBAF peuvent autant co-
exister'®? que se retrouver dans certaines régions distinctes de la chromatine, entrainant

ainsi des réponses variables aux stimuli et potentiellement une transcription de geénes
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différents.'®>!% Par exemple, PBAF est nécessaire a l’activation transcriptionnelle
médiée par les récepteurs nucléaires d’hormone tandis que BAF échoue a induire une
quelconque transcription dans le méme contexte.!®> PBAF a ainsi été associé a la
transcription de génes répondant a I’oestrogéne.'®® De facon intéressante, des études
menées par extraction séquentielle du sel (sequential salt extraction) indiquent que
PBAF se lie avec une plus grande affinité a la chromatine que son homologue,
probablement en raison de ses 8 domaines bromés versus les 2 domaines bromés de
BAF.'"®” L’ensemble de ces résultats démontre que BAF et PBAF possédent certaines
fonctions biologiques distinctes probablement dues a leur liaison a des motifs uniques
de la chromatine. S’il est important de noter que le role exact de chacun des membres
formant ces complexes reste ambigu, plusieurs hypothéses se détachent petit a petit.
Etant donné que la majorité des sous-unités sont partagées entre ces deux complexes,
il apparait par exemple fort probable que la reconnaissance spécifique de la chromatine

soit I’une des fonctions associées aux membres distincts de 1’un et 1’autre.

C’est ici qu’intervient PB1 : avec ses six domaines bromés, ce lecteur épigénétique
coordonne la reconnaissance des nucléosomes pour PBAF. Il est tout de méme
important de noter que PB1 n’est pas la seule BCP du complexe puisque BRD7 et
SMARCA4 possedent également des domaines bromés, rendant ainsi difficile
I’évaluation de la fonction exacte de PB1. Malgré tout, il semblerait que PB1 joue un
role central dans le ciblage des nucléosomes en étant par exemple nécessaire pour
orienter PBAF au niveau des kinétochores des chromosomes mitotiques.'’® PB1
contribue aussi a la stabilit¢ du génome et a la réparation de ’ADN en régulant la
migration dépendante de I’actine des chromosomes,'®® en controlant la cohésion des

centromeres'®?

et en participant au réamorcage des fourches de réplication abimées
(stalled replication forks) par ubiquitination des antigénes nucléaires cellulaires
proliférants (PCNA)."’*!! PB1 se révéle également clef pour le silengage
transcriptionnel au voisinage des ruptures double brin de I’ADN, permettant ainsi

d’induire la réparation rapide de I’ADN endommagé.'®?> Quant a I’importance de PBAF
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dans la maturation de la chambre cardiaque, elle a été attribuée a PB1.!% En effet, des
knock-outs de PB1 chez la souris indiquent que les embryons succombent de

déficiences cardiaques sévéres vers les jours 12.5-15.177

Méme s’il reste encore beaucoup a découvrir sur les fonctions exactes de PBAF et de
ses sous-unités, I’impact de ce remodeleur de chromatine sur la régulation des genes et
la réparation de I’ADN est indéniable. Ces deux procédés étant souvent dérégulés lors
de Dinitiation de tumeurs, des mutations au sein du complexe PBAF, et tout
particulierement au niveau de PB1, ont trés souvent été associées au développement de

diverses formes de cancer.!**%

1.4.3 PBI et le cancer

Tout type de cancer confondu, les complexes hSWI-SNF font partis des régulateurs de
la chromatine les plus fréquemment mutés avec approximativement 20% des tumeurs
cancéreuses humaines comportant des dérégulations dans BAF et/ou PBAF."° Les
mutations ont le plus souvent lieu au niveau des membres conférant des fonctionnalités
spécifiques a chaque complexe, PB1 représentant la deuxiéme sous-unité la plus

fréquemment mutée d’aprés cBioPortal 2016 (Figure 1.17).17
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Figure 1.17 Nombre de cas de cancers présentant des mutations au sein des sous-unités
de BAF et PBAF'’

Si des mutations somatiques de PB1 ont été observées dans de nombreux types de
cancer, leur occurrence dans les cas de carcinomes rénaux a cellules claires (ccRCC)
est tout particuliérement significative, avec 41% des patients souffrant de ccRCC
atteints de mutations tronquées au niveau de PB1.!%® D’autres études confirment que la
mutation ou la suppression du géne sont a 1’origine de ces résultats puisqu’aucune
hyperméthylation du promoteur de PB1 n’a été observée chez les patients ccRCC.!*? I
est a noter qu’en raison de sa localisation au niveau du chromosome 3p21,
I’inactivation de PB1 dans les cas de ccRCC coincide souvent avec des altérations au
niveau d’autres génes suppresseurs de tumeurs comme VHL (von Hipper-Lindau, le

seul géne plus fréquemment muté que PB1 dans les cas de ccRCC), SETD2 et BAP1.2%

En raison de sa prévalence dans les cas de ccRCC, les mutations de PB1 ont

principalement été étudiées dans ce contexte. Malgré tout, les scientifiques ont
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récemment commencé a s’intéresser a I’impact de PB1 sur d’autres types de cancer.
Une perte de PB1 a globalement été liée a une prolifération cellulaire accentuée, ainsi
qu’une dérégulation de I’expression génique, notamment au niveau des genes
contrélant I’apoptose et la division cellulaire.?’! Sans surprise, une analyse des données
TGCA sur cBioPortal (Février 2021) indique que PB1 est désormais 1ié¢ a plus de 30

types de cancer, incluant le cholangiocarcinome (cancer du canal biliaire),?>?% les

6

cancers du sein,?**?% le cancer de la vessie,?*® et différents types de mésothéliomes®’

(Figure 1.18).
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Figure 1.18 Fréquence d'altérations de PB1 dans différents types de cancer (cBioPortal,
Février 2021)

L’impact des altérations de PB1 sur le cancer provient fort probablement de son role
dans la stabilisation du génome et la réparation de I’ADN.?% Il est cependant a noter
que les différents domaines de PB1 ne sont pas tous mutés avec la méme fréquence ou
le méme schéma de modifications (Figure 1.19). Plusieurs études s’intéressant a
I’impact des différents domaines bromés de PB1 sur sa fonction de suppresseur de
tumeurs indiquent notamment que PB1(2) joue un rdle tout particuliérement critique,
bien que la collaboration de PB1(2), PB1(4) et PB1(5) soit généralement requise pour

une fonction optimale.'87-2%
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Figure 1.19 Types de mutations de PB1 dans les cas de cancer'®’

A la lumiére de ’importance de plus en plus flagrante de PBAF en général, et de PB1
en particulier, dans le cancer, le développement de sondes chimiques visant les
différents lecteurs épigénétiques du complexe permettrait d’aider a 1’élucidation de
leurs fonctions exactes afin de confirmer leurs pertinences thérapeutiques relatives. Nul
doute qu’avec I’augmentation de preuves liant les domaines bromés de PB1 a différents
types de cancer, ces ¢tudes méneront au lancement de campagnes de développement

de nouveaux traitements.

1.4.4 Inhibiteurs des domaines bromés de PB1

Comme mentionné précédemment, PBAF contient au total huit domaines bromés :
BRD7, SMARCAA4 et les six domaines bromés de PB1. Si BRD7 appartient a la sous-
famille IV, les autres présentent une forte homologie et sont donc tous regroupés au
niveau de la sous-famille VIII. Cette sous-famille inclue également SMARCA?2, 1I’un

des domaines bromés présents dans BAF (Figure 1.20).21°
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Figure 1.20 Arbre phylogénétique basé sur les domaines bromés humains?!°

A ce jour, il n’existe que peu de sondes chimiques visant les domaines bromés du
groupe VIII et toutes manquent de sélectivité au sein de la famille. La premiére sonde
disponible, et probablement celle encore la plus couramment employée, fut PFI-3.
Développée par Pfizer en 2015, PFI-3 dérive de 1’acide salicylique avec un bicyle di-
azoté et inhibe efficacement les domaines bromés de SMARCA2A/B (deux isoformes
obtenus par épissage alternatif : SMARCA2A provient d’une transcription longue
tandis que SMARCAZ2B est issu d’une transcription courte), SMARCA4 et PB1(5)
avec des Kq de 81, 86, 97 et 54 nM, respectivement.?!! Le mode de liaison de PFI-3 est
peu usuel et permet une excellente sélectivité pour la sous-famille VIII : la molécule
déplace des particules d’eau conservées situées au sein de la poche de liaison de la
lysine acétylée, particules d’eau plus fortement liées dans les domaines bromés des
autres sous-familles.?'> Malheureusement, le motif prop-2-én-1-one lié a une amine
tertiaire entraine une certaine instabilité du composé et limite donc son application a
des tests cellulaires rapides. Le composé 6, un analogue de PFI-3, a également été
rapporté comme visant simultanément SMARCA2, SMARCA4, PB1(5) et PB1(2)
avec des Kq respectifs de 37, 53, 30 et 190 nM.?!* En 2016, le SGC d’Oxford en

Angleterre ajouta a la liste des inhibiteurs de PB1 la quinazolinone 7 qui se lie a PB1(5),
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SMARCA2B et SMARCA4 avec des Kq de 124, 262 et 417 nM,?!'* ainsi que le tricycle
8, qui lui semble présenter un profil assez sélectif de PB1(5) mais qui manque toutefois
d’affinité avec un K4 de 3.3 pM.?!> La méme année, des dérivés de pyridazines tels
qu’illustrés par la structure 9 furent brevetés par les compagnies Constellation
Pharmaceuticals et Genentech sous le nom d’inhibiteurs a large spectre de
SMARCA2/4 et PB1(5).2'® En 2020, ces mémes dérivés furent finalement re-
synthétisés par le SGC de Francfort en Allemagne qui en poussa la caractérisation afin
de déterminer que le composé 10 se lie a SMARCA2, SMARCA4 et PB1(5) avec des
Kade 35, 36 et 13 nM, respectivement (Figure 1.21).2"7
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Figure 1.21 Inhibiteurs de PB1 a spectre large

Malgré toutes ces études, il n’existe a ce jour aucun inhibiteur efficace sélectif des
domaines bromés de PB1 par rapport aux autres membres de la sous-famille VIII. Les
travaux du chapitre IV de cette thése feront donc état du développement et de la
caractérisation d’inhibiteurs puissants présentant une sélectivité jusqu’alors non

atteinte pour les domaines bromés clefs de PB1.
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1.5 Protéine multidomaines BPTF

BPTF (bromodomain and PHD-finger containing transcription factor), parfois
¢galement mentionné sous le nom de FALZ dans la littérature, est la sous-unité

principale du remodeleur de chromatine NURF (nucleosome-remodeling factor).

1.5.1 Roles et structure de BPTF

Afin de mieux appréhender les fonctions de BPTF, il peut étre utile de se souvenir de
I’implication des protéines contenant des domaines bromés (BCP) dans la régulation

de I’expression génique, tel que présenté précédemment dans la partie 1.4.1.

1.5.1.1 BPTF, sous-unité essentielle de NURF

NUREF est un remodeleur de chromatine appartenant a la famille ISWI. Comme la
majorité des membres appartenant a cette famille, NURF est principalement impliqué
dans I’organisation des nucléosomes, son activit¢ ATPase n’étant stimulée que par ces
derniers, et non par I’ADN nu ou par I’ADN nucléosomal.?!® En interagissant avec la
queue positivement chargée du coté N-terminal des histones,?!” NURF catalyse le
glissement des nucléosomes tout en maintenant leur intégrité, décompactant ainsi la
chromatine.??® Mais NURF n’est pas seulement responsable d’exposer les séquences-
cis de I’ADN, il participe également au recrutement de différents facteurs de
transcription.??! L’ensemble de ces caractéristiques font de NURF un complexe clef de

I’étape d’initiation de la transcription génique.?*?

Chez I’humain, NURF (hNURF) est composé de trois sous-unités : le ceeur catalytique
ATPase SNF2L avec ses domaines C-terminaux caractéristiques HAND, SANT et
SLIDE conservés chez I’ensemble des membres de la famille ISWI et deux orthologues

respectifs de NURF301 et NURF55 présents chez les mammiféres, a savoir le co-
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facteur de transcription BPTF et la protéine associée au rétinoblastome RbAP48/46,

(Figure 1.22).2%

Drosophila melanogaster NURF Homo sapiens NURF

Figure 1.22 Structure de NURF chez la mouche et I’humain

Tandis que RbAP48/46 et SNF2L se retrouvent chez d’autres remodeleurs de
chromatine, BPTF, en plus d’étre la sous-unité la plus imposante du complexe,
constitue la partie spécifique de NURF.?>* Nombre des fonctions de NURF sont donc
naturellement dues a BPTF, avec plusieurs études démontrant notamment que BPTF
est essentiel a I’activité de régulation de la transcription de NURF in vivo.?*** Si
BPTF joue un role important pour la régulation transcriptionnelle a 1’age adulte, il
devient absolument déterminant lors de I’embryogénése durant laquelle il participe au
développement des lignées cellulaires du mésoderme, de I’endoderme et de
’ectoderme via la répression ou I’activation de nombreux génes.??® D’autres analyses
confirment qu’une perte de fonction de BPTF est fatale chez les embryons, alors
incapables de développer des lignées extra-embryonnaires appropriées.??’ En raison de
son implication lors du développement embryonnaire, peu d’études ont pu étre
réalisées chez les adultes. Il semblerait cependant que BPTF reste requis pour maintenir
I’accessibilité a de nombreux promoteurs, jouant ainsi un role prépondérant lors de la
différenciation des cellules souches adultes. Il a notamment été démontré que BPTF
permet I’auto-renouvellement des cellules souches mammaires et la différenciation des
cellules épithéliales mammaires,**® ainsi que la différenciation des cellules souches

mélanocytaires adultes.?* Il est a noter que BPTF est omniprésent dans le corps humain
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et s’aveére vital pour le développement des thymocytes,>** ainsi que pour la fonction

adéquate et I’homéostasie des cellules T du systéme immunitaire.?*!

L’ensemble de ces fonctions n’est rendu possible que grace aux multiples domaines

qui constituent BPTF.

1.5.1.2 BPTF, une protéine multidomaines

En effet, BPTF est une protéine multidomaines comprenant plusieurs lecteurs
épigénétiques : un domaine bromé (FALZ) appartenant a la sous-famille I, deux

domaines PHD ainsi qu’un domaine riche en glutamine (Figure 1.23).2?

+ =00 ( o ) <

2920

(O domaine acide domaine PHD domaine bromé

() domaine DDT (O domaine riche en glutamine

Figure 1.23 Structure de BPTF

Si la région N-terminale est reconnue pour étre responsable des interactions avec
différents facteurs de transcription, incluant GAGA,*** MAZ (Myc-associated zinc-
finger protein)** et hKeapl (human Kelch-like Ech-Associated Protein 1),>** les
lecteurs épigénétiques de BPTF servent quant a eux a reconnaitre les lysines acétylées
ou méthylées présentes au niveau N-terminal des histones. Plusieurs études ont ainsi
démontré que BPTF se lie aux histones acétylées H2 et H4 (notamment H4K16Ac) via
son domaine bromé tandis que son domaine PHD C-terminal est capable d’interagir
avec H3K3Me3.»> Cette reconnaissance nucléosomale bivalente permet un
recrutement spécifique de BPTF au niveau des génes homéotiques a activer,?*¢ laissant
penser que ces domaines participent activement au maintien de 1’activité cellulaire

normale de BPTF.
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En raison de I’importance de BPTF au niveau de la régulation de I’expression génique,
il n’est pas surprenant qu’une dérégulation de sa propre expression ait été associée a de
7

multiples maladies, incluant des anomalies neurodéveloppementales,?’ ainsi que

différents types de cancer.

1.5.2 Implications de BPTF dans le cancer

Une analyse des données TGCA sur cBioPortal (Mars 2021) indique qu’une expression
aberrante de BPTF a été recensée dans plus d’une trentaine de types de cancer, avec
une amplification du geéne souvent présente, notamment chez les patients atteints de

mésothéliomes (Figure 1.24).
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Figure 1.24 Fréquence d'altérations de BPTF dans différents types de cancer
(cBioPortal, Mars 2021)

BPTF réside sur le chromosome 17q, un morceau fréquemment dupliqué dans de
nombreux cancers.”®® Une surexpression de BPTF a ainsi été associée au
développement et a la progression du cancer colorectal,”® des adénocarcinomes des
poumons,**’ des mélanomes,?*!**? et des neuroblastomes.>** Des études menées sur des

tissus présentant un carcinome hépatocellulaire semblent indiquer qu’une forte



47

expression de BPTF se traduit par une augmentation des différents processus liés a
I’EMT (invasion vasculaire, récurrence, etc), entrainant un pronostic de survie assez
bas.?** Des knockdowns de BPTF dans différentes lignées cancéreuses montrent quant
a eux une réduction de la prolifération cellulaire.?*>?%¢ L’implication de BPTF dans ces
multiples cancers proviendrait en partie de sa participation requise pour 1’activation de
la transcription et le bon fonctionnement du géne oncogéne c-myc.2’2*8 En effet, le
silencage de BPTF diminue 1’expression de c-MYC, nuit a son recrutement au niveau
de la chromatine et réduit 1’accés a ’ADN des génes cibles de c-MYC.2*’ Emergeant
ainsi comme une cible potentielle pour le développement de nouvelles thérapies contre

le cancer,?°

il a également été constaté que des knockdowns de BPTF améliorent
I’immunité antitumorale médiée par les lymphocytes T CD8" et NK (natural
killers).?'*>2 Ces résultats laissent présager que des inhibiteurs de BPTF pourraient

également étre investigés dans le cadre d’immunothérapies.

Sachant que I’inhibition des domaines bromés de nombreuses BCP s’est déja révélée
une stratégie payante pour le traitement de plusieurs maladies reliées a ces BCP en
question,?> I’intérét croissant pour le développement d’inhibiteurs du domaine bromé

de BPTF s’explique aisément.

1.5.3 Inhibiteurs du domaine bromé de BPTF

Bien qu’en 2012 le domaine bromé de BPTF (BPTFBrD) ait été rapporté comme

hautement druggable,**

premier inhibiteur de BPTFBrD. AUI fut découvert lors d’un criblage par RMN-'°F

il faudra attendre trois ans de plus pour que soit développé¢ le

visant a la fois BPTFBrD et BRD4. Des mesures par titrage calorimétrique isotherme
(ITC) révelent que rac-AU1 interagit avec BPTFBrD avec un Kg de 2.8 uM tandis
quaucune liaison avec BRD4 n’est observée.””> Malheureusement, des études
ultérieures démontrent que rac-AUl interagit également avec certaines kinases,
inhibant notamment CDKL2 et TRKC a 82% lorsque testé a 1 uM.?*® Dans une

tentative d’améliorer la sélectivité, les deux isomeres de AU1 furent isolés en 2020,
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permettant ainsi de déterminer que 1’activité provient uniquement de 1’énantiomére S.
Le manque de sélectivité relativement aux kinases CDKL2 et TRKC est cependant
confirmé pour I’énantiomére (S) avec des Kq de 260 et 200 nM, respectivement.?>’” En
2019, un nouveau dérivé dialkoxyiodobenzamide DCB29 fut rapporté. Congu a la suite
d’un criblage virtuel bas¢ sur la structure, DCB29 inhibe BPTFBrD avec un ICso de
13.2 uM dans un test de transfert d'énergie de résonance de fluorescence a résolution
temporelle homogene (HTRF) et un Kq de 17.9 pM mesuré par résonance plasmonique
de surface (SPR).>*® La méme année, C620-0696 fut publié¢ avec un Kqde 35.5 uM
pour BPTFBrD déterminé cette fois-ci par interférométrie biocouche (BLI). En
inhibant I’interaction entre BPTFBrD et H4K16Ac, C620-0696 entraine une répression
de D’activation de la transcription de c-myc et conduit & une diminution de la
prolifération de cellules du cancer du poumon sur-exprimant BPTF.>* TP-238 fut
finalement la premicre sonde avec une activité¢ biochimique envers BPTFBrD de
I’ordre du bas nanomolaire. Issu d’une collaboration entre Takeda et le SGC, TP-238
est cependant un inhibiteur double de CECR2, un domaine bromé appartenant
également a la sous-famille I, et de BPTFBrD avec des ICso mesurés par test
alphascreen de 30 nM et 350 nM, respectivement, et des Kq de 10 nM et 120 nM,
respectivement.?®® Palliant ce probléme, NVS-BPTF-1 fut la premiére petite molécule
a étre a la fois fortement active et sélective de BPTFBrD. Issu cette fois-ci d’une
collaboration entre le SGC et Novartis, NVS-BPTF-1 posséde un ICso de 56 nM dans
un test alphascreen et un Kq de 71 nM par test BLI. Des études supplémentaires par
analyse fluorimétrique différentielle (DSF) et par BROMOscan permettent d’affirmer
que NVS-BPTF-1 ne cible aucun autre domaine bromé de fagon significative.?°!
Récemment, un nouveau composé 11 fut également rapporté comme inhibiteur
puissant de BPTFBrD avec un Kq de 428 nM déterminé par ITC. 11 réduit I’expression
de c-MYC et BPTF dans des cellules de 1’adénocarcinome humain A549 (Figure
1.25).292
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Figure 1.25 Inhibiteurs du domaine bromé de BPTF

S’il ne fait aucun doute que NVS-BPTF-1 demeure a ce jour la sonde chimique la plus
efficace et sélective pour BPTFBrD, sa synthése n’a encore jamais été rapportée. Les
travaux du chapitre V de cette thése présenteront donc la premicre voie de synthése
divulguée, permettant ainsi un acces rapide a cet inhibiteur et potentiellement différents
dérivés. Afin d’évaluer le potentiel en immunothérapie de BPTFBrD, des études
concernant I’impact de son inhibition sélective grace a NVS-BPTF-1 seront également

exposees.



CHAPITRE II

DEVELOPPEMENT D’INHIBITEURS DE TEAD DERIVES DE L’ACIDE
FLUFENAMIQUE

2.1 Introduction

Responsable de I’expression de génes contribuant entre autres a la croissance cellulaire
et a la prolifération, le controle de I’activité du complexe fonctionnel YAP-TEAD est
devenu un véritable enjeu dans la lutte contre le cancer. Pourtant, il n’existe a ce jour
aucun inhibiteur approuvé, ni méme en phases cliniques connues. Cet article rapporte
donc la conception, la synthése et 1’évaluation biologique de nouveaux dérivés de
I’acide flufénamique se liant de fagon réversible dans la poche palmitique de TEAD
afin d’inhiber 1’auto-palmitoylation ainsi que I’activité transcriptionnelle associée au

complexe.

2.2 Article issu de ces travaux
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The YAP-TEAD transcriptional complex is responsible for the
expression of genes that regulate cancer cell growth and
proliferation. Dysregulation of the Hippo pathway due to
overexpression of TEAD has been reported in a wide range of
cancers. Inhibition of TEAD represses the expression of
associated genes, demonstrating the value of this transcription
factor for the development of novel anti-cancer therapies. We
report herein the design, synthesis and biological evaluation of

Introduction

The Hippo signaling pathway plays a crucial role in organ size
by controlling the balance between cell proliferation and
apoptosis."! TEAD (transcriptional enhancer factor with TEA/
ATTS domain), the downstream effector of the Hippo pathway,
is composed of an N-terminal DNA binding domain and a C-
terminal YAP-binding domain (YBD) that binds to co-regulator
YAP (Yes-associated protein) or its paralog TAZ (transcriptional
co-activator with PDZ-binding motif). Since TEAD does not
possess an activation domain and because YAP and TAZ do not
have a DNA binding domain, TEAD and coactivators YAP or TAZ
must associate in the nucleus to form a transcriptionally active
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LM98, a flufenamic acid analogue. LM98 shows strong affinity
to TEAD, inhibits its autopalmitoylation and reduces the YAP-
TEAD transcriptional activity. Binding of LM98 to TEAD was
supported by 'F-NMR studies while co-crystallization experi-
ments confirmed that LM98 is anchored within the palmitic
acid pocket of TEAD. LM98 reduces the expression of CTGF and
Cyr61, inhibits MDA-MB-231 breast cancer cell migration and
arrests cell cycling in the S phase during cell division.

YAP/TAZ-TEAD complex. In the active Hippo pathway, external
signals such as hormonal cues, cell junctions, extracellular
matrix as well as proteins RASSF and NF2/Merlin trigger a
cascade of kinases involving Mst1/2, Sav, Mob1 and Lats1/2
which ultimately results in the phosphorylation of YAP.
Subsequent recruitment of phosphorylated YAP by protein 14-
3-3 then leads to its retention and degradation in the
cytoplasm, therefore precluding its interaction with TEAD and
preventing the transcription of associated genes.”*' Conversely,
in the inactive Hippo pathway, unphosphorylated YAP trans-
locates to the nucleus where it binds to one of the four
paralogs of TEAD** to initiate the transcription of target genes
such as Cyr61, CTGF (Connective Tissue Growth Factor), ¢-myc,
receptor tyrosine kinase Ax/ and Survivin.*"5

Numerous studies have shown that the dysregulation of the
Hippo pathway can lead to various forms of cancer."®"" For
instance, increased YAP expression and nuclear localization
have been observed in liver, colon, ovarian, lung and prostate
cancer'*'® while upregulation of TEAD and poor patients
survival were correlated with gastric, breast and prostate
cancers.“'" Aberrant Hippo can lead to organ overgrowth and
tumorigenesis, as demonstrated in mouse models where
elevated nuclear YAP induced by a double Mst mutation
resulted in an oversized liver with carcinoma.”® The proto-
oncogenic hature of YAP comes from its interaction with
TEAD"??" which leads to the activation of genes that confer
cancer-associated traits to cells such as the ability to induce
chemoresistance and metastasis.*'-®' Silencing of the majority
of YAP-inducible genes and attenuation of YAP-induced over-
growth in TEAD knockdowns suggest that TEAD is a highly
valuable target for drug development."” Furthermore, TEAD

© 2021 Wiley-VCH GmbH
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appears to be dispensable for tissue homeostasis in adults,
therefore decreasing the risks of major adverse side effects.”"
Taken together, these results indicate that blocking the
formation of the YAP-TEAD transcription complex can abolish
the oncogenic function of YAP.2®

The crystal structure of YAP2 with TEAD1 (PDB: 3KYS) shows
that YAP wraps itself around the surface of TEAD via three
distinct interaction surfaces that are composed of an antiparallel
B-strand (interface 1), an a-helix (interface 2) and a twisted-coil
region (interface 3} (Figure 1). Studies have demonstrated that
out of these three interfaces, interface 3 is the most critical for
heterodimer formation.?” Disruption of the YAP-TEAD complex
by cyclic or linear YAP-like peptides, cysteine-dense peptides or
VGLL4-mimicking peptides has been reported.”**" However,
the development of these compounds is compromised by poor
pharmacokinetic profiles, low plasmatic stability and poor cell
permeability that are commonly associated with peptides.
Compounds that bind in a cavity formed by the C-terminal
hTEAD1 region close to interface 3 were identified following a
virtual screen of the ZINC database and their activity was
confirmed by biophysical and in cellufo assays.”" Similarly,
CPD3.1, a tetracyclic molecule that blocks the interaction of YAP
with TEAD1 and inhibits TEAD activity with an IC;, of 110 uM as
well as TEAD targeted gene expression, cell proliferation and
cell migration, was recently disclosed.”™ However, binding of
small molecules to one of the interfaces between YAP and
TEAD remains challenging due to the absence of well-defined
druggable pockets.”

One way to crcumvent that problem consists in indirectly
disrupting the YAP-TEAD functional complex. Because they are
highly disordered, YAP and TAZ are not suitable targets for
medicinal chemistry endeavors. On the other hand, TEAD is
much more attractive due to the presence of a well-defined
hydrophobic pocket that is occupied by a palmitic acid (PA)
molecule (shown in beige in Figure 1) and that is conserved
within the TEAD family. Studies have shown that TEAD under-
goes auto-palmitoylation through covalent bond formation
between a conserved cysteine residue and palmitic acid. Some
reports indicate that the absence of TEAD palmitoylation results

Interface 1

Interface 2

Interface 3 h

Figure 1. hYAP-hYBD of TEAD1 in the presence of palmitic acid (PA) (beige)
(PDB: 3KYS and 5HGU). TEAD1's hYBD in purple, YAP in green (interface 1),
blue (interface 2), red and orange (interface 3).

ChemMedChem 2021, 16, 1-22 www.chemmedchem.org

in a drastic reduction of the affinity with YAP while other
studies conclude that TEAD containing partial mutations retains
its ability to interact with YAP, albeit with a lower affinity.>"
TEAD rigidification appears to be at the origin of these
results.” The expression level and transcriptional activity of
TEAD are also directly modulated by its palmitoylation status®®
and numerous studies agree on a loss of stability for non-
palmitoylated TEAD.®®

Small molecules inhibitors that bind to TEAD's palmitate
pocket have been reported. For example, Pobbati and Poulsen
reported that flufenamic acid (FA) 1 and niflumic acid (NA) 2,
two commercialized non-steroidal anti-inflammatory drugs
(NSAID), inhibit TEAD's palmitoylation by binding inside the
TEAD palmitate pocket (Figure 2).*" Although this binding did
not prevent the formation of the YAP-TEAD complex, it never-
theless resulted in a reduction in the expression of the Hippo-
associated genes in MCF10 A breast cancer cells, suggesting
that the YAP-TEAD complex was transcriptionally inactive.
Compound MGH-CP1 3, reported by a team from Boston
General Hospital, binds in the central pocket of TEAD2, reduces
gene activation with an IC, of 83nM in a cell based Gal4-
TEAD1 reporter assay, disrupts the YAP-TEAD complex and
diminishes the expression of YAP-TEAD responsive genes CTGF
and Cyr61.°% Although many derivatives were disclosed, the
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Figure 2. Examples of reported TEAD inhibitors and activators.
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current development stage for 3 is not known. Similarly,
compound 4, recently reported by Inventiva, showed an IC;, of
260nM in a cell-based TEAD-GAL4 transactivation reporter
assay. Even though many analogues were reported, to the best
of our knowledge, its development status has not been
disclosed yet.*" While preparing this manuscript, compound 5
and 7, two reversible inhibitors targeting the TEAD palmitate
binding pocket, have been published.***¥

Covalent TEAD inhibitors that react with the cysteine
located at the entry of the palmitate pocket such as 6 and 8
have also been developed, further emphasizing the growing
interest for compounds that bind in that pocket.**** Although
covalent inhibitor 6 inhibited TEAD autopalmitoylation with an
IC;, value of 197 nM, it showed only minimal effect on YAP-
TEAD interaction, contrary to inhibitor 8 which was found to
disrupt the YAP-TEAD complex.**** It should be noted that,
similar to covalent inhibitor 6, non-covalent inhibitors 2 and 5
also did not inhibit YAP-TEAD interaction, suggesting that the
inhibition of TEAD activity is not due to the inability of TEAD to
form a complex with YAP in cells!**? Interestingly, binding of
compounds inside TEAD's palmitate pocket can also, in some
cases, result in increased TEAD activity, as demonstrated by
quinolinol 9%

Although an increasing number of studies highlight the
relevance of TEAD in the development of cancer, to our
knowledge, there are currently no TEAD inhibitors on the
market or in the dinic. Therefore, there is an urgent need for
efficient small-molecule inhibitors targeting these oncogenic
proteins. In light of the drug-like properties and modular
structure of flufenamic acid 1, its reversible mode of inhibition
and its decent affinity to TEAD, we initiated a program aimed at
thoroughly studying its SAR and improving its activity. While
preliminary SAR studies have been reported for FA 1 and for
the analogous covalent compound TED-347 (8), to the best of
our knowledge, extensive and systematic SAR investigations
around FA series 1 have not been reported. Herein, we would
like to disclose our results on the design, synthesis and
biological evaluation of new derivatives of flufenamic acid 1
that bind in the palmitate pocket of TEAD, inhibit TEAD's
autopalmitoylation and reduce YAP-TEAD's transcriptional activ-
ity.

Results and Discussion

Synthesis of flufenamic acid derivatives and evaluation of
their binding to TEAD. The aim of our initial medicinal
chemistry efforts was to systematically study the structure-
activity landscape of flufenamic acid (FA) 1 and to expand on
the limited existing knowledge from the literature.*** To do
so, we divided FA 1 into four key sections: the left-hand side
(LHS) aromatic ring, the central linker, the right-hand side (RHS)
aromatic ring and the carboxylic acid (Figure 3a). To guide our
SAR efforts, we superimposed the high-resolution co-crystal
structures of palmitic acid (PA) (PDB: 5HGU, resolution: 2,05 A;
structure of PA shown in Figure 3b) with FA (PDB: 5DQ8,
resolution: 2,3 A) complexed to hTEAD2-YBD (Figure 3c). Pre-
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Figure 3. a) Subdivision of flufenamic acid (FA) in four key sections for SAR
activities. b) Palmitic acid (PA). c) Superposition of PA (yellow; PBD 5HGU)
and FA (green; PDB 5DQ8) in TEAD2's hYBD.

liminary observations suggested the presence of an internal H-
bond interaction between the carboxylate and the NH functions
of FA. As previously reported, the X-ray structures also revealed
that FA and PA are anchored within the pocket via an H-bond
interaction between their respective carboxylate functions and
Cys380 as well as through an ionic interaction with the terminal
amine of Lys357.°" The overlay of the FA and PA co-crystal
structures highlighted the presence of an empty hydrophaobic
space inside the pocket which appeared suitable for extensive
diversification at the CF, position of FA, the most logical being
the direct transposition of the palmitic acid alkyl chain onto the
core of FA. Meroueh et al showed the value of this approach by
replacing the trifluoromethyl moiety with a methoxyethoxy
group in the covalent TED series 8.

To explore the importance of the putative internal H-bond
between the carboxylate and the NH of FA, we resynthesized
FA (1) and prepared compounds where the central amino
function of FA 1 is replaced by an ether (10), a thioether (11), a
methylene (12) and an N-methylamine (13) (Table 1, see
experimental section for the syntheses). Evaluation of the
binding of compounds to TEAD4 by differential scanning
fluorimetry (DSF), a fluorescence-based method that monitors
the changes in melting temperature (T,) upon ligand binding,
was attempted.*® However, some compounds interfered with
the fluorescence read out, leading us to use differential static
light scattering (DSLS) thermal shift assay instead.*” In this
assay, the increase in temperature of aggregation (AT.g) of
TEAD4 YBD upon compound binding, which is unaffected by
fluorescence properties of the compounds, is monitored. We
were pleased to see that resynthesized FA 1 showed weak but

3 © 2021 Wiley-VCH GmbH
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Table 1. Replacement of the central NH linker in flufenamic acid (FA) 1. Table 2. Structure-activity relationships of R, substituted FA derivatives.
CO,H y COH
FaCo XAy Ry N
l ~FF l <
Compounds X AT, ™ Compounds R AT
1(FA) NH 13 16 H 02
10 o] 07 17 Me 0.1
n S 04 18 Et 0.1
12 CH, 04 19 n-Pr 29
13 NMe 03 20 n-Bu 34
21 n-Pent 44
[a] AT, values are the average of three DSLS measurements at 25 uM of 22 n-Hex 52
cormpound (n=3). 23 n-Hept 6.0
24 -Pr 26
25 t-Bu 15
26 Ph 21

measurable stabilization of TEAD by DSLS (ATg,=1.3°C), a
value which is similar to the differential scanning fluorimetry
(DSF) results previously published by Pobatti et al'*" However,
none of the NH replacements improved the affinity of
compounds. NA 2 and MGH-CP1 3 were also resynthesized in
our laboratory as reference compounds. MGH-CP1 3 was
synthesized according to patent WO 2017/053706 A1.* Resyn-
thesized NA 2 showed an almost negligible AT, value of 0.3°C
while resynthesized MGH-CP1 3 afforded a higher shift of 3.0°C.

Pobbati et al demonstrated that replacement of the
trifluoromethyl group in FA 1 with a bromide or a hydrogen
leads to drastic loss of affinity to TEAD while Meroueh et al
showed that an ethoxymethoxy chain or a thiophene are valid
CF, replacements.** To get a more complete picture, we
designed a modular synthetic route that allows the rapid
preparation of analogues of FA 1 with various groups at the CF,
position (R, in Scheme 1a). Compounds 16-26 were prepared
through a Buchwald-Hartwig N-arylation reaction between
aniline 14 and 2-bromomethyl benzoate followed by saponifica-
tion of the methyl ester. A similar palladium-catalyzed N-
arylation reaction was used by Meroueh et al for the synthesis
of covalent TED compounds 8 Anilines 14 were either
obtained commercially or were prepared via Wittig olefination
reaction between 3-nitrobenzaldehyde and phosphonium io-

[a] AT, values are the average of three DSLS measurements at 25 uM of

compound (n=3).

dides 28 followed by reduction of the nitro group of 29 under
Béchamp’s conditions and reduction of the alkene in 30 under
hydrogenation conditions (Scheme 1b). Phosphonium iodides
28 were prepared by reacting the corresponding alkyl iodides
27 with triphenylphosphine.

DSLS results indicate that the unsubstituted compound 16
lacking the CF; group, as previously shown by Pobbati et al,
does not stabilize TEAD4 significantly (Table 2). Similarly, the
methyl and ethyl derivatives 17 and 18 showed no protein
stabilization. However, a gradual increase in AT, was observed
with compounds 19 to 23 as the carbon chain increased from 3
to 7 carbons, demonstrating that the more an analogue
resembles palmitic acid, the better its affinity to TEAD is.
Furthermore, the pocket appeared to be large enough to
accommodate an isopropyl or tert-butyl group on the upper
West side as well as a phenyl ring, as shown by compounds 24,
25 and 26, respectively. To our knowledge, this is the first time
that the tolerability of the TEAD's PA pocket towards bulky
tertiary or secondary alkyl groups is demonstrated.

CO,Me
a) Br
Rac-BINAP
Pd(OAc), COzMe
Ry ©/ NH; CszC03 \© t
Toluene
(14) Reflux, 16 h (15)
" i NO,
2 H
g o, Ve
Toluene ~-PPhs T BLoK, THE {\©/
(27) Reflux,40h  (28) 0°Ctort, 16h

(30)

rt,16h

Scheme 1. a) General synthetic route for the synthesis of flufenamic acid derivatives 16-26. b) Preparation of anilines 14.
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To assess the structure activity relationship (SAR) more
accurately we attempted to determine the affinities of our
compounds for binding to TEAD4 by surface plasmon reso-
nance (SPR). We used MGH-CP1 (compound 3) as a control.
However, we could not reliably detect binding of any of them
including the control compound to TEAD4 by SPR (Supporting
Information figure 1). We were also not successful in assessing
the affinities of any of these compounds including compound 3
by isothermal titration calorimetry (ITC) due to poor solubility of
compounds (Supporting Information figure 2). While DSLS is
not an ideal quantitative assay for rank-ordering compounds for
SAR studies, it has been shown that thermal shift data could
meaningfully correlate with binding affinities of compounds
measured by other methods.*? Our DSLS data on compounds
in this study also showed a wide range of stabilization effects
with AT,y values up to 10°C. Therefore, we concluded that the
DSLS data are valuable in rank-ordering our compounds, where
other methods failed.

Using compound 22, which showed one of the highest
AT, as a new lead compound, we next proceeded to explore
the tolerance of the RHS towards the introduction of substitu-
ents. To our knowledge, the only derivative exploring modifica-
tions on the East side of the molecule is the C4-methoxy,
reported by Meroueh et al in the covalent series 8.*' Because
the co-crystal structure of FA with TEAD2 showed limited space
in the pocket around the RHS, we began by walking a fluorine
around the right-hand side aromatic ring, resulting in com-
pounds 31 to 34 (Table 3). DSLS results show that this
additional fluorine is well tolerated at every position and even
leads, in some cases, to a non-negligible increase in affinity to
TEAD. Substitution at C6 is of particular interest as it is pointing
towards interface 1 between YAP and TEAD. We hypothesized
that in addition to inhibiting TEAD's palmitoylation, directly
disrupting one of the interaction surfaces could result in more
potent inhibitors of the YAP-TEAD complex and thus stronger
reduction of gene expression. Consequently, compound 35
with a C6-methyl group was prepared and was found to be well
tolerated, thus providing an additional vector for future SAR
investigations.

Table 3. Structure-activity relationships of compounds substituted on the
right-hand side (RHS) aromatic group.

y COMH
/\/\A@, N Rg
Ry Rs
Ry
Compound R Ry Rs Rs AT
22 H H H H 5.2
31 F H H H 52
2 H F H H 64
33 H H F H 62
34 (LM98) H H H F 64
35 H H H Me 52

[a] AT, values are the average of three DSLS measurements at 25 uM of
compound (n=3).
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As an orthogonal method to confirm binding, we used "F-
NMR spectroscopy, where differences in the linewidth and/or
intensity of the signal(s) of the compound in the free state (SF)
and in the presence of protein (SP) may be used to monitor
binding.”**! Before initiating the binding studies, an evaluation
by 'H-NMR of the compounds’ free state behavior in aqueous
buffer (10 mM HEPES-d,;, 150 mM Nacl, 0.5 mM TCEP-d,;, 10%
D,0, pH74, 1% DMSO-d;) was performed to minimize the
chances of misleading results stemming from poor compound
solubility. LM98, FA 1 and NA 2 showed measured concen-
trations by the ERETIC method™ of 54, 53 and 47 uMm,
respectively, for a nominal concentration of 50 uM, demonstrat-
ing sufficient solubility for the ligand binding studies (Fig-
ure 4a—c). In the presence of TEAD (50 uM compound:15 pM
TEAD, a 333:1 compound:TEAD ratio), LM98 showed clear
evidence of binding based on the differential line broadening
and signal intensity change of the "F-NMR signal of the SP
sample compared to the SF sample (Figure 4d). Under the same
conditions, FA 1 and NA 2 also showed evidence of binding
based on the change in the '*F-NMR signal intensity for the SP
versus the SF sample (Figure 4e-f). In agreement with the
results from the DSLS thermal shift assay, LM98 appeared to be
a much stronger binder to TEAD4 than the hit compounds FA
and NA based on the greater change in the peak shape of the
"?F-NMR signal. With binding confirmed for all three compounds
by "F-NMR spectroscopy, we moved to the next set of
experiments to further characterize the binding of our com-
pounds to TEAD.

To further elucidate the binding mode of our compounds
and to identify additional opportunities for improvement in
activity and physicochemical properties, we co-crystallized the

|

ERETIC: 54 yM
80 75 70
"H {ppm)

) |
ERETIC: 53 pM
80 75 7.0
H (ppm)

as 65 80

B85 6.0

625

624
F (ppmi)

65 622 623

W € ALl T A Vom0
ERETIC: 47 yM
85 80 75 70
"H (ppm}

65 8.0

Figure 4. a) Aromatic region of free state 'H-NMR spectrum of LM98 (50 pM)
in buffer. b) Aromatic region of free state 'H-NMR spectrum of FA 1 (50 uM)
in buffer. ¢) Aromatic region of free state 'H-NMR spectrum of NA 2 (50 uM)
in buffer. d) '*F-NMR spectrum of LM98 (50 uM): Free state in buffer (blue)
and in presence of 15 M TEAD4 (red). €) "“F-NMR spectrum of FA 1 (50 uM):
Free state in buffer (blue) and in presence of 15 uM TEADA (red). f) *F-NMR
spectrum of NA 2 (50 uM): Free state in buffer (blue) and in presence of

15 uM TEAD4 (red).
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Figure 5. LM98 interaction with human TEAD2 YAP-binding domain. a) Co-crystal structure of ATEAD2 in complex with compound LM98 (PDB ID: 6VAH).
Compound LM98 is shown in sticks and colored yellow. TEAD2 is shown in cartoon representation in grey with key hydrophobic pocket residues highlighted
in sticks. The mFo-DFc electron density omit-map for compound LM98 is displayed as green mesh contoured at 2.50. The polar interaction is displayed as a
yellow dashed line. b) Overlay of TEAD2 bound to compound LM98 (yellow) and palmitate (cyan) cross-linked to Cys380 (PDB: 5EMV). ¢) Overlay of TEAD2
bound to compound LM98 (yellow) and FA (magenta) (PDB: 5DQ8).

. . i . Table 4. Structure-activity relationships of R, substituted derivatives on
human TEAD2 YAP-binding domain (residue range 221-451) in | the left-hand side aryl group.
complex with LM98. As expected, the structure shows that coH
LM98 is anchored within the same palmitic acid binding pocket H
of TEAD2 as palmitate and flufenamic acid (Figure 5a-c). No /@’
significant structural changes were observed in the overall fold Rz
of TEAD2 upon binding to LM98 compared to palmitate- and Compound R; AT, ¥
flufenamic acid-bound TEAD2 structures, with root-mean- |34 MR 66
square deviation (RM.SD.) of 056 A over 194 Ca atoms 37 t-Bu 7.2
between TEAD2-LM98 (chain-A) and TEAD2-palmitate (chain-A) :g x’;mml gg
(PDB: 5EMV) and 0.66 A over 192 Ca atoms between TEAD2- | 44 Hex 10
NG (ciained) and TEADZ fufenamic: (chainsA) EDB: S00s), [a] Values shown are the average of three replicates by DSLS assay, witha
The interaction between TEAD2 and LM98 is mainly hydro- | omound concentration of 25 (M. !

phobic in nature with residues lining the palmitate-binding
pocket. The hexyl chain moiety of LM98 is docked into the
same TEAD2 hydrophobic pocket as observed previously in
palmitate-bound TEAD2 structure (PDB ID: 5EMV) (Figure 5b).  an increase in affinity following the introduction of substituents
LM98 anchors itself into a hydrophobic pocket through H-bond ~ on the West aryl ring of FA is unprecedented. Inspired by
interaction between the carboxylate group and main-chain  compound 3, we prepared compound 39 that incorporates an
amide nitrogen of Cys380 (Figure 5a), as well as via T-shaped pi- adamantyl group in the R, position and observed a significant
stacking interaction between the LHS phenyl ring of LM98 and  stabilization of the protein. Encouraged by this result, we then
Phe233 of TEAD2, resembling the FA interaction with TEAD2  prepared the cyclohexyl derivative 40 which gave the highest
(PDB: 5DQ8) (Figure 5a—c). AT, amongst all our FA derivatives.

Pobbati et al showed that substituents such as a methyl or To explain these unexpected results, we performed docking
difluoromethyl on the West side ring in para position relative to  studies on compound 36, 39 and 40 in the hYBD of TEAD2
the NH are well tolerated!® In the covalent TED series 8, using the co-crystal structure of LM98 (Figure 6). Our studies
Meroueh et al found that the introduction of a thiophene at  suggest that the central amine can rotate around the C-N-C
that position is also tolerated.*" With the objective of better  bonds to accommodate the para substituent. Because the hexyl
understanding the impact of introducing groups at the para  chain is flexible, it can easily adapt to the shape of the pocket,
position (Ry), we prepared a small ensemble of compounds as  requiring small conformational changes to reach a conforma-
shown in Table 4 and found that the para derivatives are not  tion similar to the mefa-substituted counterparts. However, for
only well tolerated but that they even display higher thermal ~more voluminous groups such as the adamantyl and the
stabilization of TEAD4 than their meta counterparts. For  cyclohexyl, the left-hand side aromatic ring needs to rotate. Our
instance, para-hexyl 36, para-tert-butyl 37 and para-phenyl 38  model suggests that this conformational change could allow
gave AT, values of 6.6, 7.2 and 6.0°C, respectively compared  the creation of new pi-stacking interactions, for example with
t0 5.2, 1.5 and 2.1°C for their meta analogues 22, 25 and 26. To  Phe233, which could explain why these analogues show higher
the best of our knowledge, this unambiguous demonstration of  stabilization of TEAD.

ChemMedChem 2021, 16, 1-22 www.chemmedchem.org 6 © 2021 Wiley-VCH GmbH
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Figure 6. Docking studies of compound 36 (green), 39 (pink) and 40 (blue}
in hYBD of TEAD2 overlaid with co-crystal structure of hDEAT2 in complex
with LM98 (orange) (PDB 1D: 6VAH).

Being aware that these compounds are designed for
optimal interactions with the hydrophobic palmitate pocket, we
then proceeded with the incorporation of an oxygen atom in
the R, and R, groups in order to improve their physicochemical
properties. To do so, the general synthetic route was adapted,
starting either with an ipso-hydroxylation on (3-nitrophenyl)
boronic acid 41 or with a reduction of the carbonyl of 3-
nitrobenzaldehyde 44 (Scheme 2). Phenol 42 and benzylic
alcohol 45 thus obtained were then reacted via an S,2 reaction
with the corresponding iodoalkanes to yield key nitro-inter-
mediates 43 and 46 which were converted into compounds
47-54 following the general synthetic route from Scheme 1. To
further lower the lipophilicity of the compounds, we also

prepared derivatives based on the NA scaffold where a nitrogen
atom is present in the RHS ring ortho to the central NH linker.

DSLS results indicate that the replacement of the first
methylene unit by an oxygen atom is well tolerated, as
indicated by compound 47 which gave a AT, of 7.0°C
compared to 5.2°C for the corresponding carbon analogue 22
(Table 5). However, replacing the second methylene unit in 22
with an oxygen led to a drastic loss of affinity with TEAD, as
indicated by compound 48. The addition of a nitrogen atom on
the RHS was well tolerated, as shown by compound 49 which is
the NA analogue of 22. Combining the beneficial features of 47
and 49 afforded compound 50 which unexpectedly showed a
reduced ability to stabilize TEAD. Introduction of a nitrogen in
the para-adamantyl compound 39 provided a substantial
increase in the temperature of aggregation (8.4°C for 51 vs
5.5°C for 39). A complete loss of affinity to TEAD was observed
with compound 52, an oxygenated version of 36. However,
some of the affinity could be re-established with the NA
counterpart 53. Finally, the impact of moving the carboxylic
acid group to the meta position of the RHS relative to the NH
connector was investigated with compound 54. The fact that
54 retains its affinity to TEAD is interesting as well as
unprecedented and supports our hypothesis that compounds
can adapt inside the pocket by undergoing conformational
changes.

Inhibition of palmitoylation. As co-crystals structure of
LM98 with TEAD2 confirmed our hypothesis that our com-
pounds occupy central pocket of TEAD, we further wished to

OH |
! H20,, Cu0
Ho B NO, s HO NO, PN NO;
H0 NaH, dry DMF
r.t., 15 min 80°C, 16 h (43)
(a1 quant. (42) 43 %
..... e
NaBH, AR
H NO, HO NO, | Pty NO,
EtOH NaH, dry DMF
r.t., 30 min 80°C,16h
(44) 91% (45) 43% (48)
Scheme 2. General routes for the synthesis of key intermediates incorporating an ether side chain on the LHS.
Table 5. Analogues with polar atoms in the LHS alkyl chains and the RHS ring.
o
A
Ry 7
Compound R R, A Rs R, ATy M
47 CH4(CHA)0 H CH H COH 7.0
48 CH,(CHA10CH, H CH H COH 23
49 n-Hex H N H COH 6.0
50 CH,(CH,),0 H N H COH 34
51 H Adamantyl N H COH 8.4
52 H CH4(CH4),0 CH H CO.H 0.5
53 H CH,(CHA),0 N H COH 3.2
54 CH,(CHA),0 H CH COH H 45
[a] Values shown are the average of three replicates by DSLS assay, with a compound concentration of 25 uM.
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demonstrate whether they can compete with palmityl CoA or
not. Therefore, we treated TEAD4 with different concentrations
of LM98 (34) and six other representative compounds (22, 32,
40, 47, 49 and 50) as well as flufenamic acid (1) in the presence
of palmityl CoA according to a protocol reported by Li and
coworkers."” The formation of TEAD4-palmityl CoA covalent
adduct was then monitored by mass spectrometry. Results
indicate that all compounds dose-dependently reduce the
covalent palmitoylation of TEAD4 (Supporting Information
figure S3), confirming that our compounds can indeed compete
with palmityl CoA. Compounds 40, 49 and 50 showed less
reduction of palmitoylation at the highest concentrations of the
compounds probably due to their limited solubility at the
highest concentrations.

Evaluation of YAP-TEAD interaction in cells. We estab-
lished a cellular nano-BRET assay to evaluate whether our TEAD
inhibitors would inhibit YAP-TEAD interaction.®® In this assay,
we measured the inhibition of interaction between C-terminally
NanolLuc® (NL) tagged TEAD1 and C-terminally HaloTag® (HT)
tagged YAP1 by our compounds by comparing the nano-BRET
ratio in the presence and absence of compounds. None of the

el £33 M (TEAD1-NLIYAP1-HT)

3 10 uM (TEAD1-NLYAP1-HT)
3 30 uM (TEADA-NLYAP1-HT)

2
8

-1-F-f-NUYAPIHT

Nanobret ratio (% DMSO control)
@
2

®
o
E

40

Figure 7. Compounds do not affect YAP1 and TEAD] interaction in cells —
NanoBRET assay. HEK293T were transfected with C-terminally NanoLuc® (NL)
tagged TEAD1 or NL alone and C-terminally HaloTag® (HT) tagged YAP1. The
following day cells were treated with compounds for 4 h. The interaction
was measured using NanoBRET assay. The results are MEAN of 3 technical
replicates. The line indicates the background NanoBRET signal from
unspecific interaction between NL and YAP1-HT.

A

Effect of Compounds on TEAD Activation

2

-
=}
=

% Control Luminescence (RLU)

0
n=4 8 6 5 4 8 6 5 4 8 8 5
Niflumic acid Compound 34 DMSO (no drug)
- ~316uM B2 ~10uM B3 ~3.16uM = uM

three compounds tested, LM98 (34), 36 and 40, reduced nano-
BRET ratio indicating that our TEAD inhibitors do not inhibit
YAP-TEAD interaction up to 30 yM compound concentration
(Figure 7). This is not surprising; as discussed in the introduction
section, while some TEAD inhibitors such as 3 and 8 inhibit
YAP-TEAD interaction, others TEAD inhibitors, including niflumic
acid 2 as well as compounds 5 and 6, do not.

Inhibition of TEAD activation in cells. Having demonstrated
that our compounds can compete with palmityl CoA in vitro, we
next assessed whether they could inhibit TEAD mediated effects
in cells. To examine the effects of our TEAD inhibitors, a dual-
luciferase assay was used to measure TEAD activation through a
YAP/TAZ-responsive synthetic promoter, the 8x-GTIIC TEAD
reporter, which drives luciferase expression.” After 24 hours of
treatment with increasing concentrations of NA (2) and LM98
(34), HEK293 cells expressing the 8x-GTIIC TEAD reporter
showed a significantly lower level of TEAD activation with LM98
than with NA (Figure 8a). LM98 also showed greater potency at
inhibiting TEAD activation at lower concentrations, registering
lower TEAD activation levels at 3uM than NA (Figure 8a),
without any increased toxicity in cells compared to NA (Fig-
ure 8b). Furthermore, compounds 23 and 33, which showed
comparable AT, to LM98, also showed similar reduction of
TEAD activation. Compound 40, which showed significantly
better AT, =10°C, showed almost a complete inhibition of
TEAD activation at 30 pM while compound 35 which showed
lower AT, of 5.2°C showed no significant inhibition up to
30 pM (Supporting Information figure S4).

Inhibition of TEAD responsive genes and breast cancer
cell migration. To determine the effect of our compounds on
endogenous TEAD-mediated expression of Hippo-responsive
genes, we then measured the levels of well-established TEAD
responsive CTGF and Cyr61 genes by RT-gPCR (Figure 9a).
Compound 3 was selected as a reference compound since it
was previously found to reduce the expression of CTGF and
Cyr61 and since we confirmed its binding in our DSLS assay.

Effect of Compounds on Cell Viability
(Day 3 on Incucyte)

3
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@

Qo

s

3 100

w

@

£

£

a 50

£
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o

o 0

2 n=3 6 3 3 3 6 3 3 4 8 8 5

Niflumic acid Compound 34 DMSO (no drug)

- ~316uM B ~10uM B ~3.16uM = 1uM

Figure 8. a) Effect of LM98 (34) on TEAD activation in cells measured by dual-luciferase reporter assay. b) Effect of LM98 (34) on cell viability. The toxicity of
compounds on cell viability was measured using the Incucyte to measure cell confluence over a 3-day period. Results were generated by training the Incucyte
analysis software to optimally detect cell confluence for HEK293 cells, averaging across technical replicates and normalizing to control “DMSO (no drug)”

treatment.
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By Evaluation of the impact of LM98 on cell cycle division
_ ™ [__JoteF and wound healing. Given its capacity to alter cell migration,
§‘°° Ll we also addressed whether LM98 could impact cell cycle
é % division by assessing G0/G1, S, and G2/M phases in MDA-MB-
g 231 cells (Figure 10a). Cells were found trapped in the S phase
g upon treatment with 10 pM of LM98 (Figure 10b). These results
g 0 suggest that LM98 can alter molecular events regulating cell
E division processes and cell proliferation.
g% The effect of LM98 on the ability of cells to migrate in
o || response to a wound was next assessed (Figure 10c). While
yehicle: 2 MD:MEM ;E“ﬂmm - 5 vehicle-treated cells were able to partly rescue wounding, LM98
treatment at 10 uM in MDA-MB-231 cells prevented migration
of the wound region (Figure 10d). This property suggests that
B: s LM98 can halt MDA-MB-231 cell migration.
- Vehicle
% 4
£g, Conclusion
&g
éi # }9/ P We prepared flufenamic acid derivatives that target the central
g 1 // !/,/""/ * hydrophobic palmitate pocket of TEAD. A modular synthetic
0 Io/"/
o 0.5 1.!.l"me1c.:eu’:’i0 25 30 A_ B_

Figure 9. a) CTGF and Cyr61 gene expression levels are altered by
compounds 3, LM98 (34), 49 and 51, but not by NA (2). Serum-starved MDA-
MB-231 breast cancer cells were treated either with 10 pM of compounds or
vehicle (DMSO) for 48 hours. Total RNA was isolated from cell monolayers.
CTGF and Cyr61 gene expression was then assessed by RT-gPCR as described
in the Supporting Information. b) LM98 (34) inhibits MDA-MB-231 breast
cancer cell migration. Real-time cell migration was next performed using the
xCELLigence system as described in the Supporting Information section.
Serum-starved MDA-MB-231 breast cancer cells were treated either with

10 uM LM98 (34) or vehicle (DMSO) for 48 hours. Data are representative of
two independent experiments that were performed in triplicates (SEM is
represented).

LM98 (34) was chosen because of its high affinity to TEAD in
the DSLS assay, since its binding in the palmitic acid pocket was
confirmed by X-ray crystallization, and because it reduced TEAD
activation in the Luciferase assay. Compound 49 was selected
as a niflumic acid version of LM98 while compound 51 was
chosen for the presence of the adamantyl group in the para-
position of the left-hand side ring, and thus its structural
resemblance to 3. Niflumic acid 2, which in our hands showed
no binding in the DSLS assay and weak binding by "F-NMR,
was selected as the negative control compound.

Treatment of human ftriple-negative MDA-MB-231 breast
cancer cells with 10 uM LM98 (34), 49 and 51, significantly
reduced CTGF and Cyr61 transcript levels after 48 hours
comparable to the levels of the published compound 3 at the
same concentration while reference compound NA (2) did not
show any significant effect at the same concentration. Since the
Hippo-associated genes promote cell migration, we then
studied the impact LM98 (34) on MDA-MB-231 breast cancer
cells migration using the real-time xCELLigence system and
observed strong inhibition of cell migration compared to
vehicle (Figure 9b).
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Figure 10. LM98 alters MDA-MB-231 breast cancer cell cycle division and
wound healing. Human TNBC-derived MDA-MB-231 cells were cultured,
followed by treatments with 10 uM LM98 in serum-free media for 48 hours,
fixation, and Pl staining as described in the Supperting Information. a) Data
acquisition was performed by flow cytometry in order to assess cell cycle
phases. b) Data analysis was performed in order to assess the levels of cells
in G0/G1, S, and G2/M phases. Significance: +p < 0.05, +++p < 0.01,

w++p< 0.001 versus the vehicle (0.1% DMSQ). ) Photomicrographs of cell
migration, in the presence or absence of 10 uM LM98, to the scratched zone
at different time points (magnification, x 20). d) Quantitative assessment of
cells that migrated into the scratched zone. For each condition, representa-
tive fields within the scratch were photographed. Data are representative of
two independent experiments. Data are representative of two independent
experiments that were performed in triplicates (SEM is represented).
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route was established that allow the expedient access to
derivatives of flufenamic acid. Rational design combined with
systematic SAR studies led to the discovery of LM98 (34), a FA
derivative that shows high affinity to TEAD in a DSLS
biophysical assay. °F-NMR studies confirmed that LM98 binds
more strongly to TEAD than flufenamic or niflumic acid. Co-
crystal structure showed that LM98 binds in the palmitate
pocket of TEAD while mass spectrometry measurements
confirmed that this compound acts as a TEAD autopalmitoyla-
tion inhibitor. Although LM98 did not disrupt the YAP-TEAD
complex, it was found to interfere with the transcriptional
activity of TEAD at concentrations that are not toxic to cellsin a
dual luciferase assay. Treatment of MDA-MB-231 cells with
LM98 resulted in a decrease in the expression of associated
genes CTGF and Cyr61 as shown by RT-gPCR. LM98 displayed
strong inhibition of MDA-MB-231 cancer cell migration and
arrested cells in the S phase.

Experimental Section

General Chemistry Methods. Unless otherwise stated, reactions
were performed in non-flame dried glassware and commercial
reagents were used without further purification. Anhydrous
solvents were obtained using an encapsulated solvent purification
system and were further dried over 4 A molecular sieves. The
evolution of reactions was monitored by analytical thin-layer
chromatography (TLC) using silica gel 60 F254 precoated plates
visualized by ultraviolet radiation (254 nm). Flash chromatography
was performed employing 230-400 mesh silica using the indicated
solvent system according to standard techniques. 'H-NMR spectra
were recorded on a Bruker Avance-ll 300 MHz, 500 MHz or
600 MHz. '*C-NMR spectra were recorded on a Bruker Avance-ll
75 MHz, 126 MHz or 151 MHz spectrometer. YF.NMR were recorded
on a Bruker Avance-lll 282 MHz. Chemical shifts for "H-NMR spectra
are recorded in parts per million from tetramethyl silane with the
solvent resonance as the internal standard (chloroform-d, &
7.26 ppm; methanol-d4, & 3.34 ppm; dimethysulfoxide-d6, &
2,54 ppm; acetone-d6, & 2.09 ppm). Data is reported as follows:
chemical shift, multiplicity (s=singlet, s(br)=broad singlet, d=
doublet, t=triplet, q=quartet, quint =quintet, sext=sextet, sept=
septet, m=multiplet, dd=doublet of doublet, dt=doublet of
triplet, ddd = doublet of doublet of doublet}, coupling constant J in
Hz and integration. Chemical shifts for “C-NMR spectra are
recorded in parts per million from tetramethyl silane using the
solvent resonance as the internal standard (chloroform-d, &
7736 ppm; methanol-d4, & 49.86 ppm; dimethysulfoxide-d6, &
4045 ppm; acetone-d6, & 30.60 ppm). Purity was assessed on an
Agilent 1260 infinity HPLC system equipped with an Agilent Edipse
Plus C18 (3.5 uM, 4.6 100 mm) column using a 20-minute gradient
method (0 to 100% MeCN+0.06 % TFA in water+0.06% TFA; the
absorbance was measured at 254 nm). Purity is greater than 95%
for all final compounds. HRMS were performed on a TOF LCMS
analyzer using the electrospray (ESI) mode. MGH-CP1 3 was
synthesized according to WO 2017/053706 A1.%

Accession Codes. Coordinates and structure factors of hTEAD2-34
complex are available in the Protein Data Bank (PDB) under
accession code 6VAH. Coordinates for X-ray structure of 40 have
been deposited in the Cambridge Crystallographic Date Centre
(CCDC) under the number 2054155.

General Procedure A: nitro reduction. Metallic iron (4 equiv) was
added to a solution of the appropriate nitro substrate (1.0 equiv) in
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3:1 EtOH/HC 5ne (5 mL per mmol of substrate). After heating at
79°C for 1h, the reaction mixture was cooled down to room
temperature and quenched with a slow addition of saturated
aqueous solution of NaHCO; (50 mL). The aqueous phase was
extracted with EtOAc (3x50 mL). Combined organic phases were
washed with water (1x50 mL), brine (1 x50 mL), dried over Na,50,,
filtered and concentrated under reduced pressure. If needed, the
crude material was purified by flash column chromatography to
provide the desired compound.

General Procedure B: Ullmann coupling. To a solution of the
appropriate aniline substrate (1 equiv) in dry DMF (10 mL per mmol
of substrate) were added K,CO; (3 equiv), the appropriate benzoic
acid derivative (1.1 equiv), Cu (0.2 equiv) and Cu,0 (0.1 equiv). The
reaction mixture was stirred at 153°C for 16 h, cooled down to
room temperature, after which H;O was added. The mixture was
filtered over a plug a celite, rinsed with DCM and acidified with
HClone until pH<3. If formation of a precipitate, filtration was
performed. Otherwise, the aqueous phase was extracted with DCM
(3 %20 mL), combined organic phases were dried over Na,SO.,
filtered and concentrated under reduced pressure to yield directly
to the title compound.

General Procedure C: Buchwald-Hartwig coupling. To a solution
of the appropriate amine substrate (1.0 equiv) in dry toluene (7 mL
per mmol of substrate) was added the appropriate halogen
benzoate (1.1 equiv), cesium carbonate (24 equiv) and a freshly
prepared solution of Pd(OAc),/Rac-BINAP in dry toluene. This
solution was obtained by stirring Pd(OAc); (0.06 equiv) and Rac-
BINAP (0.09 equiv) in dry toluene (3 mL per mmol of substrate) for
15 min with argon bubbling through the mixture. The main
reaction mixture was heated at 120°C for 16 h, cooled down to
room temperature, filtered over a plug of celite and concentrated
under reduced pressure. Purification by flash column chromatog-
raphy provided the title compound.

General Procedure D: saponification. To a solution of the
appropriate ester substrate (1.0 equiv) in MeOH (20 mL per mmol
of substrate) was added an aqueous solution of NaOH at 10%
(20 mL per mmol of substrate). The reaction mixture was stirred at
80°C until completion as indicated by TLC, cooled down to room
temperature after which the mixture was diluted with DCM and
quenched with aqueous solution of HCI T M (20 mL). The aqueous
phase was extracted with DCM (3 x20mL), combined organic
phases were dried over Na,SO,, filtered and concentrated under
reduced pressure. If not pure enough, the crude material was
purified by flash column chromatography to provide the title
compound.

General Procedure E: esterification. To a solution of the appro-
priate acid substrate (1.0equiv) in MeOH (2mL per mmol of
substrate) was added H,S0, (0.2 mL per mmol of substrate). The
reaction mixture was stirred at 65 “C until completion as indicated
by TLC, cooled down to room temperature after which the mixture
was diluted with DCM and H,0. The aqueous phase was extracted
with DCM (3 %20 mL). Combined organic phases were washed with
saturated aqueous solution of NaHCO; (3x20mlL), brine (1x
20 mL), dried over Na,SO,, filtered and concentrated under reduced
pressure. If not pure enough, the crude material was purified by
flash column chromatography to provide the title compound.

General Procedure F: Ullmann coupling. To a solution of the
appropriate benzoic acid substrate (1.0 equiv) in n-butanol (0.5 mL
per mmol of substrate) were added the appropriate aniline
substrate (14 equiv), K;CO; (1.4equiv) and Cu (0.9 equiv). The
reaction mixture was heated at 120°C for 4 h and then allowed to
cool down to room temperature. After removal of n-butanol under
high vacuum, hot water (15 mL) was added to the residue. The
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mixture was filtered through a pad of celite and washed with water.
The filtrate was acidified with HCl ;. until pH< 3. The precipitate
obtained was filtered on Blichner and then recrystallized in chloro-
form to yield the title compound.

2-((3-(Trifluoromethyl)phenyl)amino)benzoic acid (1) (Flufenamic
acid; FA). 2-Bromobenzoic acid (605 mg, 3.00 mmol) was reacted
with 3-aminobenzotrifluoride (678 mg, 4.20 mmol) according to
general procedure F, affording flufenamic acid (FA) 1 (323 mg,
1.14 mmol, 38%) as a white solid. "H-NMR (300 MHz, CDCly) & 9.42
(s, TH), 8.07 (dd, J=8.1, 1.7 Hz, 1H), 7.51 (5, TH), 7.46 (d, /=7.0 Hz,
2H), 743-739 (m, 1H), 7.35 (d, J=6.9Hz, 1H), 7.27-7.25 (m, 1H),
6.85 (ddd, J=8.2, 7.1, 1.1 Hz 1H); “CG-NMR (75 MHz, CDCl) & 173.52,
147.88, 14134, 13559, 132.96, 132.33, 131.90, 130.13, 125.51,
12039, 119.06, 119.01, 118.52, 114.36; "F-NMR (282 MHz, CDCl;) &
—62.80; HRMS (ESI) [M +HI™ caled for C,.H,oFsNO,: 282.0736, found
282.0740, HPLC purity: 98 %.

2-(3-(Trifluoromethyl)phenoxy)benzoic acid (10). To a solution of
3-(trifluoromethyl)phenel (1.755 g, 10.82 mmol) in water (10 mL)
were added K,CO; (2,995 g, 21.66 mmol), 2-chloro-benzoic acid
(3.389 g, 21.65 mmol), pyridine (882 uL, 109 mmol), Cu (104 mg,
1.63 mmel) and Cul (104 mg, 0.55 mmeol). The reaction mixture was
stired at 100 °C for 16 h, then cooled down to room temperature.
The reaction mixture was extracted with Et,O, then the aqueous
phases was acidified with HCl . until pH<3. The precipitate
formed was filtered on Buichner. Purification of 32 mg of crude by
preparative reverse phase HPLC (H;0+0.01% TFA/MeCN+0.01%
TFA 100:0 to 0:100) provided 10 (13 mg, 0.071 mmol) as a white
solid. "TH-NMR (300 MHz, CDCl;) & 8.14 (dd, J=7.9, 1.8 Hz, TH), 7.56
(ddd, /=83, 74, 18Hz, 1H), 748 (t, J=79Hz, 1H), 741 (d, J=
78 Hz, 1H), 7.31-7.26 (m, 2H), 7.18 (d, J/=7.9 Hz, 1H), 6.96 (dd, /=
83, 0.8 Hz, 1H); "C-NMR (75 MHz, CDCl;) & 16845, 156.90, 156.29,
135.14, 13347, 132.87, 130.72, 12548, 124.65 12210, 12141,
12079, 12025, 11593; "F-NMR (282 MHz, CDCl,) & —62.73; HRMS
(ESI) caled for C4HyFs05: 282.0504, found 305.0403 [M+ Na] *; HPLC
purity: 96%.

2-((3«(Trifluoromethyl)phenyl)thio)benzoic acid (11). To a solution
of thiosalicylic acid (886 mg, 5.74 mmol) in DMF (10mL) were
added 3-bromobenzotriflucride (1.44 g, 6.64 mmol), K,CO; (1.214,
8.72 mmol) and CuCl (892 mg, 0.90 mmol). The reaction mixture was
stirred at 153°C for 7 h and cooled down to room temperature. The
precipitate formed was filtered on Bilichner and the solid was
dissolved in water. The aqueous phase was acidified with HCl .
until pH < 3, then extracted with EtOAc (3x15 mL). Purification by
preparative reverse phase HPLC (H;0+0.01% TFA/MeCN+0.01%
TFA 100:0 to 0:100) provided 11 (16 mg, 0.053 mmol, 1%) as a
white solid. "H-NMR (300 MHz, CDCl;) 6 8.13 (d, J/=7.9 Hz, 1H), 7.83
(s, TH), 7.71 (dd, J=15.6, 7.7 Hz, 2H), 7.56 (t, /=7.9Hz 1H), 7.34 (t,
J=7.6Hz, H), 7.22 {t, J=90 Hz, TH), 682 (d, J=7.7 Hz, TH); "C-
NMR (75 MHz, CDCL;) & 171.09, 143.00, 138.76, 134.28, 133.57,
13241, 13218, 132.11, 132.06, 130.36, 129.88, 127.81, 126.01,
125.19;F-NMR (282 MHz, CDCly) & —62.75; HRMS (ESI) [M+H]*
caled for C4HgF;0,5: 299.0348, found 299.0336; HPLC purity: 97%.

Ethyl 2-methylbenzoate (55). o-Toluic acid (2.050 g, 15.06 mmol)
was dissolved in ethanol (20 mL) and H;50,. (1 mL) was added.
The reaction was heated 78°C for 16 h, cooled down to room
temperature. After evaporation of the solvent, the residue was
redissolved in Et;0. The organic phase was washed with aqueous
1 N NaOH aqueous solution (1 x20 mL), aqueous NaHCO; saturated
solution (1x20 mL), dried over Na,SO,, filtered and evaporated
under reduced pressure to give ethyl 2-methylbenzoate 55
(2290 g, 13,58 mmol, 90%) as a colorless oil. 'H-NMR (300 MHz,
D) 6 792 (dd, /=81, 1.4Hz, 1H), 740-7.33 (m, 1H), 7.22 (t, J=
6.9 Hz, 2H), 435 (q, J=7.1Hz, 2H), 2.61 (s, 3H), 1.38 (t, J=7.1 Hz,
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3H); C-NMR (75 MHz, CDCly) & 167.59, 139.97, 13177, 131.61,
13047, 129.93, 12563, 60.61, 21.67, 14.29.

Ethyl 2-(bromomethyl)benzoate (56). To a solution of ethyl 2-
methylbenzoate 55 (1.45 g, 8.81 mmol) in CCl; (20 mL) were added
N-bromosuccinimide (NBS) (1.57g, 881 mmol) and benzoyl
peroxide (58 mg, 0.24 mmel) under argon atmosphere, The reaction
mixture was stirred at 80°C for 4 h and then stirred at room
temperature for 16 h. After filtration over a pad of celite, the filtrate
was concentrated under vacuum. Purification by flash column
chromatography (hexanes/EtOAc  90:10) provided ethyl 2-
(bromomethyl)benzoate 56 (1.95 g, 8.03 mmol, 91%) as a coloress
oil. Spectral data are consistent with literature values.”® 'H-NMR
(300 MHz, CDCls) & 7.90-7.85 (m, TH), 7.42-7.33 (m, 2H), 7.30-7.23
(m, 1H), 4.86 (s, 2H), 4.36-4.26 (m, 2H), 1.33 (t, J/=7.1 Hz, 3H).

Ethyl 2-(3-(trifluoromethyl)benzyl)benzoate (12). To a solution of
ethyl 2-(bromomethyl)benzoate 56 (296 mg, 1.22 mmol) in toluene
(3 mL) were added 3-trifluoromethylphenylboronic acid (342 mg,
1.80 mmol), Pd(OAc); (14mg, 0.062mmol), PPh; (48 mg,
0.18 mmol) and K;PO, (518 mg, 244 mmol). The reaction mixture
was stirred at 80 °C for 16 h, cooled down to room temperature and
concentrated under vacuum. The crude compound was used in the
following step without any purification. Its saponification was
performed according to general procedure D, providing 12
(126 mg, 0.450 mmol, 37 %) without any need for purification as a
white solid. 'H-NMR (600 MHz CDCl;) & 8.11 (d, J=7.8 Hz, 1H), 7.53
(t, J=75Hz 1H), 7.45 (d, /=82 Hz, 2H), 737 (t, J=7.8 Hz, 2H), 7.32
(d, J=7.7Hz, 1H), 724 (d, J=7.7Hz, TH), 450 (s, 2H); “C-NMR
(151 MHz, CDCly) & 172.69, 142.53, 141.83, 133.44, 13244, 132.19,
132,00, 131.06, 13084, 13063, 13042, 12886, 127.01, 125.89,
12587, 12584, 12582, 125.26, 12346, 123.09, 123.06, 123.04,
123.01, 39.69; "F-NMR (282 MHz, CDCI;) & —62.54; HRMS (ESI) [M+
HI* caled for CgH,,F;0,: 281.0784, found 281.0795; HPLC purity:
99 %.

Methyl 2-(methyl(3-(trifluoromethyl) phenyl)amino)benzoate (57).
To a solution of 1 (48 mg, 0.17 mmol) in DMF (1 mL) was added
NaH dry 90% (12 mg, 0.45 mmol). The reaction mixture was stirred
for 40 min, after which a solution of Mel (85 mg, 0.60 mmol) in DMF
(1 mL) was added. The reaction mixture was stirred at 80°C for
16 h, then cooled down to room temperature. Purification by
column chromatography (hexanes/EtOAc 95:5) provided methyl 2-
(methyl(3-(trifluoromethyl)phenyl)amino)benzoate 57 (42 mg,
0.14 mmol, 80%) as a transparent oil. 'H-NMR (300 MHz, CDCl,) &
7.89 (dd, J=7.8, 1.6 Hz, 1H), 759 (td, /=77, 1.7 Hz, 1H), 7.35 (td, J=
7.6, 1.2 Hz, 1H), 7.30 (dd, /=8.0, 1.0Hz, 1H), 7.22 (t, J=8.0Hz, 1H),
6.99-6.93 (m, 1H), 6.83 (t, J=2.2 Hz, 1H), 6.69 (dd, /=8.3, 24 Hz,
1H), 3.63 (s, 3H), 3.30 (s, 3H); *C-NMR (75 MHz, CDCly) & 166.96,
14947, 147.24, 13382, 13193, 12989, 12958, 129.36, 126.53,
116.71, 116.70, 11406, 11401, 11396, 113.90, 109.59, 109.53,
109.48, 109.43, 52.24, 40.35; ""F-NMR (282 MHz, CDCl;) & —62.76.

2-(Methyl(3-(trifluoromethyl)phenyl)amino)benzoic acid (13).
Methyl  2-(methyl(3-(trifluoromethyl)phenyl)amino)benzoate 57
(39 mg, 0.13 mmol) was saponified according to general procedure
D to afford 13 (29 mg, 0.098 mmol, 76%) as a yellow solid without
the need for any purification. "H-NMR (300 MHz, CDCl;) & 829 (dd,
J=79, 1.6Hz, 1H), 762 (td, J=7.8 17 Hz, 1H), 746 (td, J=7.7,
1.2 Hz, 1H), 7.33 (t, J=8.0Hz, 1H), 7.20 (d, J=7.8 Hz, 1H), 7.16 (dd,
J=8.0, 0.9Hz, 1H), 7.07 (s, TH), 6.90 (dd, J=8.2, 2.2 Hz, TH), 3.27 (s,
3H); "CNMR (75 MHz, CDCL) & 167.31, 149.34, 14909, 135.23,
133.02, 13243, 13200, 131.58, 131.15, 129.87, 128.07, 128.00,
126.87, 122.25, 12048, 118.02, 11292, 41.61; “F-NMR (282 MHz,
CDCly) & —62.75; HRMS (ESI) [M+HI" caled for CycHypFsNOy:
296.0893, found 296.0887; HPLC purity: 99%.
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2-(Phenylamino)benzoic acid (16). 2-Bromobenzoic acid (206 mg,
1.02 mmol) was reacted with aniline (138 mg, 1.48 mmol) according
to general procedure F to afford 16 (92 mg, 0.43 mmol, 42%) as a
white solid. 'H-NMR (300 MHz, CDCl;) & 9.32 (s(br), 1H), 8.04 (dd, J=
8.1, 1.6 Hz, 1H), 7.41-7.32 (m, 3H), 7.28 (d, J=1.3 Hz, 1H), 7.23 (dd,
J=8.6, 0.8Hz, 1H), 7.17-7.10 (m, TH), 6.76 (ddd, J=8.1, 7.0, 1.1 Hz,
1H); “C-NMR (75 MHz, CDCly) & 173.37, 149.07, 140.48, 13535,
132.74, 129.58, 124.26, 12330, 117.33, 114.19, 11049; HRMS (ESI)
[M+H]" caled for C3H;;NOy: 214.0863, found 214.0865; HPLC
purity: 99%.

2-(m-Tolylamino)benzoic acid (17). 2-Bromobenzoic acid (201 mg,
100 mmol) was reacted with m-toluidine (157 mg, 1.46 mmol)
according to general procedure F to afford 17 (30 mg, 0.13 mmol,
13%) as a greenish solid. "H-NMR (300 MHz, CDCly) & 9.27 (s(br),
1H), 8.04 (dd, J=8.1, 1.5 Hz, TH), 7.39-730 (m, TH), 7.25-7.20 (m,
2H), 7.11-7.06 (m, 2H), 6.95 (d, J=7.5 Hz, 1H), 6.75 (t, J=7.5 Hz, 1H),
236 (s, 3H); “C-NMR (75MHz, CDCly) & 174.04, 149.20, 140.38,
13954, 13535, 132.75, 129.35, 125.08, 124.01, 120.27, 117.18,
11431, 11047, 21.57; HRMS (ES) [M+H]" caled for CyHy3NOy
2282710, found 228.1053; HPLC purity: 99 %.

1-Nitro-3-vinylbenzene (58). Methyltriphenylphosphonium icdide
(4.06 g, 10.0 mmol) and potassium tert-butoxide (1.12 g, 10.0 mmol)
were stimed at 70°C for 30 min in toluene (19 mL) under argon
atmosphere. Then 3-nitrobenzaldehyde (756 mg, 5.00 mmol) was
added. The reaction mixture was stirred at 110°C for 3 h 30 under
argon atmosphere, cooled down to room temperature and diluted
with water. The aqueous phase was extracted with EtOAc (3x
20 mL). Combined organic phases were dried over Na,SO,, filtered
and concentrated under reduced pressure. The crude material was
purified by flash column chromatography (hexanes/EtOAc 95:5) to
give 1-nitro-3-vinylbenzene 58 (541 mg, 3,62 mmol, 72%) as a
yellow oil. 'H-NMR (300 MHz, CDCl;) & 8.09 (t, J=1.9 Hz, 1H), 7.97
(ddd, J=8.2, 2.1, 08 Hz, TH), 760 (d, J=7.7Hz 1H), 739 (t, J=
79 Hz, 1H), 6.66 (dd, J=17.6, 109 Hz, 1H), 5.79 (d, /=17.6 Hz, 1H),
534 (d, J=109 Hz, 1H); "C-NMR (75 MHz, CDCl3) & 148.36, 139.05,
134.54,131.92, 129.31, 122.17, 120.57, 116.83..

3-Ethylaniline (59). To a solution of 1-nitro-3-vinylbenzene 58
(515 mg, 3.45 mmol) in EtOAc (10 mL) was added Pd/C 10% (1 mg).
The reaction vessel was evacuated under vacuum and filled with
hydrogen. The cycle was repeated twice and the suspension was
stimed at room temperature for 16 h under H, atmosphere. The
mixture was then filtered over a plug of celite, rinsed with DCM and
concentrated under reduced pressure to afford 3-ethylaniline 59
(343 mg, 2.83 mmol, 82 %) as a yellow oil which was used directly
in the next step. 'H-NMR (300 MHz, CDCl5) & 7.22 (t, J=7.6 Hz, 1H),
6.77 (d, /=74 Hz, 1H), 6.65-6.58 (m, 2H), 3.69 (s(br), 2H), 2.71 (q, J=
76Hz, 2H), 138 (t, J=76Hz, 3H); "CNMR (75 MHz, CDCly) &
146.43, 145.33, 129.07, 117.97, 114.59, 11240, 28.74, 1541.

2-((3-Ethylphenyl)amino)benzoic acid (18). 2-Bromobenzoic acid
(291 mg, 145 mmol) was reacted with 3-ethylaniline 59 (240 mg,
1.98 mmol) according to general procedure F to afford 18 (132 mg,
0.547 mmol, 38%) as a brown solid. '"H-NMR (300 MHz, CDCl;) &
9.31 (s(br), TH), 8.04 (dd, J=8.1, 1.6 Hz, 1H), 7.35 (ddd, J=8.6, 7.0,
1.7 Hz, 1H), 7.30 (d, /=84 Hz, 1H), 7.23 (d, J=7.8 Hz, 1H), 7.14-7.08
(m, 2H), 6.98 (d,J=7.6 Hz, 1H), 6.78-6.71 (m, 1H), 2.66 (q, /=76 Hz,
2H), 1.26 (t J=7.6Hz, 3H); “C-NMR (75 MHz, CDCl)) & 173.59,
149.24, 14597, 140.41, 13533, 13273, 129.42, 123.94, 12291,
12057, 117.15, 114.28, 110.38, 28.96, 15.68; HRMS (ESI) [M+H]*
caled for CsH,sNO,: 242.1176, found 242.1179; HPLC purity: > 99%.

1-Nitro-3-(prop-1-en-1-yl)benzene (60). To a suspension of ethyl-
triphenylphosphonium bromide (140 mg, 0377 mmol) and potas-
sium carbonate (130 mg, 0.941 mmol) in toluene (3.1 mL) was
added 3-nitrobenzaldehyde (47 mg, 0.31 mmol). The reaction
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mixture was heated at reflux for 48 h, then cooled down to room
temperature and concentrated under reduced pressure. The residue
was dissolved in CH,Cl;. The organic phase was washed with H;0
(3x10mL), brine (1x10mL), dried over Na,SO., filtered and
concentrated under reduced pressure. Purification by flash column
chromatography (hexanes/EtOAc 95:5) provided 1-nitro-3-(prop-1-
en-1-yl)benzene 60 (32 mg, 0.20 mmol, 65%) as a colorless oil. A
mixture of E/Z isomers in a 1:1 ratio was obtained. 'H-NMR
(300 MHz, CDCl;) & 8.15 (dt, /=65, 2.0 Hz, TH), 8.04 (dddd, J=15.0,
8.2, 23, 1.1Hz 1H), 7.60 (ddt, /=75, 47, 1.4Hz, 1H), 7.46 (dt, /=
17.3, 7.9 Hz, 1H), 6.50-6.37 (m, 1H), 595 (dq, /=116, 7.2 Hz, TH),
1.94-1.89 (m, 3H); “C-NMR (75MHz, CDCly) & 139.78, 139.26,
134.88, 131.80, 129.86, 12942, 12914, 129.12, 127.86, 123.53,
12146, 121.39, 12049, 18.62, 14.68.

3-Propylaniline (61). To a solution of 1-nitro-3-(prop-1-en-1-yl)
benzene 60 (570 mg, 349 mmol) in EtOAc (10 mL) was added Pd/C
10% (2.8 mg). The reaction vessel was evacuated under vacuum
and filled back with hydrogen. The cycle was repeated twice and
the suspension was stirred at room temperature for 16 h under H;
atmosphere. The mixture was then filtered over a plug of celite,
rinsed with DCM and concentrated under reduced pressure.
Purification by flash column chromatography (hexanes/EtOAc
80:20) provided 3-propylaniline 61 (158 mg, 1.17 mmol, 33%) as a
brown oil. "H-NMR (300 MHz, CDCl;) & 7.18-7.10 (m, 1H), 6,67 (d, /=
7.6 Hz, TH), 6.59-6.54 (m, 2H), 3.61 (s(br), 2H), 2.57 (t, /=9.0Hz, 2H),
1.70 (sext, J=6.0 Hz, 2H), 1.02 (t, J/=7.3 Hz, 3H). "C-NMR (75 MHz,
CDCl;) & 146.34, 143.96, 129.10, 118.90, 115.38, 112.60, 38.10, 24.46,
13.93.

2-((3-Propylphenyl)amino)benzoic acid (19). 3-Propylaniline 61
(106 mg, 0.784 mmol) was reacted with methyl 2-bromobenzoate
(327 mg, 1.52 mmol) according to general procedure C. The crude
compound was used without any purification. Its saponification
was performed according to general procedure D to afford 19
(160 mg, 0.627 mmol, 80%) as a yellow solid without the need of
any purification. 'H-NMR (300 MHz, CDCl;) & 9.29 (s(br), TH), 8.03
(dd, J=8.1, 1.6 Hz, 1H), 7.35 (ddd, /=86, 7.0, 1.6 Hz, 1H), 7.31-7.27
(m, TH), 7.25-7.20 (m, TH), 7.09 (d, /=74 Hz, 2H), 6.96 (d, /=76 Hz,
1H), 6.78-6.71 (m, TH), 259 (t, J=9.0 Hz, 2H), 166 (sext, /=74 Hz,
2H), 0.96 (t, J=7.3Hz, 3H); *C-NMR (75MHz, CDCl;) & 173.67,
14927, 14440, 14032, 13531, 13274, 12932, 12455, 12349,
12062, 117.12, 114.25, 38.12, 24.64, 1399; HRMS (ESI) [M+HI*
caled for CiHi;NOz: 256.13321, found 256.13422; HPLC purity:
>>99%..

1-(Buta-1,3-dien-1-yl)-3-nitrobenzene (62). To a solution of 3-
nitrobenzaldehyde (1.02g, 6.75mmol) in dry THF (25 mL) was
added allyltriphenylphosphonium bromide (3.10g, 809 mmol)
under argon atmosphere. Potassium tert-butoxide (960 mg,
8.56 mmol) was added portionwise at 0°C. The mixture was stirred
at 0°C for 15 min and then was allowed to warm up to room
temperature for 16h, after which it was concentrated under
reduced pressure. The residue was dissolved in EtOAc. The organic
phase was washed with H;O (3 x50 mL), dried over Na,SO., filtered
and concentrated under reduced pressure. Purification by flash
column chromatography (hexanes/EtOAc 95:5) provided 1-(buta-
1,3-dien-1-yl)-3-nitrobenzene 62 (548 mg, 3.13mmol, 46%) as a
yellow oil. A 1:1 mixture of F/Z isomers was obtained. 'H-NMR
(300 MHz, CDCly) & 8.20 (dt, J=24.0, 2.0Hz, 1H), 8.08 (dddd, J=
11.3, 8.1,2.3, 1.1 Hz, 1H), 7.65 (ddt, J=18.6, 7.7, 1.5 Hz, TH), 7.49 (dt,
J=9.7, 79 Hz, 1H), 6.96-6.71 (m, 1H), 663-645 (m, 1H), 645-6.34
(m, 1H), 5.52-5.40 (m, 1H), 5.38-5.26 (m, 1H); "CNMR (75 MHz,
CDCl) & 139.06, 139.02, 136.43, 134.97, 133.27, 132.61, 132.25,
132,03, 130.24, 12962, 12930, 12769, 12370, 122.14, 122.13,
121.91, 120.93, 120.19.

12 © 2021 Wiley-VCH GmbH
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3-Butylaniline (63). To a solution of 1-(buta-1,3-dien-1-yl)-3-nitro-
benzene 62 (567 mg, 3.24 mmol) in EtOAc (12 mL) was added Pd/C
10% (10 mg). The reaction vessel was evacuated under vacuum
and filled back with hydrogen. The cycle was repeated twice and
the suspension was stirred at room temperature for 16 h under H,
atmosphere. The mixture was then filtered over a plug of celite,
rinsed with DCM and concentrated under reduced pressure to give
3-butylaniline 63 (461 mg, 3.09 mmol, 95%) as an orange oil
without any purification. 'H-NMR (300 MHz, CDCl5) & 7.25-7.18 (m,
1H), 6.76 (d, J=7.5Hz, 1H), 6.64-6.57 (m, 2H), 3.69 (s(br), 2H), 2.69
(t, J=90 Hz, 2H), 1.83-1.68 (m, 2H), 1.61-1.47 (sext, /=7.3 Hz, 2H),
1.12 (t, J=7.3 Hz, 3H); "C-NMR (75 MHz, CDCl;) & 14632, 143.81,
128.84, 118.42, 115.06, 112.31, 35.48, 33.37, 22.24, 13.79.

2-((3-Butylphenyl)amino)benzoic acid (20). 2-Bromobenzoic acid
(300 mg, 1.49 mmol) was reacted with 3-butylaniline 63 (298 mg,
2.00 mmol) according to general procedure F to afford product 20
(104 mg, 0.386 mmol, 26%) as a brown solid. "H-NMR (300 MHz,
CDdl;) & 9.25 (s(br), 1H), 8.01 (dd, J=8.1, 1.6 Hz, 1H), 7.32 (ddd, /=
86, 7.0, 1.7 Hz, 1H), 7.27-7.21 (m, 1H), 7.19 (dd, /=85, 0.7 Hz, 1H),
7.06 (dd, J=6.7, 1.0Hz, 2H), 6.93 (d, J=7.6Hz 1H), 6.71 (ddd, J=
8.1, 7.1, 1.0 Hz, 1H), 2.58 (t, /=90 Hz, 2H), 1.66-1.52 (m, 2H), 1.42-
1.27(sext, J=7.3 Hz, 2H), 0.91 (t, J/=7.3 Hz, 3H); "C-NMR (75 MHz,
CDd,) & 173.59, 149.28, 144.63, 140.33, 135.32, 132.73, 12932,
12451, 123.46, 120.58, 117.11, 114.26, 110.38, 35.73, 33.70, 22.53,
14.10; HRMS (ESI) [M+H]* caled for Ci;HigNO,: 270.1489, found
270.1493; HPLC purity: 97 %..

1-Nitro-3-(pent-1-en-1-yl)benzene (64). To a solution of 3-nitro-
benzaldehyde (1.22 g, 8.07 mmol) in dry THF (30 mL) was added n-
butyltriphenylphosphonium iodide (4.31 g, 966 mmal) under argon
atmosphere. Potassium tert-butoxide (1.09 g, 9.71 mmol) was added
portionwise at 0°C. The mixture was stirred at 0°C for 15 min and
then was allowed to warm up to room temperature over 16 h, after
which it was concentrated under reduced pressure. The residue
was dissolved in EtOAc. The organic phase was washed with H,O
(3x50mL), dried over Na,SO, filtered and concentrated under
reduced pressure. Purification by flash column chromatography
(hexanes/EtOAc 95:5) provided 1-nitro-3-(pent-1-en-1-yl)benzene
64 (651 mg, 3.40 mmol, 42%) as a yellow oil. "H NMR (300 MHz,
CDCl;) & 8.10-7.91 (m, 2H), 7.55 (dd, J=11.8, 7.8 Hz, 1H), 7.47-7.34
(m, 1H), 6.36 (dd, J/=13.4, 7.9 Hz, 1H), 5.78 (dt, J/=11.7, 7.3 Hz, 1H),
225 (qd, J=74, 1.8 Hz, 2H), 145 (dd, J/=14.7, 74 Hz, 2H), 0.90 (t,
J=7.3Hz, 3H); "C-NMR (75 MHz, CDCl;) & 148.07, 139.23, 135.70,
134.59, 128.92, 126.68, 123.18, 121.11, 3047, 22.83, 13.62..

3-Pentylaniline (65). To a solution of 1-nitro-3-(pent-1-en-1-yl)
benzene 64 (371 mg, 1.94 mmol) in EtOAc (10 mL) was added Pd/C
10% (6 mg). The reaction vessel was evacuated under vacuum and
filled back with hydrogen. The cycle was repeated twice and the
suspension was stirred at room temperature for 16 h under H,
atmosphere. The mixture was filtered over a plug of celite, rinsed
with DCM and concentrated under reduced pressure to give 3-
pentylaniline 65 (268 mg, 1.64 mmol, 85%) as an orange oil without
any purification. Spectral data are consistent with literature
values®™® 'H NMR (300 MHz, CDCly) & 7.22-7.15 (m, 1H), 6.73 (d, J=
7.6 Hz, 1H), 6.60 (dd, J=7.8, 14 Hz, 2H), 3.64 (s(br), 2H), 2.65 (t, /=
9.0 Hz, 2H), 1.80-1.66 (m, 2H), 1.53-1.42 (m, 4H), 1.05 (t, /=69 Hz,
3H).

2-((3-Pentylphenyl)amino)benzoic acid (21). 3-Pentylaniline 65
(149 mg, 0.913 mmol) was reacted with methyl 2-bromobenzoate
(304 mg, 1.41 mmol) according to general procedure C. The crude
compound was used without any purification. Its saponification
was performed according to general procedure D to afford 21
(186 mg, 0.656 mmol, 72%) was obtained as a yellow solid without
the need of any purification. 'H-NMR (300 MHz, CDCl;) & 9.42 (s(br),
1H), 8.16 (dd, J/=8.0, 1.2 Hz, TH), 745-7.37 (m, 1H), 7.33 (t, J=
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7.1 Hz, 2H), 7.21-7.15 (m, 2H), 7.05 (d, J=7.5Hz 1H), 6.82 (t, J=
7.2 Hz, 1H), 2.70 (t, J=9.0 Hz, 2H), 1.74 (quint. J=6.0 Hz, 2H), 149-
1.40 (m, 4H), 101 (t, J=6.8Hz, 3H); *C-NMR (75 MHz, CDCl;) &
17443, 149.23, 14456, 14027, 13529, 13275, 12928, 124.43,
123.36, 120.50, 117.08, 114.20, 110.46, 35.98, 31.64, 31.21, 22.68,
14.18; HRMS (ESI) [M+H]" calcd for C;sH;NO;: 284.1645, found
284.1658; HPLC purity: > 99%.

n-Pentyltriphenylphosphonium iodide (66). To a solution of
triphenylphosphine (5.00 g, 19.1 mmol) in dry toluene (30 mL) was
added 1-iodopentane (4.24 mL, 32.5 mmol). The reaction mixture
was stirred at 110°C for 48 h under argon atmosphere. After
cooling down to room temperature, the precipitate was filtered and
dried to yield to product 66 (8.78 g, 19.1 mmol, 99%) as a white
powder. Spectral data are consistent with literature values'™ 'H-
NMR (300 MHz, CDCl;) 6 7.85-7.75 (m, 9H), 7.74-7.66 (m, 6H), 3.69-
3.56 (m, 2H), 1.70-1.54 (m, 4H), 1.30 (sext, J=7.3 Hz, 2H), 081 (t, J=
7.3 Hz, 3H).

1-(Hex-1-en-1-yl)-3-nitrobenzene (67). To a solution of 3-nitro-
benzaldehyde (2.46 g, 16.29 mmol) in dry THF (65 mL) was added
66 (9.00 g, 19.55 mmol) under argon atmosphere. Potassium tert-
butoxide (2.19 g, 19.52 mmol) was added portionwise at 0°C. The
mixture was stirred at 0°C for 15min and then was allowed to
warm up to room temperature for 16h, after which it was
concentrated under reduced pressure. The residue was dissolved in
EtOAc. The organic phase was washed with H;0 (3 x50 mL), dried
over Na;SO, filtered and concentrated under reduced pressure.
Purification by flash column chromatography (hexanes/EtOAc 95:5)
provided 67 (1.89 g, 9.21 mmol, 57%) as a yellow oil. Spectral data
are consistent with literature values.®” "H-NMR (300 MHz, CDCl;) &
8.15 (dt, J/=17.2, 1.7 Hz, 1H), 8.09-8.00 (m, 1H), 7.64-7.54 (m, TH),
7.52-7.41 (m, TH), 643 (d, J=12.9Hz 1H), 5.83 (dt, J/=11.7, 74 Hz,
1H), 2.36-2.26 (m 2H), 1.51-1.42 (m, 2H), 1.42-1.31 (m, 2H), 0.90 (t,
J=17.2Hz 3H).

3-Hexylaniline (68). To a solution of 67 (563 mg, 2.74 mmol) in
EtOAc (10 mL) was added Pd/C 10% (15 mg). The reaction vessel
was evacuated under vacuum and filled with hydrogen. The cycle
was repeated twice and the suspension was stirred at room
temperature for 16 h under H, atmosphere. The mixture was then
filtered over a plug of celite, rinsed with DCM and concentrated
under reduced pressure to afford 3-hexylaniline 68 (429 mg,
2.42 mmol, 88%) as a yellow oil which was used directly in the next
step. 'H-NMR (300 MHz, CDCl;) & 7.08 (td, J=7.7, 1.0 Hz, TH), 6.61
(d, /=77 Hz, 1H), 6.55-6.49 (m, 2H), 3.60 (s, 2H), 2.53 (t, J=76 Hz,
2H), 1.61 (quint, J=75 Hz, 2H), 1.40-1.29 (m, 6H), 0.90 (t, J=6.3 Hz,
3H); PCNMR (75MHz, CDCly) & 146.34, 144.27, 129.15, 118.89,
115.35, 112.58, 36.06, 31.83, 3142, 29.14, 22.69, 14.18.

2-((3-Hexylphenyl)amino)benzoic acid (22). 2-Bromobenzoic acid
(109 mg, 0.54 mmol) was reacted with 68 (125 mg, 0.71 mmol)
according to general procedure F to afford product 22 (24 mg,
0.081 mmol, 15%) as a yellow solid. TH-NMR (300 MHz, cDal) &
9.28 (s(br), 1H), 8.04 (dd, /=81, 15 Hz, 1H), 7.35 (ddd, /=86, 7.0,
1.6 Hz, 1H), 7.28 (d, J=87 Hz, TH), 7.25-7.19 (m, TH), 7.13-7.05 (m,
3H), 6.96 (d, /=76 Hz, 1H), 6.80-6.68 (m, 1H), 2.61 (t, J=9.0 Hz, 2H),
1.69-1.57 (m, 2H), 1.41-1.27 (m, 6H), 0.89 (t, J=6.7 Hz, 3H); "C-NMR
(75 MHz, CDCls) & 172.97, 149.26, 144.66, 140.32, 135.28, 132.69,
129.33, 12449, 123.44, 120.56, 117.09, 114.24, 110.28, 36.05, 31.87,
31.53, 29.15, 22.77, 14.25; HRMS (ESI) [M+H] ™ calcd for C,gH,sNOy:
298.1802, found 298.1796; HPLC purity: 96%.

1<(Hept-1-yn-1-yl)-3-nitrobenzene (69). To a solution of 1-iodo-3-
nitrobenzene (500 mg, 2.0 mmol) in dry THF (5 mL) was added
PdCl,(PPh;); (14 mg, 0.02 mmol), Cul (8 mg, 0.04 mmol), DIPEA
(1.1 mL, 6.3 mmol) and hept-1-yne (0.29 mL, 2.2 mmol). The reac-
tion mixture was stirred at 50°C for 16 h under argon atmosphere,
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then cooled down to room temperature and diluted with EtOAc
and H;0. The aqueous phase was extracted with EtOAc (3x20 mL)
and the combined organic phases were washed with brine (1x
60 mL), dried over Na,SO,, filtered and concentrated under reduced
pressure. Purification by flash column chromatography (hexanes/
EtOAc 99:1 to 90:10) provided 69 (436 mg, 2.0 mmol, >99%) as an
orange oil. "TH-NMR (300 MHz, CDCl;) & 8.23 (t, J=1.9 Hz, TH), 8.10
(ddd, J=8.3, 2.3, 1.0 Hz, TH), 7.68 (dt, J=7.7, 1.2 Hz, 1H), 7.45 (t, J=
8.0 Hz, TH), 2.42 (t, J=7.1 Hz 2H), 1.63 (quint, J=7.1 Hz, 2H), 1.48-
1.30 (m, 4H), 0.93 (t J=7.1Hz 3H); "GNMR (151 MHz CDCl;) &
14821, 137.43, 129.25, 126.52, 126.10, 122.33, 93.78, 78.63, 31.24,
2830, 22.34, 1947, 14.10.

3-(Hept-1-yn-1-yl)aniline (70). The reduction of the nitro group in
69 (200 mg, 0.921 mmol) was performed according to general
procedure A. Purification by flash column chromatography (hex-
anes/EtOAc 99:1 to 90:10) provided 70 (156 mg, 0.833 mmol, 90 %)
as an orange oil. "H-NMR (300 MHz, CDCl;) & 7.08 (t, J=7.8 Hz, 1H),
6.84 (d, J=7.6 Hz, 1H), 6.74 (s, 1H), 6.59 (dd, J=8.0, 2.5 Hz, TH), 3.62
(s(br), 2H), 241 (t, J=7.1 Hz, 2H), 163 (quintJ=69 Hz, 2H), 1.51-
134 (m, 4H), 0.96 (t, J=7.0Hz, 3H); "C-NMR (75 MHz, CDCl;) &
14627, 129.12, 124.77, 121.93, 117.91, 11461, 89.88, 80.80, 31.15,
2852,22.28,19.38, 14.04.

3-Heptylaniline (71). To a solution of 70 (189 mg, 1.0 mmel) in
EtOAc (5 mL) was added Pd/C 10% (5 mg). The reaction vessel was
evacuated under vacuum and filled back with hydrogen. The cycle
was repeated twice and the suspension was stirred at room
temperature for 16 h under H, atmosphere. The mixture was then
filtered over a plug of celite, rinsed with DCM and concentrated
under reduced pressure. Purification by flash column chromatog-
raphy (hexanes/EtOAc 99:1 to 70/30) provided 71 (131 mg,
0.68 mmol, 68 %) as a yellow oil. "H-NMR (300 MHz, CDCl,) & 7.11 (t,
J=76Hz 1H), 6.64 (d, J=7.4Hz, 1H), 6.59-6.50 (m, 2H), 3.62 (s(br),
2H), 2.56 (t, J=9.0Hz, 2H), 1.70-1.56 (m, 2H), 1.41-1.29 (m, 8H),
094 (t, J=6.7 Hz, 3H); “C-NMR (75 MHz, CDCl;) & 14638, 144.29,
129.16, 118.90, 115.35, 112.58, 36.07, 31.91, 31.48, 2944, 29.29,
2276, 14.19.

Methyl 2-((3-heptylphenyllaminolbenzoate (72). 3-Heptylaniline
71 (70 mg, 037 mmol) was reacted with methyl 2-bromobenzoate
according to general procedure C. Purification by flash column
chromatography (hexanes/EtOAc 99:1 to 90:10) provided product
72 (102 mg, 031 mmol, 84%) as a yellow oil. 'H-NMR (300 MHz,
CDdl,) 6 945 (slbr), 1H), 7.97 (dd, J=8.0, 1.4Hz 1H), 7.35-7.26 (m,
2H), 7.24 (d, /=7.4Hz 1H), 7.11-7.05 (m, 2H), 692 (d, /=75 Hz,
1H), 6.78-6.67 (m, 1H), 3.91 (s, 3H), 2.60 (t, /=9.0 Hz, 2H), 1.69-1.55
(m, 2H), 1.36-1.26 (m, 8H), 0.89 (t, J=6.7 Hz, 3H); *C-NMR (75 MHz,
CDCl;) & 169.08, 148.28, 144.53, 140.72, 134.20, 131.73, 129.24,
12395, 122.83, 119.90, 117.00, 114.21, 111.87, 51.87, 36.05, 31.96,
3154, 29.42,29.32, 22.81, 14.24.

2-((3-Heptylphenyl)amino)benzoic acid (23). Methyl 2-((3-heptyl-
phenyl)amino)benzoate 72 (102 mg, 0.31 mmol) was saponified
according to general procedure D to afford 23 (93 mg, 0.30 mmol,
97%) as a yellow solid without the need of any purification. 'H-
NMR (300 MHz, Methanol-d) & 7.96 (dd, /=80, 1.5 Hz, TH), 7.27-
7.21 (m, TH), 7.20-7.13 (m, 2H), 7.03-6.94 (m, 2H), 6.83 (d, /=76 Hz,
1H), 6.67 (ddd, J=8.1, 6.9, 1.3 Hz, TH), 2.51 (t J=9.0 Hz, 2H), 1.55
(quint, J=7.1Hz, 2H), 1.33-1.19 (m, 8H), 0.85 (t, J=6.8 Hz, 3H); *C-
NMR (75 MHz, Methanol-d4) & 171.84, 149.38, 14539, 141.98,
13499, 13326, 130.18, 124.60, 123.15, 120.32, 117.89, 114.80,
113.26, 36.83, 32.97, 32,55, 30.27, 23.68, 14.48; HRMS (ESI) [M +H]*
caled for CHsNO,: 312.1958, found 312.1965; HPLC purity: > 99%.

2-((3-sopropylphenyl)amino)benzoic acid (24). 2-Bromobenzoic
acid (210 mg, 1.04 mmel) was reacted with 3-isopropylaniline
(198 mg, 1.46 mmol) according to general procedure F to afford
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product 24 (56 mg, 0.22 mmol, 21%) as a light yellow solid. 'H-NMR
(300 MHz, CDCl3) & 9.35 (s(br), 1H), 8.11 (dd, J=8.1, 1.5 Hz, 1H),
7.44-7.33 (m, 2H), 7.29 (t, /=88 Hz, 1H), 720-7.12 (m, 2H), 7.07 (d,
J=7.6Hz 1H), 6.85-6.74 (m, TH), 297 (sept, J=6.9 Hz, 1H), 1.33 (d,
J=6.9Hz, 6H); "C-NMR (75 MHz, CDCl;) & 17425, 150.65, 149.32,
14034, 13536, 13277, 12940, 12254, 12162, 120.77, 117.11,
11422, 110.41, 34.24, 2985, 24.09; HRMS (ESI) [M+H] " calcd for
C,sH,;NO,: 256.1332, found 256.1339; HPLC purity: > 99%.

Methyl 2-((3-(tert-butyl)phenyl)amino)benzoate (73). 3-(Tert-butyl)
aniline (300 mg, 2.0 mmol) was reacted with methyl 2-bromoben-
zoate according to general procedure C. Purification by flash
column chromatography (hexanes/EtOAc 99:1 to 95:5) provided
product 73 (485mg, 1.72mmol, 86%) as a yellow oil. 'H-NMR
(300 MHz, CDCl;) & 9.48 (s(br), 1H), 7.97 (dd, J=8.1, 1.3 Hz, 1H),
7.35-7.23 (m, 4H), 7.19-7.06 (m, 2H), 6.76-6.67 (m, 1H), 3.91 (s, 3H),
133 (s, 9H); “C-NMR (75 MHz, CDCly) & 169.12, 152.84, 148.39,
14046, 13423, 131.75, 12900, 12087, 12030, 119.77, 116.93,
11407, 111.76, 51.87, 34.86, 31.44.

2-((3-(Tert-butyl)phenyl)amino)benzoic acid (25). Methyl 2-((3-
(tert-butyl)phenyllamino)benzoate 73 (200 mg, 0.71 mmol) was
saponified according to general procedure D to afford 25 (188 mg,
0.70 mmol, 99%) was obtained without the need of any purification
as a brown solid. Spectral data are consistent with literature
values.™ "H-NMR (300 MHz, Methanol-d,) & 7.97 (dd, J=8.0, 1.5 Hz,
1H), 728 (ddd, /=8.6, 5.3, 1.6 Hz, 1H), 7.25-7.21 (m, 2H), 7.23-7.14
(m, 2H), 7.15-7.06 (m, 1H), 7.03 (ddd, J=7.9, 2.1, 0.9 Hz, 1H), 6.76-
6.64 (m, TH), 1.31 (s, 9H); HRMS (ESI) [M+H]* calcd for C;H,oNO,:
270.1489, found 270.15013; HPLC purity: =>99%.

2-([1,7-Biphenyl]-3-ylamino)benzoic acid (26). 2-Bromobenzoic
acid (200 mg, 0.99mmol) was reacted with 3-aminobiphenyl
(235 mg, 1.39 mmel) according to general procedure F to afford
product 26 (47 mg, 0.16 mmol, 16%) as a beige powder. 'H-NMR
(300 MHz, CDCl;) & 9.40 (s(br), 1H), 8.08 (dd, J=8.1, 1.4 Hz, 1H),
7.65-7.58 (m, 2H), 7.51 (t, J=17 Hz, 1H), 745 (td, J=7.5, 2.1 Hz,
3H), 742-733 (m, 3H), 7.35-7.26 (m, 2H), 6.84-673 (m, 1H); "C-
NMR (75 MHz, CDCl;) & 173.62, 148.99, 142.84, 140.96, 140.85,
13544, 13281, 12996, 12895, 12768, 127.28, 123.07, 121.96,
11856, 117.49, 114.36, 110.67; HRMS (ESl) [M+H]" caled for
CygHisNO;: 2901176, found 290.1182; HPLC purity: 98%.

Methyl 2-bromo-3-fluorobenzoate (74). Esterification of 2-bromo-
3-fluorobenzoic acid (300 mg, 1.37 mmol) was performed according
to general procedure E to afford 74 (236 mg, 1.01 mmol, 74%) as a
colorless oil without the need of any purification. "H-NMR (300 MHz,
CDCly & 7.58-7.53 (m, 1H), 7.32 (td, J=8.0, 5.1 Hz, 1H), 723 (td, /=
8.3, 1.7 Hz, 1H), 393 (s, 3H); "F-NMR (282 MHz, CDCl;) & —102.88,
—102.88, —102.90, —102.90, —102.91, —102.91, —102.93, —102.93;
3C-NMR (75 MHz, CDCl;) & 165.93, 165.89, 161.25, 15798, 134.39,
12858, 12847, 126.66, 12661, 11936, 119.05, 109.65, 109.35, 52.76.

Methyl 3-fluoro-2-((3-hexylphenyl)amino)benzoate (75). 3-Hexyla-
niline 68 (100 mg, 0.56 mmol) was reacted with 74 according to
general procedure C. Purification by flash column chromatography
(hexanes/EtOAc 99:1 to 90:10) provided product 75 (78 mg,
0.24 mmol, 42%) as a yellow oil. 'H-NMR (300 MHz, CDCl,) & 8.87
(s(br), 1H), 7.83-7.78 (m, 1H), 7.29-7.23 (m, 1H), 7.19 (t, J=8.7 Hz,
1H), 6.91 (td, /=80, 4.6 Hz, 1H), 6.85 (d, J=7.6 Hz, 1H), 6.79 (dd, J=
8.0, 29 Hz, 2H), 391 (s, 3H), 2.59 (t, /=70 Hz, 2H), 1.69-1.59 (m,
2H), 1.38-1.29 (m, 6H), 0.92 (t, J=67 Hz, 3H); *C-NMR (75 MHz,
CDCl,) & 18237, 168.23, 151.98, 147.24, 143.76, 128.55, 126.94,
12235, 121.00, 120.73, 119.66, 118.98, 116.06, 52.36, 36.11, 31.88,
31.49, 29.17, 22.76, 14.25; “F-NMR (282 MHz, CDCl) & —115.20,
—115.21, —115.22, —115.23, —115.24, —115.25.

3-Fluoro-2-((3-hexylphenyl)amino)benzoic acid (31). Methyl 3-
fluoro-2-((3-hexylphenyl)amino)benzoate 75 (78 mg, 0.24 mmol)
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was saponified according to general procedure D to afford 31
(60 mg, 0.19 mmol, 79%) as a brown oil without the need of any
purification. 'H-NMR (300 MHz, Methanol-d) & 7.84 (dt, J=7.9,
1.0Hz, TH), 7.26 (ddd, J=12.1, 8.1, 1.5Hz, 1H), 7.10 (td, /=7.7,
1.8 Hz, TH), 6.95 (td, J=8.0, 4.7 Hz, 1H), 6.76 (d, /=76 Hz, 1H), 6.71—
6.64 (m, 2H), 2.52 (t, J=9.0 Hz, 2H), 1.65-1.49 (m, 2H), 1.37-1.24 (m,
6H), 0.88 (t, J=6.6Hz, 3H); C-NMR (75 MHz, CDCly) & 174.30,
15645, 153.16, 143.80, 143.19, 133.45, 133.29, 12859, 127.17,
124.07, 121.86, 120.51, 120.39, 119.98, 119.71, 118.26, 115.62, 36.04,
31.84, 31.46, 29.20, 22.76, 14.22; “F-NMR (282 MHz, Methanol-d,) &
—118.95, —118.96, —11898, —118.99, —119.00, —119.02, —119.03;
HRMS (ES) [M+H]* caled for CH,,FNO,: 316.1707, found
316.1720; HPLC purity: 99 %,

Methyl 2-bromo-4-fluorobenzoate (76). Esterification of 2-bromo-
4-fluorobenzoic acid (2.00 g, 9.13 mmol) was performed according
to general procedure E to afford 76 (1.92 g, 8.25 mmol, 44%) as a
colorless oil without the need of any purification. 'H-NMR (300 MHz,
CDCl;) 6 7.89 (dd, J=8.7, 6.0 Hz, TH), 7.43 (dd, /=83, 24 Hz, TH),
7.09 (td, /=82, 2.5 Hz, TH), 3.94 (s, 3H); C-NMR (151 MHz, CDCl;) &
16566, 164.80, 163.10, 133.52, 13346, 128.11, 128.09, 123.28,
12321, 122,09, 121.93, 11471, 11457, 52.63; “F-NMR (282 MHz,
CDCl;) & —105.73, —105.75, —105.76, —105.78, —105.78, —105.81..

Methyl 4-fluoro-2-((3-hexylphenyllamino)benzoate (77). 3-Hexyla-
niline 68 (121 mg, 0.68 mmol) was reacted with 76 according to
general procedure C. Purification by flash column chromatography
(hexanes/EtOAc 95:5) provided product 77 (211 mg, 0.64 mmol,
949) as a yellow oil. '"H-NMR (300 MHz, CDCIy) & 9.65 (s(br), 1H),
7.98 (dd, /=9.0, 6.8Hz 1H), 7.29 ({td, /=74, 1.3 Hz, 1H), 7.11-7.06
(m, 2H), 6.99 (d, J=76 Hz, 1H), 6.87 (dd, J=12.2, 2.5 Hz, TH), 6.45-
6.37 (m, 1H), 3.91 (s, 3H), 2.67-2.59 (t, J=7.5Hz 2H), 1.71-1.58 (m,
2H), 1.41-1.30 (m, 6H), 0.96-0.88 (m, 3H); “C-NMR (75 MHz, CDCl;) &
16861, 16842, 165.28, 150.89, 150.73, 144.73, 139.85, 134.38,
13423, 12940, 124.84, 123.54, 120.62, 107.96, 104.73, 104.43,
10007, 99.72, 51.84, 35.99, 31.85, 31.46, 20.10, 22.73, 14.21; "F-NMR
(282 MHz, CDCl;) & —103.31, —103.32, —103.34, —103.34, —103.35,
—103.36, —103.37, —103.38, —103.39, —103.41, —10341.

4-Fluoro-2-((3-hexylphenyl)amino)benzoic acid (32). Saponifica-
tion of methyl 4-fluoro-2-((3-hexylphenyllamino)benzoate 77
(200 mg, 0.61 mmol) was performed according to general proce-
dure D to afford 32 (95 mg, 0.30 mmol, 49%) as a yellow solid
without the need of any purification. "H-NMR (300 MHz, CDCl,) &
943 (s(br), 1H), 8.04 (dd, J=8.7, 6.9 Hz, 1H), 7.30 (t, J=7.9Hz, TH),
7.12-7.05 (m, 2H), 7.01 (d, J=7.6 Hz, 1H), 6.80 (dd, J/=12.1, 2.2 Hz,
1H), 6.48-6.38 (m, 1H), 2.68-256 (t, J=7.5Hz 2H), 1.71-1.55 (m,
2H), 1.41-1.24 (m, 6H), 0.89 (t, J=6.6Hz 3H); *C-NMR (75 MHz,
CDCl;) & 172.87, 169.39, 166.04, 151.91, 151.75, 144.91, 139.47,
13557, 13541, 12952, 125.38, 124.10, 121.23, 105.21, 104.90,
100.18, 99.83, 36.01, 31.86, 31.50, 29.13, 22.75, 14.24; "F-NMR
(282 MHz, CDCl;) & —101.57, —101.59, —101.61, —101.63, —101.66;
HRMS (ES) [M+HI* caled for C,H,FNO,: 316.1707, found
316.1722; HPLC purity: = 99%.

Methyl 2-bromo-5-fluorobenzoate (78). Esterification of 2-bromo-
5-fluorobenzoic acid (300 mg, 1.37 mmol) was performed according
to general procedure E to afford 78 (262 mg, 1.13 mmol, 82%) as a
colorless oil without the need of any purification. 'H-NMR (300 MHz,
CDCly) & 760 (dt, J/=7.9, 25 Hz, 1H), 751 (dt, J=87, 29 Hz, TH),
7.10-7.00 (m, 1H), 393 (s, 3H); "C-NMR (75 MHz, CDCl;) & 165.47,
16306, 159.76, 13597, 135.87, 133.56, 133.46, 120.23, 119.93,
11879, 118.46, 116.19, 116.15, 52.82; "F-NMR (282 MHz, CDCl;) &
—113.95, —113.96, —113.97, —113.98, —113.99, —113.99, —114.00,
—114.02.

Methyl 5-fluoro-2-((3-hexylphenyl)amino)benzoate (79). 3-Hexyla-
niline 68 (100 mg, 0.56 mmol) was reacted with 78 according to
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general procedure C. Purification by flash column chromatography
(hexanes/EtOAc 99:1 to 90:10) provided product 79 (93 mg,
0.28 mmol, 50%) as a yellow oil. 'H-NMR (300 MHz, CDCl;) & 925
(s(br), 1H), 7.66 (dd, J=9.5, 3.1 Hz, 1H), 7.29-7.21 (m, 2H), 7.11-7.03
(m, 3H), 6.93 (d, J=7.6 Hz, 1H), 3.92 (s, 3H), 2,61 (t, J=9.0 Hz, 2H),
1.70-1.58 (m, 2H), 1.42-1.27 (m, 6H), 0.92 (t, J=6.7 Hz, 3H); "C-NMR
(75 MHz, CDCl;) & 168.11, 168.08, 155.87, 152.74, 144.85, 144.83,
14461, 14091, 12931, 12388, 12239, 12201, 121.71, 11943,
117.00, 116.69, 115.91, 115.82, 112.24, 112.16, 52.08, 36.03, 31.85,
3148, 29.12, 2274, 14.21; "F-NMR (282 MHz, (DCly) & —126.87,
—126.88, —126.89, —126.90, —126.91, —126.92, —126.93, —126.94.

5-Fluoro-2-((3-hexylphenyl)amino)benzoic acid (33). Saponifica-
tion of methyl 5-fluoro-2-((3-hexylphenyl)amino)benzoate 79
(74 mg, 0.22 mmol) was performed according to general procedure
D to afford 33 (66 mg, 0.21 mmol, 95%) as a yellow solid without
the need of any purification. "H-NMR (300 MHz, Methanol-d) & 7.62
(dd, /=96, 3.1Hz, 1H), 7.25-7.17 (m, 1H), 7.17 (dd, J=2.6, 20 Hz,
1H), 7.08 (ddd, /=93, 7.7, 3.1 Hz, 1H), 7.00-6.95 (m, 2H), 6.86 (d, J=
7.6 Hz, 1H), 2.55 (t, J=9.0 Hz, 2H), 1.64-1.52 (m, 2H), 1.33-1.26 (m,
6H), 0.88 (t, J=6.7 Hz, 3H); "C-NMR (75 MHz, Methanol-d,) & 170.68,
157.09, 153.98, 146.04, 14559, 14226, 130.29, 124.62, 122.88,
122.24, 120.02, 118.25, 116.75, 36.85, 32.86, 32.57, 30.03, 23.69,
14.43; “F-NMR (282 MHz, Methanol-d) & —128.98, —129.00,
—129.01, —129.01, —129.02, —129.03, —129.04, —129.06; HRMS (ESI)
[M+H]" caled for C,gH,,FNO,: 3161707, found 316.1718; HPLC
purity: = 99%.

Methyl 2-bromo-6-fluorobenzoate (80). Esterification of 2-bromo-
6-fluarobenzoic acid (300 mg, 1.4 mmol) was performed according
to general procedure E to afford 80 (140 mg, 0.6 mmol, 43%) as a
colorless oil without the need of any purification. 'H-NMR (300 MHz,
CDCLy) & 7.38 (dd, J=8.1, 0.7 Hz, 1H), 7.30-7.20 (m, 1H), 7.11-7.02
(m, 1TH), 3.96 (s, 3H); “C-NMR (75 MHz, CDCl,) & 164.43, 161.34,
15797, 13211, 13199, 12871, 12867, 12478, 124.51, 12039,
12034, 115.17, 114.89, 53.11; "F-NMR (282 MHz, CDCl;) & —111.50,
—111.52, —111.54, —111.56.

Methyl 2-fluoro-6-((3-hexylphenyl)amino)benzoate (81). 3-Hexyla-
niline 68 (100 mg, 0.56 mmol) was reacted with 80 according to
general procedure C. Purification by flash column chromatography
(hexanes/EtOAc 99:1 to 90:10) provided product 81 (162mg,
0.49 mmol, 88%) as a yellow oil. "H-NMR (300 MHz, CDCl3) & 9.09
(sbr), 1H), 728-7.14 (m, 2H), 7.06-7.01 (m, 2H), 6.98 (d, /=86 Hz,
1H), 6.93 (d, J=7.6 Hz, 1H), 646 (ddd, J=11.2, 8.1, 1.0 Hz 1H), 3.94
(s, 3H), 259 (t, J=9.0 Hz, 2H), 1.65-1.58 (m, 2H), 1.37-1.27 (m, 6H),
0.93-0.86 (t, J=6.6Hz 3H); “C-NMR (75 MHz, CDCl;) & 167.86,
165.14, 161.75, 14902, 14464, 14054, 133.87, 129.32, 124.27,
122.86, 119.96, 110.12, 105.22, 52.28, 36.02, 31.85, 31.48, 29.12,
22.75, 14.23; "F-NMR (282MHz, CDCl;) & —10583, —105.85,
—105.87, —105.89.

2-Fluoro-6-((3-hexylphenyl)amino)benzoic  acid (34 =LM98).
Methyl  2-fluoro-6-((3-hexylphenyllamino)benzoate 81 (100 mg,
0.30 mmol) was saponified according to general procedure D to
afford 34 (LM98) (57 mg, 0.18 mmol, 60%) as a brown solid without
the need of any purification. 'H-NMR (300 MHz, Methanol-d,) &
7.25-7.11 (m, 2H), 6.99-6.85 (m, 4H), 6.43 (ddd, /=11.2, 8.1, 0.7 Hz,
1H), 2.57-2.49 (t, J=7.5 Hz, 2H), 1.56 (quint, J=7.6Hz, 2H), 1.33-
1.23 (m, 6H), 0.86 (t, J=6.6 Hz, 3H); *C-NMR (75 MHz, Methanol-d,)
6 169.79, 166.44, 163.06, 150.11, 150.05, 145.55, 141.87, 134.66,
13451, 130.27, 12498, 12336, 12056, 11085, 110.81, 105.94,
105.62, 104.96, 104.77, 36.80, 32.83, 32.52, 30,00, 23.66, 14.44; "°F-
NMR (282 MHz, Methanol-d,) & —107.32, —107.34, —107.36,
—107.38; HRMS (ESI) [M+H]" caled for C;sH,,FNO5: 316.1707, found
316.1722; HPLC purity: > 99%.
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2-lodo-6-methylbenzoic acid (82). To a solution of 2-meth-
ylbenzoic acid (500 mg, 3.67 mmol) in dry DMF (12 mL) was added
N-iodosuccinimide (NIS) (826 mg, 3.67 mmol) and Pd(OAc); (83 mg,
037 mmol). The reaction mixture was stimed at 100°C for 2h,
cooled down to room temperature and concentrated under
vacuum. The residue was dissolved in DCM, washed with saturated
aqueous solution of brine (2x15mL), dried over Na;50; and
concentrated under reduced pressure. Purification by flash column
chromatography (hexanes/EtOAc 98:2 to 85:15) provided product
82 (681 mg, 2.60 mmol, 71%) as a white solid. Spectral data are
consistent with literature values.™ 'H-NMR (300 MHz, Chloroform-
d)&7.70(d, J=7.9 Hz, 1H), 7.22 (d, /=77 Hz, 1H), 7.03 (t, /=78 Hz,
1H), 245 (s, 3H).

2-((3-Hexylphenyl)amino)-6-methylbenzoic acid (35). 3-Hexylani-
line 68 (100 mg, 0.56 mmol) was reacted with 82 according to
general procedure B to afford product 35 (32 mg, 0.10 mmol, 18 %)
as a brown solid without any need for further purification. 'H-NMR
(500 MHz, DMSO-dy) & 7.95 (s(br), TH), 7.18 (t, J=78 Hz, 1H), 7.12 (t,
J=7.7Hz 1H), 7.06 (d, /=8.2 Hz, 1H), 6.87-6.83 (m, 2H), 6.77 (d, /=
74 Hz, 1H), 6.71 (d, J=7.5Hz, 1H), 2.35 (s, 3H), 1.53 (quint, J=
73 Hz, 2H), 1.30-1.22 (m, 8H), 085 (t, J=6.7 Hz 3H); “CNMR
(126 MHz, DM50-dg) & 169.97, 143.43, 142.98, 142.44, 13751,
130.36, 128.99, 122.93, 122.60, 120.91, 118.34, 115.70, 115.61, 35.19,
31.10, 30.80, 28.33, 22.06, 21.09, 13.95; HRMS (ESI) [M+H]" caled
for CgH;sNO;: 312.1958, found 312.1963; UPLC-MS purity: 93 %.

Methyl 2-((4-hexylphenyl)amino)benzoate (83). 4-Hexylaniline
(300 mg, 1.69 mmol) was reacted with methyl 2-bromobenzoate
according to general procedure C. Purification by flash column
chromatography (hexanes/EtOAc 99:1 to 90:10) provided product
83 (174 mg, 0.56 mmol, 33%) as a yellow oil. 'H-NMR (300 MHz,
CDd,) & 947 (s(br), 1H), 8.02 (dd, J=8.1, 1.7 Hz 1H), 7.38-7.28 (m,
2H), 7.24-7.21 (m, 4H), 6.79-6.72 (m, 1H), 3.96 (s, 3H), 266 (dd, J=
8.7, 6.7 Hz, 2H), 1.68 (quint, /=7.5 Hz, 2H), 1.46-1.34 (m, 6H), 0.98 (t,
J=6.0, 3H); "CNMR (75MHz, CDCly) & 169.07, 148.71, 138.75,
13828, 13420, 131.69, 129.38, 129.16, 12835, 123.23, 116.70,
11391, 111.51, 5181, 35.55, 31.88, 31.68, 29.14, 22.76, 14.24.

2-((4-Hexylphenyl)amino)benzoic acid (36). Saponification of 83
(75 mg, 0.24 mmol) was performed according to general procedure
D to afford 36 (48 mg, 0.16 mmol, 67%) as a brown solid without
the need of any purification. 'H-NMR (300 MHz, Methanol-d,) & 7.95
(dd, J=8.0, 1.7 Hz, 1H), 7.29 (ddd, J/=8.7, 7.0, 1.7 Hz, 1H), 7.19-7.09
(m, 5H), 6.73-6.64 (m, 1H), 2.58 (t, J/=7.4Hz, 2H), 1.61 (quint, J=
7.5 Hz, 2H), 1.39-1.29 (m, 6H), 0.95-0.85 (t, J=6.8 Hz, 3H); "C-NMR
(75 MHz, Methanol-d,) & 17191, 149.89, 139.71, 139.57, 135.09,
133.23, 130.35, 123.68, 117.67, 114.57, 112.99, 36.36, 32.90, 32.78,
3005, 2369, 14.42; HRMS (ES) [M+H]" caled for CgH,sNOj:
298.1802, found 298.1815; HPLC purity: 99 %.

Methyl 2-((4-(tert-butylphenyl)amino)benzoate (84). 4-Tert-buty-
laniline (0.32 mL, 2.01 mmol) was reacted with methyl 2-bromoben-
zoate according to general procedure C. Purification by flash
column chromatography (hexanes/EtOAc 99:1 to 90:10) provided
product 84 (422 mg, 1.49 mmol, 74%) as a yellow solid. 'H-NMR
(300 MHz, CDCl3) & 941 (s(br), 1H), 795 (dd, J=8.1, 1.6 Hz, 1H),
740-7.34 (m, 2H), 7.33-7.27 (m, 1H), 7.24-7.16 (m, 3H), 6.74-6.65
(m, TH), 3.90 (s, 3H), 1.34 (s, 9H); "C-NMR (75 MHz, CDCl;) & 169.08,
14860, 14686, 13812, 134.21, 131.71, 12633, 122.76, 116.78,
11404, 111.61, 5186, 34.52, 31.58.

2-((4-(Tert-butyl)phenyl)amino)benzoic acid (37). Methyl 2-((4-
(tert-butyl)phenyl)amino)benzoate 84 (100 mg, 0.35 mmol) was
saponified according to general procedure D to afford 37 (82 mg,
030 mmol, 86%) as a vellow solid without the need of any
purification. "H-NMR (300 MHz, CDCly) & 8.02 (dd, J=8.1, 1.7 Hz,
1H), 7.42-7.30 (m, 3H), 7.23-7.15 (m, 3H), 6.77-6.69 (m, TH), 1.34 (s,
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9H); *C-NMR (75 MHz, CDCl;) & 173.63, 149.52, 14740, 137.73,
13529, 13271, 126.42, 123.27, 116.92, 114.14, 11020, 3457, 31.57;
HRMS (ESI) [M+H]* caled for C;7H;aNO,: 270.1489, found 270.1499;
UPLC-MS purity: =99 %.

Methyl 2-([1,1-biphenyl]-4-ylamino)benzoate (85). 4-Aminobi-
phenyl (300 mg, 1.77 mmol) was reacted with methyl 2-bromoben-
zoate according to general procedure C. Purification by flash
column chromatography (DCM 100%) provided product 85
(536 mg, 1.77 mmol, >99%) as an orange solid. '"H-NMR (300 MHz,
CDCly) & 9.55 (s(br), TH), 799 (dt, J=80, 1.1 Hz, 1H), 7.63-7.55 (m,
4H), 7.48-7.41 (m, 2H), 7.37-7.29 (m, 5H), 6.81-6.72 (m, TH), 3.92 (s,
3H); PCNMR (75 MHz, CDCl) & 169.06, 147.79, 14079, 14027,

13634, 13426, 131.80, 12891, 12811, 127.08, 126.88, 122.50,
11745, 114.42,112.28, 51.95.
2-([1,1-Biphenyl]-4-ylamino)benzoic acid (38). 85 (114mg,

0.376 mmol) was saponified according to general procedure D to
afford 38 (68 mg, 0.24 mmol, 64%) as a light yellow solid without
the need of any purification. 'H-NMR (500 MHz, DMSOQ-d,) & 9.75
(s(br), 1H), 7.92 (dd, J/=8.1, 1.7 Hz, 1H), 7.68-7.64 (m, 4H), 7.48-7 40
(m, 3H), 7.36-7.30 (m, 4H), 681 (t, J=7.5Hz 1H); "“CNMR
(126 MHz, DMSO-dg) & 16993, 146.54, 140.12, 13967, 134.48,
134.10, 13190, 12896, 12891, 12763, 12694, 126.15, 121.21,
117.72, 114.20; HRMS (ESI) [M+H]" caled for CigHisNO2: 290.1176,
found 290.1183; UPLC-MS purity: 95%.

N-(4-((3r,51,7 r)-adamantan-1-yl)phenyl)acetamide (86). To a sol-
ution of 1-bromoadamantane (250 mg, 1.16 mmol) in dichloro-
ethane (10 mL) was added acetanilide (157 mg, 1.16 mmol). The
reaction mixture was stirred for 5 min under argon atmosphere
before ZnCl, (32 mg, 0.23 mmol)} was added. The mixture was then
heated at 75 °C for 16 h, EtOAc was added (100 mL) and the organic
phase was washed with H;O (50 mL) and a saturated aqueous
solution of brine (50 mL). The organic phase was dried over Na,SO,
and evaporated. The crude material was purified by flash column
chromatography (hexanes/EtOAc 95:5 to 40:60) to give 86
(199 mg, 0.739 mmol, 64%) as a white powder. Spectral data are
consistent with literature values.*” 'H-NMR (300 MHz, CDCl,) & 7.42
(d, J=8.7 Hz, 2H), 7.31 (d, J=8.7 Hz, 2H), 7.07 (s(br), TH), 2.16 (s,
3H), 2.12-2.06 (m, 3H), 1.90-1.86 (m, 6H), 1.83-1.69 (m, 6H).

4-((3r,5r,7r)-adamantan-1-yl)aniline hydrochloride (87). To a
solution of 86 (70 mg, 0.26 mmol) in MeOH/H,0 (3:1) (4 mL) was
added concentrated HCl (0.4 mL). The reaction mixture was stirred
at 80°C for 16 h, cooled back to room temperature and evaporated.
The crude compound 87 (69 mg, 0.26 mmol, >99%) was used in
the next step without further purification. Spectral data are
consistent with literature values.® 'H-NMR (300 MHz, Methanol-d.)
& 7.52-745 (m, 2H), 7.26-7.20 (m, 2H), 2.13-2.06 (m, 3H), 1.95-191
(m, 6H), 1.90-1.75 (m, 6H).

Methyl  2-((4-((3r,5r,7r)-adamantan-1-yl)phenyl)amino)benzoate
(88). 87 (100mg, 0.379 mmol) was reacted with methyl 2-
bromobenzoate according to general procedure C. Purification by
flash column chromatography (hexanes/EtOAc 99:1 to 90:10)
followed by prep-TLC (hexanes/EtOAc 95:5) provided product 88
(87 mg, 0.24 mmol, 63%) as a beige powder. 'H-NMR (600 MHz,
CDCly) & 940 (s(br), 1H), 7.95 (d, /=8.1Hz, 1H), 7.33 (d, J=6.8 Hz,
2H), 7.23-7.17 (m, 4H), 6.69 (s(br), 1H), 3.89 (s, 3H), 2.14-2.07 (m,
3H), 1.96-1.88 (m, 6H), 1.82-1.73 (m, 6H); "C-NMR (75 MHz, CDCl;) &
169.00, 14853, 14709, 138.11, 13414, 13167, 129.13, 12832,
12584, 122.70, 116.72, 114.00, 111.53, 51.77, 43.36, 36.90, 35.97,
29.08.

2-((4-((3r,5+,7 r)-Adamantan-1-yl)phenyl)amino)benzoic acid (39).
88 (34 mg, 0.094 mmol) was saponified according to general
procedure D to afford 39 (30 mg, 0.087 mmol, 93%) as a white
powder without the need of any purification. 'H-NMR (300 MHz,
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Acetone-dy) & 8.45 (dd, J=8.0, 1.6 Hz, 1H), 786-7.79 (m, 3H), 7.70-
763 (m, 3H), 7.20 (ddd, J=8.1, 7.1, 1.1 Hz, 1H), 2.58-2.53 (m, 3H),
242-2.37 (m, 6H), 2.29-2.21 (m, 6H); "C-NMR (75 MHz, DMSO-d;) &
17007, 14753, 146.01, 137.81, 134.13, 131.88, 129.49, 12568,
121.54, 121.37, 11693, 113.46, 112,10, 42.71, 36.21, 3539, 28.37;
HRMS (ESI) [M+H] ™ caled for Cy3H;NO;: 348.1958, found 348.1969;
HPLC purity: 97 %.

Methyl 2-((4-cyclohexylphenyl)amino)benzoate (89). 4-Cyclohexy-
laniline (300 mg, 1.71 mmol) was reacted with methyl 2-bromoben-
zoate according to general procedure C. Purification by flash
column chromatography (hexanes/EtOAc 99:1 to 90:10) provided
product 89 (402 mg, 1.30 mmol, 76%) as a yellow solid. "H-NMR
(300 MHz, CDCl3) & 9.61 (s(br), TH), 807 (d, J=8.0 Hz, 1H), 7.41-7.30
(m, 2H), 7.30-7.27 (m, 4H), 6.83-6.74 (m, 1H), 3.96 (s, 3H), 2.66-2.53
(m, 1H), 2.07-1.91 (m, 4H), 1.92-1.83 (m, TH), 1.59-1.47 (m, 4H),
146-1.37 (m, 1H); “CNMR (75MHz, CDCl) & 168.84, 148.50,
14364, 13828, 134.02, 131.56, 127.60, 122.93, 116.57, 113.76,
111.34, 51.55, 44.00, 34.57, 26.93, 26.17.

2-((4-Cyclohexylphenyl)amino)benzoic acid (40). 89 (200mg,
0.646 mmol) was saponified according to general procedure D to
afford 40 (93 mg, 0.31 mmol, 48 %) as a light yellow solid without
the need of any purification. '"H-NMR (500 MHz, DMSO-dg) & 13.01
(s(br), 1H), 958 (s(br), 1H), 7.88 (dd, J=7.9, 1.7 Hz, TH), 7.36 (ddd,
J=87,70, 1.7 Hz, 1H), 721 (d, J=85 Hz, 2H), 7.18-7.13 (m, 3H),
6.76-6.71 (m, 1H), 2.49-2.44 (m, 1H), 1.84-1.75 (m, 4H), 1.73-166
(m, 1H), 145-1.30 (m, 4H), 1.29-1.19 (m, TH); *CNMR (126 MHz,
DMSO-dg) & 169.98, 147.55, 142.77, 138.09, 134.15, 131.83, 127.61,
121.90,116.92, 11344, 112.09, 43.16, 34.06, 26.38, 25.60; HRMS (ESI)
[M+H]"* caled for CygHy,NO,: 296.1645, found 296.1652; UPLC-MS
purity: =99 %. Compound 40 has been recrystallized by the solvent
diffusion technique. Coordinates for X-ray structure of 40 have
been deposited in the Cambridge Crystallographic Date Centre
(CCDQ) under the number 2054155.

3-Nitrophenol (90}). To (3-nitrophenyl)boronic acid (1.00g,
5.99 mmol) and Cu,0 (26 mg, 0.18 mmol) was added a solution of
hydrogen peroxide at 30% (3.6 mL). The reaction mixture was
stired at room temperature for 15 min, after which H;O and Et,©
were added. The aqueous phase was extracted with Et,0 (3x
40 mL) and the combined organic phases were washed with 20%
aqueous solution of NH:OAc (1x60 mL), brine (1x60 mL), dried
over Na,50,, filtered and concentrated under reduced pressure. The
product 90 (833 mg, 5.99 mmol, >>99%) was obtained as a yellow
solid and used without further purification. Spectral data are
consistent with literature values.*® 'H-NMR (300 MHz, CDCl;) & 7.82
(ddd, /=82, 2.1, 0.8Hz, 1H), 7.69 (t, /=23 Hz, 1H), 7.41 (t, J=
8.2 Hz, 1H), 7.17 (ddd, /=82, 2.5, 0.8 Hz, TH).

1-Nitro-3-(pentyloxy)benzene (91). To a solution of 90 (833 mg,
599 mmol) in dry DMF (30 mL) were added 1l-iodopentane
(086 mL, 6.6 mmol) and NaH dry 90% (175 mg, 6.59 mmol). The
reaction mixture was stimed at 80°C for 16 h under argon
atmosphere, cooled down to room temperature, diluted with DCM
and H,0. The aqueous phase was extracted with DCM (350 mL)
and the combined organic phases were washed with H,0 (3x
50 mL), brine (1x50mL), dried over Na,SO,, filtered and concen-
trated under reduced pressure. Purification by flash column
chromatography (DCM 100%) provided product 91 (545 mg,
2.60 mmol, 43 %) was obtained as a yellow oil. 'H-NMR (300 MHz,
CDCly) 6 7.79 (ddd, J=8.1, 2.1, 0.8 Hz, 1H), 7.71 (t, J=23Hz, TH),
740 (t, J=8.2Hz 1H), 7.21 (ddd, J=8.3, 2.5, 0.8 Hz, 1H), 402 (t, J=
6.5 Hz, 2H), 1.90-1.75 (m, 2H), 1.51-1.34 (m, 4H), 0.94 (t, J=7.1 Hz,
3H); “C-NMR (75 MHz, CDCls) & 159.83, 14934, 129.97, 121.82,
115.64, 108.81, 68.87, 28.83, 28.22, 22.53, 14.11.
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3-(Pentyloxy)aniline (92). Nitro reduction of 21 (97 mg, 046 mmol)
was performed according to general procedure A. Purification by
flash column chromatography (DCM 100%) provided 92 (82 mg,
0.46 mmol, >99%) as a dark brown oil. "H-NMR (300 MHz, CDCl;) &
7.05 (t, /=8.0 Hz, 1H), 6.33 (ddd, J=8.2, 2.3, 0.7 Hz, TH), 6.28 (ddd,
J=7.8,21,08Hz, 1H), 6.25 (t, J=2.2 Hz, 1H), 3.92 (, J=6.6 Hz, 2H),
3.60 (s(br), 2H), 1.84-1.70 (m, 2H), 149-1.32 (m, 4H), 0.94 (t, J=
7.0 Hz, 3H); "CNMR (75MHz, CDCl) & 16045, 147.85, 130.15,
107.85, 104.76, 101.81, 67.90, 29.13, 28.35, 22.59, 14.15.

Methyl 2-((3-(pentyloxy)phenyl)amino)benzoate (93). 3-(Penty-
loxy)aniline 92 (82mg, 046 mmol) was reacted with methyl 2-
bromobenzoate according to general procedure C. Purification by
flash column chromatography (hexanes/EtOAc 99:1 to 90:10)
followed by preparative TLC (hexanes/EtOAc 95:5) provided
product 93 (46 mg, 0.15 mmol, 32%) as a white powder. 'H-NMR
(300 MHz, CDCl3) & 9.45 (s(br), TH), 7.96 (d, J=7.8 Hz, 1H), 7.31 (d,
J=3.6Hz 2H), 7.23 (dd, J=13.9, 5.7 Hz, 1H), 6.85-6.77 (m, 2H),
6.77-6.70 (m, TH), 6.64 (d, J=8.2 Hz, TH), 3.94 (t, J=6.6 Hz, 2H), 3.90
(s, 3H), 1.78 (quint, J=6.0 Hz, 2H), 1.48-1.35 (m, 4H), 0.93 (t, J=
6.9 Hz, 3H); "CNMR (75MHz, CDCl) & 169.06, 160.32, 147.89,
14215, 13422, 131.73, 130.10, 11732, 11463, 114,59, 112.19,
109.88, 108.62, 68.19, 51.91, 29.12, 28.35, 22.61, 14.16.

2-((3-(Pentyloxy)phenyl)amino)benzoic acid (47). Methyl 2-((3-
(pentyloxy)phenyl)amino)benzoate 93 (46 mg, 0.15 mmol) was
saponified according to general procedure D to afford 47 (16 mg,
0.054 mmol, 36%) as a beige powder without the need of any
purification. 'H-NMR (300 MHz, Methanol-d)) & 797 (dd, J=8.0,
1.5 Hz, 1H), 7.36-7.25 (m, 2H), 7.20 (t, J=8.1 Hz, 1H), 6.80-6.70 (m,
3H), 661 (ddd, J=84, 2.4, 0.7 Hz, 1H), 3.94 (t, /=6.5 Hz, 2H), 1.76
(quint, J=6.0 Hz, 2H), 1.49-1.36 (m, 4H), 0.94 (t, J=7.1 Hz, 3H); "C-
NMR (75MHz, Methanol-d) & 17042, 16024, 147.65, 142.08,
13368, 13187, 129.70, 116.89, 11389, 11357, 112.27, 109.03,
10759, 6761, 28.74, 28.00, 22.16, 12.99; HRMS (ESI) [M+H]" caled
for CigHz NO5: 300.1594, found 300.1608; HPLC purity: 98%..

(3-Nitrophenyl)methanol (94). Te a solution of 3-nitrobenzalde-
hyde (750 mg, 4.96 mmol) in EtOH (4 mL) at room temperature was
added a suspension of NaBH, (124 mg, 3.27 mmol) in EtOH (4 mL).
The reaction mixture was stired at room temperature for 30 min,
after which an aqueous solution of NaOH 10% was added (10 mL).
After stirring the resulting mixture at room temperature for 5 min,
it became limpid. EtOH was removed in vacuo and DCM was added.
The aqueous phase was extracted with DCM (3x10 mL) and the
combined organic phases were washed with saturated aqueous
solution of NaHCO; (1 x 30 mL), brine (1 x30 mL), dried over Na,SO,,
filtered and concentrated under reduced pressure. Product 94
(694 mg, 4.53 mmol, 91 %) was obtained as a yellow oil and used in
the following step without further purification. Spectral data are
consistent with literature values”” "TH-NMR (300 MHz, CDdly) & 822
(d, J=14Hz, 1H), 8.11 (d, J=81Hz, 1H), 768 (d, J=7.6Hz, 1H),
7.52 (t, J=7.9 Hz, TH), 4.80 (s, 2H).

1-(Butoxymethyl)-3-nitrobenzene (95). To a solution of 94
(350 mg, 2.29 mmol) in dry DMF (5 mL) were added 1-iodobutane
(0.29 mL, 2.5 mmol) and NaH dry 90% (61 mg, 2.5 mmol). The
reaction mixture was stired at 80°C for 16 h under argon
atmosphere, cooled down to room temperature, diluted with DCM
and quenched with H,0. The aqueous phase was extracted with
DCM (3x10mL) and the combined organic phases were washed
with H;O (3x30ml), brine (1x30mLl), dried over Na;SQ, filtered
and concentrated under reduced pressure. Purification by flash
column chromatography (DCM 100%) provided product 95
(205 mg, 0.980 mmol, 43 %) was obtained as a yellow oil. 'H-NMR
(300 MHz, CDCls) & 8.20 (s, 1H), 8.13 (d, J=8.1 Hz, 1H), 7.67 (d, /=
7.6 Hz, 1H), 7.51 (t, J=7.9Hz, 1H), 4.58 (s, 2H), 352 (t, J=6.5 Hz,
2H), 1.67-1.56 (m, 2H), 1.49-1.33 (m, 2H), 0.93 (t, J=7.3 Hz, 3H); "C-
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NMR (75 MHz, CDCl;) & 148.47, 141.18, 133.38, 129.41, 122.56,
122.29,71.70, 70.97, 31.88, 1948, 14.02.

3-(Butoxymethyl)aniline (96). Nitro reduction of 95 (205mg,
0980 mmol) was performed according to general procedure A.
Purification by flash column chromatography (hexanes/EtOAc 99:1
to 70:30) provided 96 (158 mg, 0.881 mmaol, 90%) as a dark brown
oil. 'H-NMR (300 MHz, CDCly) & 7.12 (t, J=7.7 Hz, 1H), 6.74-6.66 (m,
2H), 6.60 (dd, /=79, 1.7 Hz, TH), 4.42 (s, 2H), 3.58 (s(br), 2H), 3.47 (t,
J=6.6Hz 2H), 167-1.53 (m, 2H), 1.48-1.33 (m, 2H), 0.93 (t, J=
73 Hz, 3H); “CNMR (75 MHz, CDCl;) & 14661, 140.08, 12934,
117.93,114.36, 114.31,72.92, 70.27, 31.96, 19.48, 14.04.

Methyl  2-((3-(butoxymethyl)phenyl)amino)benzoate (97). 3-
(Butoxymethyl)aniline 96 (158 mg, 0.881 mmol) was reacted with
methyl 2-bromobenzoate according to general procedure C
Purification by flash column chromatography (hexanes/EtOAc 99:1
to 90:10) provided product 97 (203 mg, 0648 mmol, 74%) as a
yellow oil. "H-NMR (300 MHz, CDCl;) & 9.58 (s(br), 1H), 8.04-7.95 (m,
1H), 7.37-7.26 (m, 4H), 7.20 (d, /=7.9 Hz, 1H), 709 (d, J=75 Hz,
1H), 6.79-6.71 (m, 1H), 451 (s, 2H), 3.90 (s, 3H), 3.52 (t, J=65 Hz,
2H), 1.71-1.59 (m, 2H), 1.53-1.39 (m, 2H), 0.97 (t, J=7.3 Hz, 3H); C-
NMR (75 MHz, CDCl;) & 168.75, 147.76, 140.80, 140.22, 133.98,
13155, 12921, 122.53, 121.26, 121.18, 117.06, 114.01, 111.86, 72.53,
7024, 51.60, 3182, 19.37, 13.90.

2-((3-(Butoxymethyl)phenyl)amino)benzoic acid (48). Methyl 2-((3-
(butoxymethyl)phenyl)amino)benzoate 97 (90 mg, 0.29 mmol) was
saponified according to general procedure D to afford 48 (28 mg,
0095 mmol, 33%) as a beige solid without the need of any
purification. "H-NMR (500 MHz, DMSO-dg) & 9.67 (s(br), 1H), 7.90 (dd,
J=7.9, 1.7 Hz, 1H), 7.39 (ddd, J=8.6, 7.1, 1.7 Hz, 1H), 7.32 (t, J=
7.7 Hz, 1H), 7.23 (dd, J=8.5, 1.1 Hz, 1H), 7.20-7.12 (m, 2H), 7.01 (dt,
J=7.7,1.3Hz 1H), 6.78 (ddd, J=80, 7.1, 1.1 Hz, 1H), 4.44 (s, 2H),
343 (t, J=6.5Hz 2H), 1.57-1.48 (m, 2H), 1.40-1.29 (m, 2H), 0.87 (t,
J=7.4Hz, 3H); BC-NMR (126 MHz, DMSO-d;) & 169.91, 146.86,
140.52, 14033, 134.05, 131.87, 129.34, 121.90, 120.04, 119.87,
11747, 113,84, 11279, 7148, 69.32, 31.28, 18.89, 13.74; HRMS (ESI)
[M+HI" caled for CigH,;;NOs: 300.1594, found 300.1603; UPLC-MS
purity: > 99%.

Methyl 2-((3-hexylphenyl)amino)nicotinate (98). 3-Hexylaniline 68
(200 mg, 1.13 mmol) was reacted with methyl 2-bromonicotinate
according to general procedure C. Purification by flash column
chromatography (hexanes/EtOAc 80:20) provided 98 (276 mg,
0.883 mmol, 79%) as a white solid. 'H-NMR (300 MHz, CDCly) &
1023 (s(br), 1H), 840 (dd, /=48, 2.0Hz 1H), 821 (dd, J=7.58,
20Hz, 1H), 7.74-7.68 (m, 1H), 7.50 (t, J=1.9Hz 1H), 730 (t, J=
78 Hz, 1H), 6.93 (d, /=7.7 Hz, 1H), 6.68 (dd, /=7.8, 4.7 Hz, TH), 3.91
(s, 3H), 2.67 (t, J=7.6 Hz, 2H), 1.70 (quint, J=7.6 Hz, 2H), 1.46-135
(m, 6H), 0.94 (t, J=65 Hz, 3H); "C-NMR (75 MHz, CDCl;) & 167.86,
156.16, 153.17, 143.54, 140.01, 139.61, 12857, 122.99, 120.81,
118.18, 112.98, 106.71, 52.04, 36.05, 31.77, 31.40, 29.05, 22.63, 14.11.

2-((3-Hexylphenyl)amino)nicotinic acid (49). Methyl 2-((3-hexyl-
phenyl)amino)nicotinate 98 (126 mg, 0.403 mmol) was saponified
according to general procedure D to afford 49 (72 mg, 0.24 mmol,
60%) as a light yellow solid without the need of any purification.
'H-NMR (300 MHz, CDCl3) & 9.98 (s(br), 1H), 8.40 (dd, /=47, 1.8 Hz,
1H), 8.29 (dd, /=738, 1.8 Hz, 1H), 7.51 (d, /=80 Hz, TH), 7.38 (s, 1H),
730-7.22 (m, 1H), 6.92 (d, J=7.5Hz, 1H), 6.74 (dd, J=7.8, 48 Hz,
1H), 6.17 (s(br), 1H), 2,61 (t, J=9.0 Hz, 2H), 1.68-1.54 (m, 2H), 1.40-
127 (m, 6H), 0.88 (t, J=6.6 Hz, 3H); “C-NMR (75 MHz, CDCl;) &
17181, 15669, 153.70, 144.04, 141.77, 139.04, 128.89, 124.11,
12214, 119.48, 113.37, 106.62, 36.16, 31.89, 31.55, 29.21, 22.77,
14.25; HRMS (ESI) [M+H]* caled for CygHyN,O;: 299.1754, found
299.1752; HPLC purity: 97 %.
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Methyl 2-((3-(pentyloxy)phenyl)amino)nicotinate (99). 3-(Penty-
loxy)aniline 92 (40 mg, 022 mmol) was reacted with methyl 2-
bromenicotinate according to general procedure C. Purification by
flash column chromatography (DCM 100%) provided product 99
(57 mg, 0.18 mmol, 82%) as a brown oil. '"H-NMR (300 MHz, CDCl;)
5 10.18 (s(br), TH), 839 (dd, J=4.8, 2.0Hz 1H), 823 (dd, /=78,
2.0Hz, 1H), 742 (t, J=1.6Hz, 1H), 7.24-7.19 (m, 2H), 6.71 (dd, J=
7.8, 48 Hz, TH), 665-6.57 (m, TH), 3.98 (t, J=6.6 Hz, 2H), 3.92 (s,
3H), 1.80 (quint, J=6.7 Hz, 2H), 1.53-1.32 (m, 4H), 0.94 (t, J/=7.0 Hz,
3H); C-NMR (75 MHz, CDCl;) & 168.03, 159.81, 156.20, 153.25,
140.92, 140.31, 129.53, 11335, 113.27, 109.17, 107.42, 107.17, 68.08,
52.34, 29.14, 28.36, 22.61, 14.16.

2-((3-(Pentyloxy)phenyl)amino)nicotinic acid (50). Methyl 2-((3-
(pentyloxy)phenyl)amino)nicotinate 99 (57 mg, 0.18 mmol) was
saponified according to general procedure D to afford 50 (33 mg,
0.11 mmol, 61%) as a light yellow solid without the need of any
purification. "H-NMR (300 MHz, Methanol-d)) & 831 (dd, /=77,
1.9 Hz, 1H), 8.26 (dd, J=4.9, 1.8 Hz, 1H), 7.40 (t, /=2.1Hz 1H), 7.18
(t, J=8.1Hz 1H), 705 (dd, /=8.0, 1.0Hz, 1H), 6.78 (dd, /=77,
49 Hz, 1H), 6.59 (dd, J=8.1, 1.8 Hz, 1H), 3.94 (t, /=6.5Hz, 2H), 1.75
(quint, J=6.0 Hz, 2H), 1.50-1.35 (m, 4H), 0.93 (t, J=7.1 Hz, 3H); *C-
NMR (75 MHz, Methanol-d) 6 170.50, 161.13, 157.24, 152.60,
14240, 141.84, 13052, 11447, 114.16, 110.14, 109.78, 108.37, 68.95,
30.14, 2939, 23.54, 14.40; HRMS (ESI) [M+H] * calcd for Ci7HyN;05:
301.1547, found 301.1557; HPLC purity: = 99%.

Methyl 2-((4-((3 r,51,7 r)-adamantan-1-yl)phenyl)amino)nicotinate
(100). 87 (70 mg, 0.27 mmol) was reacted with methyl 2-bromoni-
cotinate according to general procedure C. Purification by flash
column chromatography (hexanes/EtOAc 99:1 to 95:15) provided
product 100 (76 mg, 0.21 mmol, 78%) as a yellow oil. 'H-NMR
(300 MHz, CDCL,) & 10.10 (s(br), 1H), 8.37 (dd, J=4.7, 2.0 Hz, TH),
8.22 (dd, /=78, 2.0Hz, 1H), 7.68-7.57 (m, 2H), 7.41-7.30 (m, 2H),
6.68 (dd, J/=7.8, 47Hz, TH), 3.92 (s, 3H), 2.16-2.07 (m, 3H), 1.97-
1.89 (m, 6H), 1.86-1.72 (m, 6H); *C-NMR (75 MHz, CDCl;) & 168.01,
156.38, 15342, 146.24, 14022, 137.05, 12890, 12531, 121.04,
121.00, 112.98, 106.74, 52.22, 43.35, 36.93, 35.89, 29.09.

2-((4-((3 r,5r,7 r)-Adamantan-1-yl)phenyl)amino)nicotinic acid (51).
Saponification of 100 (77 mg, 0.21 mmol) was performed according
to general procedure D to afford 51 (11 mg, 0.032 mmol, 15%) as a
white solid without the need of any purification. 'H-NMR (500 MHz,
DMSO-dy) & 10.54 (s(br), 1H), 8.33 (dd, /=48, 2.0 Hz, TH), 8.22 (dd,
J=7.7, 21Hz 1H), 7.61 (d, J=8.7Hz, 2H), 7.29 (d, /=87 Hz, 2H),
6.81 (dd, J=7.7, 4.7 Hz, 1H), 2.09-2.04 (m, 3H), 1.87-1.83 (m, 6H),
1.75-1.72 (m, 6H); "C-NMR (151 MHz, DMSO-dg) & 169.34, 155.95,
152.78, 145.18, 140,67, 13738, 125.09, 120.19, 113.79, 107.93, 42.93,
36.40, 35.48, 28.53; HRMS (ES) [M+H]* caled for C,H,N,0,:
349.1911, found 349.1911; UPLC-MS purity: 96 %.

1-Nitro-4-(pentyloxy) benzene (101). To a solution of 4-nitrophenol
(500 mg, 3.59 mmol) in MeCN (9 mL) were added K;CO; (199 g,
14.4 mmol) and 1-iodopentane (0.52 mL, 4.0 mmol). The reaction
mixture was stirred at 82°C for 16 h, cooled down to room
temperature, diluted with EtOAc and H,0. The aqueous phase was
extracted with EtOAc (3 x30 mL) and the combined organic phases
were washed with brine (1x50 mL), dried over Na,50, filtered and
concentrated under reduced pressure. Product 101 (751 mg,
3.59 mmol, >99%) was obtained as a yellow oil and used without
further purification. "H-NMR (300 MHz CDCl;) & 8.22-8.14 (m, 2H),
6.96-6.89 (m, 2H), 4.04 (t, J=6.5 Hz, 2H), 1.82 (quint, J=6.0 Hz, 2H),
1.50-1.32 (m, 4H), 093 (t, J=7.1 Hz 3H); BC-NMR (75 MHz, CDCl,) &
164.38, 141.43, 126,01, 114.51, 69.01, 28.78, 28.17, 22.50, 14.08.

4-(Pentyloxy)aniline (102). Nitro reduction of 101 (751 mg,
3.59 mmol) was performed according to general procedure A to
afford product 102 (626 mg, 3.49 mmol, 97%) as a dark brown oil
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which was used in the following step without further purification.
'H-NMR (300 MHz, CDCl,) & 6.77-6.71 (m, 2H), 6.66-6.60 (m, 2H),
3.88 (t, J=66Hz 2H), 3.23 (s(br), 2H), 1.74 (quint, J=6.0 Hz, 2H),
147-1.32 (m, 4H), 092 (t, J=7.0 Hz, 3H); “C-NMR (75 MHz, CDCl;) &
15247, 139.87, 116.55, 115.78, 68.81, 29.24, 28.34, 22.59, 14.1.

Methyl 2-((4-(pentyloxy)phenyl)lamino)benzoate (103). 4-(Penty-
loxy)aniline 102 (127 mg, 0.708 mmol) was reacted with methyl 2-
bromobenzoate according to general procedure C. Purification by
flash column chromatography (hexanes/EtOAc 95:5 to 90:10)
provided product 103 (220 mg, 0.702 mmol, >99%) as a yellow
solid. 'H-NMR (300 MHz, CDCl;) & 931 (s(br), 1H), 7.96 (dd, J=8.1,
1.7 Hz, 1H), 7.27 (ddd, /=87, 7.0, 1.7 Hz 1H), 721-7.15 (m, 2H),
7.00 (dd, J=86, 1.1 Hz, 1H), 6.96-6.88 (m, 2H), 667 (ddd, J=8.1,
7.0, 1.1 Hz, TH), 3.97 (t, J=6.5Hz 2H), 391 (5, 3H), 1.82 (quint, J=
6.7 Hz, 2H), 1.57-1.36 (m, 4H), 097 (t, J=7.1Hz 3H); "C-NMR
(75 MHz, CDCl;) & 16949, 156.81, 150.14, 134.64, 133,66, 132.01,
12642, 116.58, 11575, 113.81, 111.23, 68.75, 52.11, 29.54, 28.74,
2299, 14.54..

2-((4-(Pentyloxy)phenyl)amino)benzoic acid (52). 103 (215mg,
0686 mmol) was saponified according to general procedure D to
afford 52 (143 mg, 0.478 mmol, 70 %) as a light yellow solid without
the need of any purification. 'H-NMR (300 MHz, CDCl;) & 8.02 (dd,
J=8.1, 1.7 Hz, 1H), 7.34-7.23 (m, 1H), 7.18 (d, J=8.7 Hz, 2H), 7.00-
6.85 (m, 3H), 669 (t, J=7.5Hz, 1H), 3.97 (t, J=6.6Hz 2H), 1.81
(quint, J=6.7 Hz, 2H), 1.56-1.33 (m, 4H), 0.95 (t, J=7.0 Hz, 3H); *C-
NMR (75MHz, CDCl;) & 173.61, 150.53, 135.25, 132.76, 132.52,
129.39, 126.41, 116.28, 115.35, 113.55, 103.20, 68.34, 29.03, 28.24,
22,50, 14.06; HRMS (ESI) [M+HI" caled for C,gH, NO;: 300.1594,
found 300.1603; HPLC purity: > 99 %.

Methyl 2-((4-(pentyloxy)phenyl)amino)nicotinate (104). 4-(Penty-
loxy)aniline 102 (40 mg, 0.22 mmol) was reacted with methyl 2-
bromenicotinate according to general procedure C. Purification by
flash column chromatography (DCM 100%) provided product 104
(58 mg, 0.18 mmol, 849%) as a yellow oil. '"H-NMR (300 MHz, CDCl;)
8 9.93 (s(br), 1H), 8.32 (dd, J=4.8, 2.0Hz 1H), 8.20 (dd, J=7.8,
20 Hz, 1H), 7.55-7.47 (m, 2H), 6.93-6.85 (m, 2H), 6.65 (dd, J=7.8,
48 Hz, 1H), 3.95 (t, J=6.6 Hz, 2H), 3.91 (s, 3H), 1.79 (quint, J=
60 Hz, 2H), 1.49-1.36 (m, 4H), 094 (t, J=7.1Hz, 3H); "“CNMR
(75 MHz, CDCl;) & 168.04, 156.69, 155.60, 153.40, 14033, 13245,
12352, 11492, 112.71, 106.55, 68.39, 5222, 29.15, 2833, 22.58,
14.14.

2-((4-(Pentyloxy)phenyl)amino)nicotinic acid (53). 104 (58 mg,
0.19 mmol) was saponified according to general procedure D to
afford 53 (51 mg, 0.177 mmol, 89%) as a beige solid without the
need of any purification. 'H-NMR (300 MHz, Methanol-d,) & 8.41
(dd, /=77, 1.9Hz 1H), 8.11 (dd, J=5.3, 19 Hz, 1H), 745-7.38 (m,
2H), 6.97-691 (m, 2H), 681 (dd, /=77, 5.3 Hz, 1H), 3.98 (t, J=
6.5 Hz, 2H), 1.78 (quint, J=6.0 Hz, 2H), 1.50-1.39 (m, 4H), 0.96 (t, J=
7.1 Hz, 3H); “CNMR (75 MHz, Methanol-d.) & 169.93, 158.06,
15681, 149.57, 143.95, 131.84, 125.67, 116.27, 113.80, 111.30, 69.31,
30.12, 29.37, 23.52, 14.40; HRMS (ESI) [M+H]* caled for C;HxN,0s:
301.1547, found 301.1544; HPLC purity: > 99%.

Ethyl 3-((3-(pentyloxy)phenyl)amino)benzoate (105). 3-(Pentyloxy)
aniline 92 (40 mg, 0.22 mmol) was reacted with ethyl 3-iodoben-
zoate according to general procedure C. Purification by flash
column chromatography (hexanes/EtOAc 99:1 to 85:15) provided
product 105 (50 mg, 0.15 mmol, 699%) as a yellow oil. 'H-NMR
(300 MHz, CDCLy) & 7.74-7.70 (m, 1H), 7.59 (dt, J=7.1, 1.7 Hz, 1H),
7.34-7.27 (m, 2H), 7.17 (ddd, /=83, 7.3, 1.0Hz, TH), 6.67-6.62 (m,
2H), 6.51 (ddd, J=8.2, 2.2, 1.1Hz 1H), 5.82 (s, TH), 436 (q, J=
7.1 Hz, 2H), 3.92 (t, J=66 Hz, 2H), 1.77 (quint, J=6.7 Hz, 2H), 1.45-
132 (m, 7H), 0.92 (t, J=7.0 Hz, 3H); “C-NMR (75 MHz, CDCl;) &
166.71, 16043, 143.95, 143.40, 131.81, 130.27, 129.39, 122.06,
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121.93, 118.88, 110.58, 107.69, 104.56, 68.08, 61.10, 29.10, 28.34,
22.59, 14.45, 14.15.

3-((3-(Pentyloxy)phenyl)amino)benzoic acid (54). 105 (50mg,
0.15 mmol) was saponified according to general procedure D to
afford 54 (43 mg, 0.14 mmol, 96%) as a brown oil without the need
of any purification. 'H-NMR (300 MHz, Methanol-d,) & 7.75 (s(br),
1H), 7.51-7.45 (m, 1H), 7.29-7.24 (m, 2H), 7.10 (t, J=8.1 Hz, 1H),
6.70-6.65 (m, TH), 6.64 (t, J=2.1 Hz, 1H), 642 (dd, J=8.1, 2.1 Hz,
1H), 3.89 (t, J=65 Hz, 2H), 1.77-167 (m, 2H), 1.43-1.33 (m, 4H),
0.92 (t, J=7.0Hz, 3H); *C-NMR (75 MHz, Methanol-d,) & 170.81,
161.51, 145.77, 14541, 13354, 13089, 13007, 122.26, 122.12,
118.99, 111.08, 107.88, 104.99, 68.85, 30.10, 29.35, 23.50, 14.39;
HRMS (ESI) [M+HI " calcd for Cy5H;NO5: 300.1594, found 300.1587;
HPLC purity: 95 %.

Methyl 2-((3-(trifluoromethyl) phenyl)amino)nicotinate (106). 3-
(Trifluoromethyl)aniline (0.15 mL, 1.2 mmol) was reacted with meth-
yl 2-bromonicotinate according to general procedure C. Purification
by flash column chromatography (hexanes/EtOAc 99:1 to 90:10)
provided product 106 (350 mg, 1.18 mmol, 98%) as a transparent
oil. 'H-NMR (300 MHz, CDCI;) & 10.40 (s(br), 1H), 841 (dd, J=48,
2.0Hz, 1H), 8.24 (dd, J=7.8, 20 Hz, 1H), 815 (5, 1H), 7.90 (d, J=
8.1 Hz, 1H), 7.44 (t, J=7.9Hz 1H), 7.30 (d, /=83 Hz, 1H), 6.77 (dd,
J=7.8, 48Hz, 1H), 3.94 (s, 3H); "C-NMR (75 MHz, CDCl;) & 167.96,
155.75, 153.08, 14050, 14027, 131.80, 13137, 130.95 130.53,
129.26, 126.15, 12344, 12254, 119.03, 11898, 118.92, 118.87,
117.12, 11706, 117.01, 116.96, 11413, 107.48, 52.39; "F-NMR
(282 MHz, CDCl;) & —62.62.

2-((3-(Trifluoromethyl)phenyl)amino)nicotinic acid (2) (Niflumic
acid; NA). 106 (350 mg, 1.18 mmol) was saponified according to
general procedure D to afford niflumic acid 2 (274 mg, 0.971 mmol,
829%) as a beige solid without the need of any purification. 'H-NMR
(300 MHz, DMSO-d¢) & 11.71 (s(br), 1H), 8.41-8.28 (m, 2H), 8.26 (dd,
J=7.6, 21 Hz, 1H), 784 (dd, /=8.1, 2.1 Hz, 1H), 7.51 (t, /=80 Hz,
1H), 7.27 (d, J=76 Hz, 1H), 6.88 (dd, /=76, 48 Hz, 1H); "C-NMR
(151 MHz, DMSO-d;) & 20639, 155.38, 150.78, 141.22, 140.20,
129.69, 12958, 12937, 12521, 12341, 12270, 117.29, 117.28,
114.82, 114.80, 114.79, 11448, 30.64; "F-NMR (282 MHz, DMSO-d)
85 —61.12; HRMS (ESI) [M+H]* caled for C ;H,F;N,O;: 283.0689,
found 283.0683; HPLC purity: 97 %.
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Fusion chemistry: We report the
design and development of LM98, a
reversible TEAD inhibitor that origi-
nates from the fusion of flufenamic
acid and palmitic acid. LM98 binds in
the palmitic acid pocket of TEAD,
preventing its autopalmitoylation
and reducing the expression of asso-
ciated genes. LM98 reduces TEAD ac-
tivation, inhibits breast cancer cell
migration and arrests cells in the S
phase. Extensive SAR studies
revealed new opportunities for
future medicinal chemistry activities
within this series.
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2.3 Informations supplémentaires

Les informations supplémentaires concernant les protocoles expérimentaux ainsi que

les spectres RMN des composés synthétisés sont présentés dans I'annexe A.

2.4 Conclusion

La mise en place d’une voie de synthése efficace a permis un acces rapide a de
nombreux dérivés de ’acide flufénamique. Grace a une conception mélangeant apports
des structures co-cristallines, modifications systématiques et emploi d’amarrage
moléculaire, différents inhibiteurs de TEAD ont pu étre obtenus, incluant LM98. Avec
un AT de 6.4 °C, LM98 se lie dans la poche palmitique de TEAD, comme le
démontrent des études par RMN-'F et I’obtention de co-cristaux en présence de
hTEAD2-YBD. Bien que LM98 n’empéche pas la formation du complexe YAP-TEAD,
le composé agit en inhibant la palmitoylation de TEAD, réduisant ainsi de 30%
I’activit¢ de TEAD par dosage de luciférase tout en diminuant de 61% et 40%
I’expression de CTGF et Cyr61, deux génes normalement activés par YAP-TEAD.
Pour finir, le potentiel thérapeutique de LM98 s’illustre par une inhibition de la
migration de cellules cancéreuses, arrétant notamment les cellules en phase S du cycle

cellulaire.

2.5 Contributions des auteurs a ’article

L’auteure principale a accompli la synthése et la caractérisation de 1’acide niflumique
(2), de MGH-CP1 (3), de la moitié des dérivés de la table 2 ainsi que de ’ensemble des
composés des tables 3, 4 et 5 (a ’exception de 52). Elle a également effectué les études
d’amarrage moléculaire, a orient¢ le SAR et la conception des analogues tout en

participant activement a la coordination des différents contributeurs tout au long du
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projet. Par la suite, I’auteure a réalisé la recherche bibliographique et a été la rédactrice
principale de I’article. Finalement, la présente auteure a rédigé la partie expérimentale
(a I’exception des protocoles portant sur I’évaluation biologique) et s’est occupée du

traitement de 1’ensemble des spectres RMN.

Shuay Abdullayev a effectué la synthese et la caractérisation des dérivés de la table 1

et de la moitié de la table 2.

Ahmed Fnaiche a réalisé la synthese et la caractérisation du composé 52.

Victoria Vu a contribu¢ au développement du test de dosage par luciférase ainsi qu’au

test nanoBRET.

Narjara Gonzélez Sudrez a réalisé les expériences de RT-qPCR, migration cellulaire,

cicatrisation des plaies et cytométrie de flux.

Hong Zheng, Magdalena M. Szewczyk, Fengling Li, Guillermo Senisterra, Abdellah
Allali Hassani, Irene Chau et Aiping Dong ont testé les composés par DSF, DSLS, SPR,
ITC et ont effectué les tests de palmitoylation par MS.

Simon Woo a effectué les expériences RMN-'"F en présence de la protéine.

Borhane Annabi, Levon Halabelian, Steven LaPlante, Masoud Vedadi, Dalia Barsyte-
Lovejoy et Vijayaratnam Santhakumar ont supervisé I’ensemble des travaux réalisés
au sein de leurs équipes respectives. Ils ont également participé aux phases de relecture

de D’article.

Pour finir, I’auteur de correspondance Alexandre Gagnon a supervisé 1’ensemble du

projet (tout particulierement les travaux de 1’auteure principale, de Shuay Abdullayev
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et d’Ahmed Fnaiche), a guidé la coordination des différentes équipes de recherche, a

participé a la relecture de I’article et s’est chargé du processus de soumission.



CHAPITRE III

LA CHIMIE COMPUTATIONNELLE AU SERVICE DU DEVELOPPEMENT
D’INHIBITEURS DE TEAD

La chimie computationnelle peut fournir une aide précieuse lors de la conception
d’inhibiteurs, autant pour la découverte de nouveaux hits que lors de la phase de SAR
hit to lead *%*2%* Ce chapitre portera donc sur ’utilisation de divers outils informatiques
afin soit de guider I’optimisation de la série présentée au chapitre précédant, soit

d’identifier de nouveaux inhibiteurs de TEAD.

3.1 Conception assistée par ordinateur d’analogues de I’acide flufénamique

S’il est indéniable qu’il est peu probable de prédire avec exactitude la réalité, la chimie
computationnelle n’en reste pas moins un outil précieux lors des phases d’optimisation
de pharmacophores en chimie médicinale. Les différentes structures co-cristallines de
TEAD-YBD en présence de ligands variés (acide palmitique et acide flufénamique,
notamment) et, par la suite, I’obtention de notre propre co-cristal en présence de I'un

de nos dérivés, permettent la conception de médicaments basée sur la structure.

3.1.1 Modélisations moléculaires dans TEAD?2

L’ensemble des dérivés imaginés ou synthétisés ont donc ¢ét€é modélisés afin
d’envisager leurs probables interactions avec les acides aminés de la poche palmitique

de TEAD. Une fois validée, cette approche peut permettre a la fois d’aider a rationaliser
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certains résultats biophysiques obtenus mais aussi d’assister la conception de nouveaux
dérivés, notamment en prédisant I’absence d’affinité de certains analogues ou en
enrichissant la structure de composés actifs connus. Comme chaque programme de

265

modé¢lisation possede ses avantages et ses inconvénients,*” plusieurs d’entre eux ont

¢été adoptés afin d’obtenir une image plus proche de la réalité.

3.1.1.1 Modélisation par édition de ligand dans ICM-pro

Pour commencer, différentes modélisations par édition de ligand (en 1’occurrence,
’acide flufénamique) ont été réalisées sous ICM-pro (Molsoft). Dans ICM-pro,?* les
calculs d’énergie sont basés sur les parametres de champ de force des peptides
ECEPP/3 (empirical conformational energy program for peptides 3) tout en prenant en
compte les charges partielles MMFF?®7 ainsi que différents termes de correction
associés a I’énergie libre de solvatation et a la contribution entropique.2®® La poche du
récepteur est exprimée par cinq cartes d’interactions potentielles : électrostatiques,
hydrophobiques, liaisons hydrogéne et deux termes représentants différents potentiels
de van der Waals. Par la suite, le ligand est modélisé de facon flexible dans la protéine
rigide suivant la procédure suivante : (1) sélection aléatoire d’une conformation basée
sur ’algorithme de Monte Carlo a probabilité biaisée (BPMC)** ainsi que sur les
angles de torsion et de rotation du ligand, (2) minimisation énergétique locale, (3)
calcul de I’énergie complete, (4) acceptation ou rejet de I’énergie totale selon les
critéres de Metropolis,?’° (5) sauvegarde des conformations favorables afin de créer un
historique de recherches des meilleurs minima, (6) retour a 1’étape (1) avec une
nouvelle conformation aléatoire indépendante de la précédente mais résultant quand
méme d’une distribution de probabilité continue.?°>?’! Basé essentiellement sur la
méthode de simulation de Monte-Carlo, I’une des forces de ICM-pro réside dans
’obtention de poses d’amarrage fiables.?’>?”* En revanche, le score d’amarrage n’est
généralement pas estimé avec une précision suffisante pour permettre de classer les

ligands en fonction de leurs énergies libres de liaison prédites. Pour ces raisons, des
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é¢tudes complémentaires par arrimage dans Glide (Schrédinger) ont également été

réalisées.

3.1.1.2 Modélisation par arrimages dans Glide

De par sa prise en compte de la flexibilité des chaines latérales, Glide s’avere 1’un des
programmes les plus efficaces en termes de prédiction des affinités de liaison entre
ligands et protéines.?® L’algorithme de Glide?’**”> met en place des grilles basées sur
des techniques de recherche systématique des positions, orientations et conformations
du ligand au niveau de la poche de liaison par I’intermédiaire d’une série de filtres
hiérarchiques. Les grilles sont initialement générées a partir du centre de gravité du
ligand présent dans la structure co-cristalline. Par la suite, un ensemble de
conformations de ligands est généré par une recherche systématique des minima de
torsions, formant ainsi plusieurs groupes caractérisés par une conformation commune
du noyau et des chaines latérales variables. Chaque groupe de conformeres est ensuite
placé dans la poche de liaison, puis les poses sélectionnées sont minimisées en utilisant
les grilles précalculées pour la protéine. Ces grilles sont basées sur le champ de force
OPLS-AA50%¢ avec une constante diélectrique dépendant de la distance d’une valeur
définie a 2 par défaut. Pour finir, les poses les plus basses en énergie sont soumises a
une procédure de Monte Carlo qui permet d’examiner les minima de torsion et d’affiner
I’orientation des chaines latérales du ligand.?”"?’? L affinité des ligands peut alors étre
classée en utilisant la fonction Glide Score, une version avancée de ChemScore51%”
qui incorpore la solvatation, les génes stériques, les interactions répulsives, etc. Malgré
le nombre considérable de termes pris en compte par le Glide Score, il est a noter que
les énergies de liaison rapportées permettent principalement de distinguer les ligands
actifs versus inactifs. Une différence de quelques kcal/mol ne doit pas étre considérée
significative et ne peut donc pas servir a faire un classement absolu des activités
relatives des ligands. Chez Glide, plus le score négatif obtenu est bas, plus la probabilité

que le ligand se lie a la protéine est élevée. La meilleure pose est quant a elle isolée en
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utilisant la fonction Emodel qui combine plusieurs scores énergétiques, dont le
Glide Score et la tension propre au ligand par exemple. Glide propose plusieurs types
d’amarrage : criblage virtuel a haut débit (HTVS), amarrage de précision standard (SP)
et amarrage extra-précis (XP). SP est la procédure standard expliquée ci-dessus. HTVS
réduit considérablement le nombre de conformations testées, permettant ainsi
d’augmenter la vitesse de calcul et de passer plus rapidement a travers le criblage d’une
large base de données. L’amarrage XP est réalis¢ quant a lui a partir des résultats
obtenus lors de I’amarrage SP. Ce type d’amarrage demande davantage de temps et ne
s’effectue généralement que sur une population limitée de ligands. La précision
obtenue ne réside pas uniquement sur une meilleure prédiction de la position et
conformation du ligand dans le site de liaison mais aussi sur un score prenant en compte
davantage de parameétres que le Glide score, par exemple les pénalités de désolvatation

ou I’enceinte hydrophobe.?”

L’ensemble des données générées sous ICM et Glide coincide avec les données
expérimentales (ligands actifs ou inactifs) et confirme I’importance de 1’acide
carboxylique de I'acide flufénamique en raison des multiples interactions qu’il réalise :
liaison hydrogeéne intramoléculaire avec 1’amine centrale du ligand permettant
potentiellement de le stabiliser dans sa conformation active, formation d’un pont salin
avec I’amine de la chaine latérale de la lysine 357 et présence de liaisons hydrogéne
avec le soufre et I’amine du squelette peptidique de la cystéine 380. Les résultats
obtenus ont ét¢ intégrés dans le processus de conception de divers analogues,
permettant notamment le développement de dérivés substitués en para de I’amine tels
que présentés dans le chapitre précédent. Afin d’obtenir des données plus précises pour
valider la synthése de nouveaux analogues ou non, des études de perturbation d’énergie

libre (FEP) ont également été effectuées.
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3.1.2 FEtudes de perturbation d’énergie libre

A ce jour, prédire avec précision I’affinité d’un ligand pour une protéine demeure un
défi important. Les méthodes de calcul d’énergie libre de liaisons ligand-protéine
basées sur des principes de la thermodynamique statistique sont considérées comme
étant les plus efficaces dans ce domaine, tout particuliérement celles faisant appel a la
dynamique moléculaire telle que les études FEP. En échange de calculs intensifs, cette
approche prend en compte non seulement 1’aspect énergétique (d’une fagon similaire
aux fonctions de score présentées précédemment) mais également différents
parameétres entropiques. Cette méthode de calcul, appuyée ici par la fonction FEP
implémentée dans le programme Desmond de Schrddinger, permet généralement
d’obtenir des valeurs d’énergies libres de liaisons relatives présentant d’excellentes
corrélations avec les affinités de liaisons expérimentales.?’”’ Cet outil se retrouve donc
de plus en plus utilisé dans I’industrie pharmaceutique afin d’accélérer le processus Ait

to lead *®°

Les études FEP emploient des techniques de calcul d’énergie libre alchimique, ¢’est-a-
dire faisant intervenir des intermédiaires fictifs. En effet, s’il est extrémement difficile
de simuler avec précision 1’éveénement de liaison d’un ligand a une protéine (étapes 1
et 2 sur la Figure 3.1), il est possible de contourner ce probléme en modélisant a la
place le processus de transformation d’un ligand a un autre (étapes A et B sur la Figure
3.1). Puisque la différence d’énergie libre entre les états finaux est indépendante du
chemin emprunté pour la calculer, AAGiiison = AG2 — AG1 = AGs — AGa. 2! Cette
différence d'énergie libre entre le ligand a tester (LT) et le ligand de référence (LR)

(AGa ou AGg que nous nommerons AGrep) est évaluée avec I'équation de Zwanzig :*%

—(Vir — Vir

—(Vir — Vipy )
7 = kT LT

AGggp = Gyt — GLr = —kgTIn (e kT

)Lr = kpTIn(e
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Ou Vit et Vir sont des fonctions d’énergies potentielles de LT et LR et les crochets
triangulaires indiquent la moyenne d’ensemble pondérée de Boltzmann générée lors de
la modélisation pour le ligand correspondant. En simulant 1'évolution entre le ligand a
tester et le ligand de référence a travers de nombreux intermédiaires non physiques
proches les uns des autres, il est possible de faire des approximations qui permettent de

calculer la différence entre 1'état initial et I'état final avec précision.

Ligand a tester

Ligand de A
protéine

] l:

. —
solvant B

......................

i - -
Via:@—[) — ) — Di— [

Intermédiaires non physiques

Figure 3.1 Principe du FEP

Le mode¢le a tout d’abord été testé sur des ligands dont les affinités apparentes avaient
déja été évaluées par DSLS. En temps normal, la comparaison du AAGrgp avec le
AAGexpérimental permet de déterminer un facteur de correction a appliquer lors des futures
modélisations. En D’occurrence, le manque de données sur les constantes de
dissociation des analogues synthétisés n’a pas permis la déduction d’un tel facteur. Il a
malgré tout été confirmé que tous les composés actifs avaient bien un AAGrep négatif
par rapport a I’acide flufénamique et, a I’inverse, un AAGrgp positif pour les composés
inactifs. Il est admis que plus le AAGgep est bas, plus le ligand étudié a de chances
d’interagir fortement avec la poche de liaison. Le meilleur dérivé apparent avec une
substitution en méta de I’amine centrale au niveau du cycle aromatique de gauche
correspond a celui avec une chaine heptyle, ce qui est en harmonie avec les résultats
DSLS présentés dans le tableau 2 du chapitre précédent. En se basant sur les différents

résultats obtenus, il semblerait que des isostéres de 1’acide carboxylique soient
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¢galement favorables a la formation d’interactions avec TEAD, sans pour autant
permettre de gagner nettement en activité. Différents analogues plus polaires,
notamment certains portant une amine libre en méta de 1’acide carboxylique sur le
phényle de droite ou un groupement 4-propylpipéridine en méta de 1’amine centrale
sur le cycle aromatique de gauche, sont également ressortis comme des options
d’apparences favorables pour le maintien de 1’affinité tout en améliorant la solubilité

(Figure 3.2).

COOH COOH COOH
AAGFEP =3.01+£0.25 AAGFEP =-7.64 £0.09
COOH CO,H (o] NH,
H
\/\/\/\©/ \© W\/@/ \© F3C\©/N\5
AAGFEP =-8.23+0.14 AAGFEP =-6.44+0.14 AAGFEP =-2.64+0.63
NH
CO,H 2
/\/\/\@/ R t i ¢OaH O S (o}
AAGggp =-6.25+0.15 AAGggp =-7.62 £ 0.12 AAGggp =-1.23 £ 0.32
COOH COOH GOOH
H F3C
ot O
/\/\/\@/ )
H
AAGggp = - 6.14 £ 0.26 Trop différents de I'acide flufénamique, modélisation non réalisables

Figure 3.2 Exemples d'analogues testés par FEP

En raison de la méthode de calcul utilisée, le programme Desmond simule les
dynamiques moléculaires dans le temps. Il est ainsi possible d’accéder a de multiples

données telles que I’écart quadratique moyen (root mean square deviation, RMSD) de
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la protéine et du ligand, la fluctuation moyenne pondérée (root mean square fluctuation,
RMSF) de la protéine et du ligand, les contacts protéine/ligand ou encore le profil de
torsion du ligand dans le temps. Ces informations permettent un design beaucoup plus
pointu et rationnel des divers analogues. Il a ainsi pu étre établi qu’en plus des liaisons
observées lors des modélisations entre nos analogues et la lysine 357 ainsi que la
cystéine 380, I’acide carboxylique permet également I’interaction avec la proline 378
via un pont-eau. Il a aussi pu étre confirmé que les dérivés inactifs présentant des
modifications au niveau du connecteur central maintiennent ces interactions principales
mais perdent la liaison hydrogeéne intramoléculaire, validant 1’hypothése que cette
derniere participe a la stabilisation de la conformation active (Figure 3.3.a et Figure
3.3.c). De méme, il a ét¢ illustré que les analogues contenant d’imposants groupements
alkyles favorisent les interactions hydrophobiques avec davantage de résidus que
I’acide flufénamique de départ (Figure 3.3.b). Il est a noter que le diagramme en barre
(Figure 3.3.b) représentant les contacts protéine/ligand est normalisé au cours de la
simulation. Ainsi, une valeur de 0.8 suggeére que pendant 80% de la durée de la
modélisation, un certain type d’interaction a eu lieu entre le résidu en question et le
ligand. Des valeurs supérieures a 1 sont donc possibles puisqu’un méme acide aminé

peut interagir de plusieurs facons ou a plusieurs endroits avec le ligand (Figure 3.3.a).
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Figure 3.3 Analyses des dynamiques moléculaires de deux analogues par: a)
visualisation schématique des contacts protéine/ligand au cours du temps (seuls les
contacts qui occurent plus de 30% du temps sont représentés), b) visualisation
graphique des contacts protéine/ligand au cours du temps, c) nombre de liaisons H
intramoléculaires au cours du temps

Sachant que les données RMSF du ligand sont utiles pour déterminer les changements
de position des atomes au sein de la molécule, il a également été possible de corroborer
les conclusions obtenues par amarrage afin de comprendre comment les dérivés avec
des groupements en para de 1’amine centrale au niveau du cycle aromatique de gauche
s’insérent dans la cavit¢ hydrophobe. Le RMSF pour un atome i est calculé selon la

formule suivante :

2

RMSF,; =

D (= ntrey)

t=1

50—
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Ou T correspond a la durée de la simulation, ter est le temps de référence (en
I’occurrence zéro), r est la position de 1’atome i au moment initial t.r tandis que r’
s’apparente a la position de I’atome i au moment t. Tandis que le dérivé hexyle en méta
présente des fluctuations principalement en bout de chaine alkyle et au niveau des deux
atomes d’oxygene de 1’acide carboxylique, le dérivé hexyle en para montre également
des mouvements importants au niveau des différents atomes formant le cycle
aromatique de gauche (Figure 3.4.a). En adéquation avec les modélisations présentées
dans I’article du chapitre II, les profils de torsion du ligand illustrent la rotation du

phényle afin d’accommoder la chaine latérale dans la poche palmitique (Figure 3.4.b).
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Figure 3.4 Analyses des dynamiques moléculaires de deux analogues par : a) RMSF
du ligand au cours du temps, b) profil de torsion du ligand au cours du temps
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De fagon surprenante, les données de modélisation par dynamique moléculaire pour les
dérivés de I’acide niflumique indiquent la formation d’une nouvelle liaison hydrogene
entre I’amine de la pyridine et la sérine 345. Néanmoins, les résultats obtenus par
mesures DSLS et par modélisation FEP indiquent tous deux que les dérivés NA sont
généralement moins actifs que leurs parents FA, peut-&tre en raison de plus faibles
interactions avec la proline 378 au cours du temps. Malgré tout, les données générées
demeurent intéressantes et permettent d’envisager 1’obtention de nouvelles interactions

au sein de la poche de liaison (Figure 3.5).
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Figure 3.5 Analyses des dynamiques moléculaires de I’acide niflumique par : a)
visualisation schématique des contacts protéine/ligand au cours du temps (seuls les
contacts qui occurent plus de 30% du temps sont représentés), b) visualisation
graphique des contacts protéine/ligand au cours du temps

L’ensemble des modélisations présentées jusqu’alors se restreignent a [’acide
flufénamique et ses dérivés. Afin d’augmenter nos chances de développer un inhibiteur
puissant de TEAD, effectuer un criblage virtuel plus large pourrait permettre de
découvrir de nouveaux hits, donnant ainsi lieu au lancement potentiel de nouvelles
campagnes de SAR et d’optimisation, tout en améliorant la conception des dérivés de

I’acide flufénamique.
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3.2 Criblage virtuel a haut débit (HTVS)

En se basant sur les modélisations précédentes et les analyses qui en ont découlé, il
semble raisonnable d’assumer que le pharmacophore minimal de 1’acide flufénamique
soit 1’acide 2-aminobenzoique. Pour cette raison, il a ét¢ décidé de construire une

librairie virtuelle de composés contenant ce motif.

3.2.1 Librairie combinatoire d’acides 2-aminobenzoiques

La création de cette librairie virtuelle repose sur la combinaison de 1’acide 2-
bromobenzoique avec une librairie d’amines primaires créée spécifiquement pour cette
utilisation. En se basant sur la banque de données d’Emolecules composée
d’approximativement 8 millions de blocs de construction (building blocks)
commerciaux, une recherche de sous-structure a été effectuée. En appliquant le langage
SMARTS, n’importe quelle amine primaire n’étant pas sous forme d’ion ammonium
et se liant via une liaison simple a un atome de carbone (n’étant pas un amide, ni un
cyanimide, ni un thioamide, ni quaternaire) a ainsi été extraite afin de former un fichier
contenant 845 963 molécules. Un premier filtre a ensuite été appliqué afin de ne
conserver que des fragments potentiellement utilisables en chimie médicinale. Seules
les molécules contenant (1) uniquement des atomes H, C, O, N, F, Cl, Br, I, S, (2) entre
5 et 25 atomes au total, (3) de 0 & 2 centres chiraux, (4) de 0 a 6 accepteurs de liaisons
hydrogene et (5) de 0 a 6 donneurs de liaisons hydrogene ont été conservées, réduisant
ainsi la quantit¢ d’amines primaires a 708 569. Ce nombre étant encore considérable,
un deuxieme filtre aux conditions plus restreintes a été appliqué, ne gardant que les
blocs possédant (1) entre 5 et 20 atomes au total, (2) de 0 a 5 accepteurs de liaisons
hydrogéne et (3) de 0 a 5 donneurs de liaisons hydrogene. Les 526 141 blocs isolés ont
ensuite ¢té soumis a un filtre appliquant les régles de chimie médicinale de Lilly (Lilly
MedChem Rules). Ce filtre permet de ne garder que les composés présentant des

propriétés désirables en chimie médicinale, rejetant ainsi toute molécule
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potentiellement covalente (comprenant par exemple des halogénures d’acyle), instable
(présence d’aldéhydes latents), pouvant interférer avec les mesures biophysiques (en
termes de fluorescence ou d’absorbance notamment) ou présentant des risques pour
I’intégrité de la protéine (oxydants ou détergents). Apres suppression des duplicatas,
396 495 amines primaires ont ¢t¢ identifiées comme adaptées a une utilisation en
chimie thérapeutique. Cette librairie virtuelle fut ensuite combinée avec 1’acide 2-
bromobenzoique a 1’aide de Reactor (JChem suite, ChemAxon) afin de générer

399 853 dérivés 2D de I’acide 2-aminobenzoique (Figure 3.6).

- Filtres
- Suppression ) Librairie combinatoire
des duplicatas Oy OH Oy OH
Br N
Amines .
primaires

399853

Blocs de construction
commercialement

disponibles

§M

Librairie virtuelle d’amines primaires

Figure 3.6 Flux d'¢laboration de la librairie combinatoire d’acides 2-aminobenzoiques

Une fois la librairie combinatoire en main, un criblage virtuel contre TEAD?2 a été lancé

afin de déterminer de potentiels nouveaux inhibiteurs.

3.2.2  Criblage virtuel basé sur la librairie combinatoire d’acides 2-aminobenzoiques

Dans un premier temps, 1’ensemble des molécules contenues dans la librairie
combinatoire furent converties en 3D (LigPrep, Schrodinger) afin de permettre le
criblage virtuel dans la poche centrale hydrophobe de TEAD2 (code pdb : 5dg8). Par
la suite, plusieurs séries successives d’amarrage moléculaire (HTVS, SP puis XP de
Glide) combinées a des paliers de réussite permirent d’obtenir 15 000 molécules

interagissant virtuellement avec TEAD2. Il est a noter que les paliers appliqués
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correspondent soit a I’affinité supposée du ligand, via le calcul du Glide Score, soit a
I’efficacité du ligand. En utilisant 1’affinité comme critére principal, le risque est
d’obtenir des molécules de taille déja considérable, laissant peu de place a
I’introduction de nouveaux groupements lors de I’optimisation. L’ajout du parameétre
d’efficacité du ligand (LE), qui se définit par le ratio entre 1’énergie libre de Gibbs AG
et le nombre d’atomes n’étant pas des hydrogenes dans la molécule, permet de ne pas
manquer les ligands qui utilisent leurs atomes efficacement. Apres application d’un
filtre permettant de reconnaitre la présence de nouvelles liaisons avec les résidus de la
poche palmitique, 32 molécules ont finalement été extraites et analysées (Annexe B)

(Figure 3.7).

HTVS Suppression des
Glide duplicatas 30K

meilleurs
scores
10K meilleurs scores SP
+ 5K meilleure efficacité Glide
Xp Docking score = [-13.445: -9.650] du ligand Docking score = [-13.443 ; - 7.674]
Glide i

D Nouvelle liaison @

Docking score = [-17.406; - 4.748] SP docking score= [-12.219: -10.227)
XP docking score = [-17.406 ; -10.973]

Figure 3.7 Flux du criblage virtuel basé sur la librairie combinatoire d’acides 2-
aminobenzoiques

Parmi ces 32 molécules, toutes présentent I’un des quatre types de squelettes présentés

dans la Figure 3.8.
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Figure 3.8 Type de squelettes retrouvés chez 1’ensemble des 32 candidats finaux

Les amines forment un pont salin et des liaisons hydrogeéne avec 1’acide glutamique
359, et parfois certains ponts-eau avec la sérine 345 ou avec ’acide carboxylique du
squelette peptidique de la leucine 374 et celui de la cystéine 343 (Figure 3.9.a). De leur
coté, les alcools créent préférentiellement un pont-H avec la sérine 345 (Figure 3.9.b).
En fonction des structures, certaines interactions de type m sont également observées
avec la tyrosine 426, la phénylalanine 428, la phénylalanine 386 ou la phénylalanine

233 (Figure 3.9.c).
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XP docking score = -17,406
LE =-0.600

o] OH
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Figure 3.9 Exemples de molécules issues du criblage virtuel illustrant les interactions
caractéristiques obtenues au sein de la poche palmitique de TEAD2

Parmi I’ensemble des candidats obtenus, deux retiennent tout particuliérement notre
attention en raison de leurs scores de modélisation et leurs excellents résultats
d’efficacité de ligand, laissant présager que si leur activité est confirmée, ils feront des
hits de départ sur lesquels il sera facile de rajouter des groupements pour 1’optimisation
(Figure 3.10). Il est a envisager que la série avec I’amine primaire devienne
problématique pour une utilisation in vivo en raison d’une faible diffusion passive et
d’un risque ¢élevé de métabolisation rapide. Si le hif s’avérait prometteur, le
développement de pro-drogues pourrait étre mis en place.’®® A défaut, commencer
I’optimisation sur un dérivé avec 1’alcool primaire semble une stratégie davantage

viable.
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Figure 3.10 Potentiels nouveaux hits comme inhibiteurs de TEAD

Bien que certaines des molécules obtenues soit un peu €loigné de 1’acide flufénamique,
il est fort probable que les enseignements du SAR mené jusqu’alors puissent étre
transposés aux nouvelles séries. Inversement, des ¢tudes de superposition entre les
molécules finales et le lead dérivé de 1’acide flufénamique permettraient d’exploiter le
criblage pour diriger la synthése de nouveaux analogues de la série déja en cours,

comme I’illustre la Figure 3.11.

Figure 3.11 Superposition d'un Aif issu du criblage virtuel a haut débit (violet) et d'une
molécule dérivée de 1'acide flufénamique (orange)

Finalement, un deuxi¢éme criblage virtuel, cette fois basé¢ non pas sur une librairie
combinatoire mais simplement sur une recherche de sous-structures de type acide 2-

aminobenzoique a aussi été réalise.
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3.2.3 Criblage virtuel basé sur les sous-structures de type acide 2-aminobenzoique

Dans un premier temps, la base de données Emolecules a été filtrée afin d’isoler tous
les composés comprenant un squelette de type acide 2-aminobenzoique, ou les atomes
non substitués du cycle aromatique peuvent correspondre a n’importe quel atome. Les
12 847 blocs de construction obtenus ont ensuite été transposés en coordonnées 3D via
LigPrep puis soumis a des criblages successifs dans Glide (HTVS, SP puis XP). Parmi
les 7 270 candidats restants, seuls ceux ayant un score de modélisation inférieur a 10
ou réalisant des liaisons hydrogeéne avec I'un des acides aminés polaires de la poche
(acide glutamique 359, sérine 345 ou glutamine 410) ont été conservés. Un rapide
survol des 1 323 structures permet le constat que celles capables de créer de nouvelles
interactions hydrogéne possedent soit des amines, soit des alcools primaires, d’une
facon similaire a celles obtenues lors du criblage précédent, tandis que les autres
présentent des squelettes semblables aux dérivés développés dans le chapitre I1. Avant
de se lancer dans la synthése de certains de ces dérivés, il a été décidé de prioriser le
test de composés commerciaux afin de valider la stratégie. Les 124 composés
disponibles a I’achat ont ensuite été groupés en fonction de leurs structures, permettant
d’isoler 23 potentielles classes d’inhibiteurs commerciaux de TEAD2 (Annexe B)

(Figure 3.12).

(o] OH .

. N\;: Recherche LigPrep

) ) \E sous-structures .
e Glide

HTVS

Docking score < - 10
ou nouvelle liaison XP SP
Glide Glide
D T D chroupc}ncnl D

Figure 3.12 Flux du criblage virtuel basé sur les sous-structures de type acide 2-
aminobenzoique
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Parmi ces 23 candidats, ceux avec le meilleur score d’amarrage exploitent la partie
gauche de la cavité, certains étant méme hautement similaires aux analogues
développés dans le chapitre II (Figure 3.13a et Figure 3.13.b). Les seuls fragments
créant de nouvelles liaisons hydrogéne avec les résidus de la poche ressemblent quant
a eux aux hits issus du criblage virtuel présenté dans la partie 3.2.2 (Figure 3.13.c et
Figure 3.13.d). Il serait intéressant de tester ces composés par DSLS afin de les
comparer aux dérivés déja développés et de valider 1’effort de synthése associé aux

composés de la Figure 3.10.

N A N.zN

0_OH
Dk ;
NN A N~y
v W L S~ L~
» %
# XP docking score = - 10,68
XP docking score = - 14,76 =
sy
= i s
-
04 OH i _a' k on | OxOH
H . G % . H
HoN o~ N 5 (T L \/o\)\./N x
| 4 e |

XP docking score = - 8,375 XP docking score = - 6,822

Figure 3.13 Exemples représentatifs de hits potentiels obtenus lors du criblage virtuel
basé sur les sous-structures de type acide 2-aminobenzoique

Pour conclure, I’utilisation de divers outils informatiques a non seulement permis de
guider I’optimisation de la série présentée au chapitre précédent mais aussi d’identifier
de potentiels nouveaux inhibiteurs de TEAD. Si les Aits sont confirmés, des techniques
informatiques de saut de squelette (scaffold-hopping) pourraient étre employées afin

de diversifier davantage la structure.



CHAPITRE IV

DEVELOPPEMENT D’INHIBITEURS DE PB1 PRESENTANT UNE
SELECTIVITE ACCRUE CONTRE SMARCA?2

4.1 Introduction

PB1 est une protéine contenant des domaines bromés qui agit comme lecteur
épigénétique pour le compte du remodeleur de chromatine PBAF. Malgré les
nombreuses études démontrant I’implication de PBAF et PB1 dans divers cancers, le
role exact de PB1 n’a pas encore pu étre ¢lucidé en raison d’une absence d’inhibiteur
efficace sélectif des domaines bromés de PB1 par rapport aux autres membres de la
sous-famille VIII. Les travaux rapportés dans cet article feront donc état du
développement et de la caractérisation d’inhibiteurs puissants présentant une sélectivité
jusqu’alors non atteinte pour les domaines bromés clefs de PB1 par rapport a

SMARCAZ2.

4.2 Article issu de ces travaux
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ABSTRACT: PB1 is a bromodomain-containing protein hypothesized to act Substiuion 9
as the nucleosome-recognition subunit of the PBAF complex. Although PB1 is ‘\)L

Alkylidene Exfsnsﬂvv

or enamine
a key component of the PBAF chromatin remodeling complex, its exact role '::>
has not been elucidated due to the lack of potent and selective inhibitors. b/%\
Chemical probes that target specific bromodomains within the complex would i E’Pa”s"’” mﬁ%
constitute highly valuable tools to characterize the function and therapeutic
pertinence of PBl and of each of its bromodomains. Here, we report the m /1 l X %
design and synthesis of lead compound LMI146, which displays strong w3 & e l’ "["\\
stabilization of the second and fifth bromodomains of PB1 as shown by DSF. | [T L A, ‘,{’“

LM146 does not interact with bromodomains outside of sub-family VIIT and
binds to PB1(2), PB1(S), and SMARCA2B with Ky, values of 110, 61, and 2100 nM, respectively, providing a ~34-fold selectivity

profile for PB1(S) over SMARCA2.

W INTRODUCTION

£-N-Acetylation of lysine residues on histone tails is one of the
most fundamental and dynamic epigenetic transformations
that controls changes in chromatin accessibility." This post-
translational modification plays a key role in regulating gene
expression and is often associated with transcriptional
activation.” Bromodomains are selective protein motifs that
act as epigenetic readers by mediating the interaction with
acetylated lysine of histones and transcriptional regulators.“_"\'
They are defined by four « helices linked by two flexible loops
forming a hydrophobic Pucket and are usually composed of
about 110 amino acids.” The human proteome expresses 61
bromodomains distributed across 46 proteins, which can be
clustered into eight sub-families based on both their structure
similarities and their sequence homology.”
Bromodomain-containing proteins (BCPs) are often part of
multivalent complexes, and many possess other chromatin
recognition domains such as PHD fingers, PWWP domains, or
multiple bromodomains.” Polybromo-1 protein (PB1, also
referred to as PBRM1 or BAF180) is a component of the
BRG1/BRM-associated factor (PBAF) complex, a human
analog of the yeast switch/sucrose non-fermenting (SWI/
SNF) complex. PBI is a unique epigenetic reader that contains
six distinct bromodomains, while other known bromodomain-
containing proteins possess at most two bromodomains. The
multi-subunit PBAF complex contains three BCPs: BRD7, a
member of the sub-family IV, and SMARCA4 (also known as
BRGL1) and PB1, two members of the sub-family VIIL. While it
is known that PBAF acts as a chromatin remodeling complex
by repositioning nucleosomes through ATP hydrolysis,” the
© 2021 The Authors. Published by

American Chemical Society

< ACS Publications

exact role of each component remains ambiguous. However, it
has been established that the BCPs are necessary components
for the complex’s cellular function."’

Intensive research has been dedicated to the SWI/SNF
family complexes as their components are recurrently mutated
in many cancers.'' ™" In light of the biological importance of
PBAF, chemical probes that target different bromodomains
within the complex would constitute highly valuable tools to
elucidate the exact function and therapeutic pertinence of each
member.

Molecular probes targeting sub-family IV have been
reported, including I-BRD9, a BRD9 selective inhibitor with
a pIC;, of 7.3, and more than 70-fold selectivity over a panel of
other bromodomains,'® as well as numerous BRD9/BRD7
dual inhibitors such as LP99,'” BI-9564,"% TP-472,"" or
GSK6776.”" However, chemical probes targeting sub-family
VIII are fewer and lack selectivity within the group. PFI-3
potently targets the bromodomains of SMARCA2A/B (two
isoforms derived from alternative splicing: a long transcript,
named SMARCA2A, and a short transcript, SMARCA2B),
SMARCA4, as well as the fifth bromodomain of PB1 (PB1(5))
with Kp, values of 81, 86, 97, and 54 nM, respectively (Figure
1).*! Compound 1, an analog of PFI-3, was also described as
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Figure 1. Reported sub-family VIIT bromodomain inhibitors.

targeting simultaneously SMARCA2, SMARCA4, and PB1(5)
as well as the second bromodomain of PB1 (PBI(Z)) with Kp,
values of 37, 53, 30, and 190 nM, respectnvely - In 2016,
Sutherell et al reported compound 2 that binds to PBI(S),
SMARCA2B, and SMARCA4 with K, values of 124, 262, and
417 nM, respectively, and analog 3 that showed stronger
interaction with PB1 than SMARCAs.”® The same year,
pyridazine derivatives of generic structure 4 were reported by
Constellation Pharmaceuticals and Genentech as pan-inhib-
itors of SMARCA2/4 and PB1(5).*' In 2020, some of these
patented molecules were fully characterized by the SGC,
revealing K, values of 35, 36, and 13 nM against SMARCAZ2,
SMARCA4, and PB1(8), respectively, for compound 5.* The
only inhibitor showing some degree of selectivity within the
sub-family VII for PBI(S) is the tricyclic compound 6.
However, with a Ky, value of 3.3 uM, 6 lacks potency for
PB1(5).* To the best of our knowledge, there are currently no
potent inhibitors of PB1 with selectivity toward specific
bromodomains.

Given that PBl is predicted to act as the nucleosome-
recognition subunit of the PBAF complex and that somatic
PB1 mutations occur in many cancers, including up to 50% of

clear cell renal cell carcinomas (ccRCC),””™ we aimed to

develop potent and selective PB1 inhibitors as tool compounds
for in vitro functional characterization. Because it has been
recently demonstrated that bromodomains 2, 4, and 5 are
critical for PB1 activity by mediating the binding to acetylated
histone peptides as well as to modified recombinant and
cellular nucleosomes™ and since their collaboration is key for
PB1 tumor suppressor functions,” we elected to focus on the
development of chemical probes targeting PB1(2), PB1(4),
and PB1(S). Herein, we report the synthesis and biological
evaluation of a new potent derivative of compound 3 that
binds to PB1 with significant selectivity over SMARCA2 and
with preference for distinct bromodomains of PB1.

B RESULTS AND DISCUSSION

We began by resynthesizing compound 3 for use as a reference
in our assays. Since the binding pocket around the aromatic
ring of 3 is slightly larger in PB1(S) than in SMARCA2A, we
then prepared a small ensemble of derivatives where
substituents are introduced on the aromatic ring, as shown
in Table 1. These compounds were easily accessed using the
synthetic route repmted by Sutherell ef al. (see Experimental
Section for details).”” The stereochemistry of the double bond
was previously demonstrated to be E for these types of
compounds.”® The proton NMR spectrum of resynthesized
known cumpound 3 was identical to the data from the
literature.” Other new compounds had similar proton NMR
spectra and were assumed to have the E stereochemistry.
Differential scanning fluorimetry (DSF) was used to quickly
evaluate the binding of our compounds against PB1(2),
PB1(4), PB1(5), and SMARCA2A. This thermal shift assay
was previously reported to be suitable for rapid determination
of apparent potency and selectivity for bromodomains.”***
However, since proteins can behave differently, the extent of
thermal stabilization shuuid not be interpreted as an absolute
scale of compound afﬁmty In agreement with the literature
results, resynthesized 3 showed strong binding to PB1(2) and
PB1(5), thus validating our thermal shift biophysical assay.
The presence of the chloride ortho to the carbonyl moiety in 3
was previously shown to be beneficial for PB1(3) protein

Table 1. Structure Activity Relationship (SAR) of Left-Hand Side (LHS) Substituted Derivatives of 3 against Sub-Family VIIT

Bromodomains by the DSF Assay

& i °N AT20):
Ay Nb?
\ N
Compound R, R, R,

3 Cl H H
7 H Cl H
8 H H Cl
9 Cl Cl H
10 H OMe H
11 H H OMe
12 H OH H
13 H H OH

AT, (°C)*
PB1(2) PB1(4) PB1(5) SMARCA2A

2.13

—0.49

047 —0.14 0.9

207 —0.18 0.87 -2.09
~1.6 -0.21 2.23 2.86
0.56 -14 ~0.56 0.14
-1.53 -0.7 ~0.49 0
252 -0.21 —0.56 -0.28
3.49 0.21 —-0.42 -0.07

“Values shown are the average of at least two replicates with a compound concentration of 100 pM.

21328
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Table 2. Structure Activity Relationship (SAR) of Right-Hand Side (RHS) Substituted Derivatives of 3 against Sub-Family VIII

Bromodomains by the DSF Assay

o o AT, (°C):
L
I
O
"
Compound R'

3 3-Pentyl
14 sec-Butyl
15 n-Propyl
16 Et

17 tert-Butyl
18 iso-Butyl
19 Neopentyl
20 Phenyl

PBI1(2)

0-2 2-4

AT, (°Cy
PBI(S)

10.33

PBL(4)

SMARCA2A

“Values shown are the average of at least two replicates with a compound concentration of 100 M.

Table 3. Structure Activity Relationship (SAR) of Ring Expanded, Saturated, and Cyclopropanated Substituted Derivatives of

3 against Sub-Family VIIT Bromodomains by the DSF Assay

AT, (°C): _ 0-2

Compound Structure

< 0

L

: Nb’\(‘\

c o0

N

N =

o o

. O
N = N.Me
Me
Cl O

N
rac-23 %
cl 0
rac-24 E:fLIN <
(LM146) N\b’%

AT, (°C)"
PB1(2)

PBI(4) PBI(5) SMARCA2A

“Values shown are the average of at least two replicates with a compound concentration of 100 M.

stabilization due to a halogen bond interaction with the
carbonyl of Met731.%* However, this chloride also led to good
affinity with SMARCA2A, probably as a result of a similar
halogen bond interaction with the carbonyl of Leul456. We
therefore studied the impact of moving or replacing the
chloride in 3 on the stabilization of PB1 and SMARCA2A.
Compounds 3, 7, and 8 confirmed that the optimal position
for the chlorine is in R;, that is, adjacent to the carbonyl.

Indeed, complete loss of affinity to all domains of PB1 as well
as to SMARCA2A was observed when the chloride was moved
to the R, position, as shown by compound 7. Interestingly,
marginal but specific stabilization of PB1(2) was retained when
the chloride was moved to R, as indicated by compound 8.
Conversely, dichloride 9 showed a reversal of apparent
selectivity by weakly binding to PB1(5) and SMARCA2A,
suggesting that the negative effect of the chloride at R, is

https://doi.org/10.1021/acsomega. 1¢01555
ACS Omega 2021, 6, 21327-21338
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compensated by the chloride at R,. Sutherell ef al reported
that a methoxy in R, leads to complete loss of stabilization of
PB1(5) in the related enamine series.” Similarly, we observed
that compounds 10 and 11 that contain a methoxy at R, or Ry
do not bind to PB1 nor to SMARCA2A. However, polar
hydroxy groups were tolerated by PB1(2), as indicated by
compounds 12 and 13, leading to inhibitors with first known
apparent selectivity over the other sub-family VIII bromodo-
mains.

As gaining selectivity over SMARCA2A while keeping high
binding affinity with PB1 proved to be challenging when the
aromatic ring was not substituted with a chloride in R;, we
decided to move our efforts to the right-hand side R’
alkylidene chain (Table 2). Although it is solvent-exposed,
the olefinic R' chain was previously shown to play a major role
in orienting the core inside the pocket.”® Replacing the 3-
pentyl group in compound 3 by a sec-butyl (compound 14)
resulted in erosion of apparent affinity for all targets.
Compound 15 that possesses a linear n-propyl chain showed
reduced stabilization of PB1(2) compared to 3 but retained the
stabilization of PB1(S). Shortening the chain length provided
compound 16, which showed exclusive binding to PB1(S).
The stabilization of PB1(2) and PB1(S5) could be increased by
building on steric hindrance with the introduction of a fert-
butyl group in compound 17. We also found that the iso-butyl
and neopentyl derivatives 18 and 19 have high apparent
affinity for PB1(5), with 19 also showing strong stabilization of
the second domain of PB1.

Sutherell ef al reported that replacement of the alkyl chain
by an aromatic ring in the des-chloro version of 3 leads to
retention of affinity against PBI(S). o Surprisingly, in the
chloro series, we observed no stabilization of PB1(5), weak
binding to SMARCAZ2A, and even a drastic destabilization of
PB1(2) and PB1(4) for the phenyl derivative 20. Compounds
14 to 20 provide valuable information on the structural
elements that are required for optimal stabilization of PB1
domains and SMARCA while also offering diversified binding
profiles.

As the entrance of the pocket appears to be a key region to
selectively inhibit PB1 over SMARCA2A, we decided to
expand the lower right-hand side cycle size as illustrated in
Table 3 with the hypothesis that these compounds would not
fit in the narrower entrance of SMARCA2. This modification
could also help deviate from planarity by introducing extra
tetrahedral carbons while also increasing the overall solubility
of the compounds. To evaluate the impact of this ring
expansion, we prepared the tricyclic compound 21 in the
olefinic series and compound 22 in the enamine series using
routes from the literature (see Experimental Section for
details).”* As anticipated, the expansion of the lower ring
completely canceled the affinity for SMARCAZ2A. In addition,
this modification also abrogated the binding to PBI1(4),
considerably reduced the binding to PB1(2), but retained good
affinity to PB1(5).

Motivated by the impact of geometrical features on the
apparent selectivity profile, we then synthesized the saturated
analog 23 using the sequence illustrated in Scheme 1. For
initial assessment and for ease of synthesis, the racemic version
was targeted. Intermediate 28 was first prepared according to
Sutherell ef al. by hydrolysis of the cyano group in 25 followed
by amide formation between 26 and 4-chlorobutyryl chloride
and cyclization of 27.”* Condensation of 28 with 2-
ethylbutanal afforded derivative 3. At this stage, we were

Scheme 1. Synthesis Route for 23
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faced with the challenge of chemoselectively saturating the
olefin in the presence of the aryl chloride. After testing various
conditions, we found that reacting 3 with Raney nickel under a
hydrogen atmosphere provided the desired saturated product
23 in low yield, albeit with the chlorine still in place.

DSF results indicate that 23 binds weakly to PB1(2) but
none of the other bromodomains nor to SMARCA2A. Since
the alkene seemed to be the key for maintaining binding,
cyclopropyl derivative 24 (LM146) was designed in order to
keep the orientation and conformational rigidity of the olefin.
Considered a common alkene replacement in medicinal
chemistry, the cyclopropane would also add some steric
hindrance at the entrance of the cavity, which was previously
hypothesized to be essential for gaining selectivity over
SMARCA2. Therefore, we synthesized the cyclopropyl
derivative LM 146 as a racemic mixture by engaging compound
3 in a Johnson—Corey—Chaykovsky cyclopropanation reaction
(Scheme 2). The relative stereochemistry of LMI146 was

Scheme 2. Synthesis and X-ray Structure of Cyclopropyl
Derivative LM146 (rac-24) CCDC No.: 2070470

c o 9 @ c o
Hc S e
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\ muasg L
3 rac-24
Beth LM146

confirmed by X-ray analysis, with the obtention of a structure
in a centrosymmetric space group (P2,/c) typical of racemic
mixtures. DSF results indicate that LM146 provides a clear
increase in AT, for PB1(2) compared to 3 while keeping the
stabilization of PB1(4) and PBI1(5). Moreover, LM146
showed very minor apparent interaction with SMARCA2A.
In order to confirm its utility as a potential tool compound
for biological studies of PB1, LM146 was tested against a panel
of 32 bromodomains, including BET bromodomains, in a
bromoMAX assay performed at Eurofins (see the Supporting
Information). Results show that at 10 M, LM146 only binds
to bromodomains within the sub-family VIII, with less affinity
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for SMARCA4, as illustrated by the interaction map in Figure
2. These results are in agreement with the binding mode of the
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Figure 2. Selectivity profile for LM146 screened at 10 #M against 32
selected bromodomains in a bromoMAX assay.

parent compounds 2 and 3 (and presumably our derivatives),
which displace conserved water molecules within the
acetylated lysine pocket. These water molecules were
previously reported to have stronger binding in other
bromodomain sub-families, Earﬁy explaining the selectivity
observed for sub-family VIIL.""

Key compounds were then selected for dissociation constant
determination using a bromoSCAN assay performed at
Eurofins (see the Supporting Information) in order to
accurately evaluate the binding affinity of our compounds
against PB1(2), PB1(S5) and SMARCA2B. Compound 18 was
selected for its apparent selectivity profile, which favors binding
to PB1(5), while compounds 21 and 24 were chosen for their
structural features that diverge from existing literature
compounds combined with the absence of apparent interaction
with SMARCA2A. As shown in Table 4, compound 18 is a
moderate inhibitor of PB1(5) with a Kp value of 490 nM, a
~3-fold selectivity over PB1(2), and ~10-fold selectivity over
SMARCA2B. Analog 21, even if less potent, shows high
selectivity for the PB1 bromodomains with an unprecedented
~24-fold selectivity for PB1(5) over SMARCA2B. Finally,
cyclopropyl derivative LM146 is as potent as PFI-3 and its

Table 4. K, Values for Key Compounds

Ky (nM)

cmpd PBI1(2) PB1(5) SMARCA2B
PFI-3* N/AY 48 81
i 190 30 37
i N/AY 124 262
3 190 47 290
18° 1600 490 4800
21° 5400 1100 26,000
LM 146" 110 61 2100

“Values were assessed by ITC and reported in ref 21. "Values were
assessed by ITC and reported in ref 23. “Values were assessed by
bromoSCAN (see the Supporting Information). IN/A = not
applicable.

analog 1 but shows increased selectivity toward PB1 over
SMARCA2B with a ~34-fold selectivity profile in favor of
PB1(5) and a ~19-fold selectivity profile in favor of PB1(2).
To our knowledge, LM146 constitutes the first potent
modulator of PB1 bromodomains with a high selectivity
profile over SMARCA2. Representative full inhibition curves
for LM146 against PB1(S) and SMARCA2B show a gradual
dose—response with increasing compound concentration
(Figurc 3).
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Figure 3. Representative bromoSCAN traces for Ky, determination of
LM146 against (a) PB1(5) and (b) SMARCA2B.

B CONCLUSIONS

In summary, we described the optimization of reported
compound 3 with the aim of developing potent and selective
PB1 inhibitors. DSF biophysical characterization allowed the
assessment of SAR and led to the discovery of compounds with
various apparent selectivity profiles that should allow further in
vitro functional characterization of PB1 subdomains. Lead
compound LM146 showed no binding to any bromedomains
outside the sub-family VIII at 10 #M and displayed K, values
of 110, 61, and 2100 nM against PB1(2), PB1(5), and
SMARCA2B, respectively. LM146 is a PB1-pan inhibitor with
a ~34-fold selectivity profile for PB1(5) over SMARCA2B and
a ~19-fold selectivity profile for PB1(2) over SMARCA2B.
The inhibitors reported herein should contribute to expanding
the toolbox for studying the role of PBl in chromatin
remodeling and disease development.

B EXPERIMENTAL SECTION

General Information. Unless otherwise stated, reactions
were performed in non-flame dried glassware, and commercial
reagents were used without further purification. Anhydrous
solvents were obtained using an encapsulated solvent
purification system and were further dried over 4 A molecular
sieves. The evolution of reactions was monitored by analytical
thin-layer chromatography (TLC) using silica gel 60 F254
precoated plates visualized by ultraviolet radiation (254 nm).
Flash chromatography was performed employing 230—400
mesh silica using the indicated solvent system according to
standard techniques. Nuclear magnetic resonance 'H spectra
were recorded on a Bruker Avance-IIT 300 or 600 MHz, and
3C spectra were recorded on a Bruker Avance-III 75 or 151
MHz spectrometer. Chemical shifts for 'H NMR spectra were
recorded in parts per million from tetramethylsilane with the
solvent resonance as the intemnal standard (chloroform-d, §
7.26 ppm; methanol-d,, 6 3.31 ppm; and dimethyl sulfoxide-d,,
8 2.50 ppm). Data is reported as follows: chemical shift,
multiplicity (s = singlet, s(br) = broad singlet, d = doublet, t =
triplet, q = quartet, quint = quintet, sext = sextet, m =
multiplet, dd = doublet of doublet, dt = doublet of triplet, ddd
= doublet of doublet of doublet, dtd = doublet of triplet of
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doublet), coupling constant ] in Hz, and integration. Chemical
shifts for *C NMR spectra are recorded in parts per million
from tetramethylsilane using the solvent resonance as the
internal standard (chloroform-d, § 77.16 ppm; methanol-d,, &
49.00 ppm; and dimethysulfoxide-dg, 6 39.52 ppm). Purity was
assessed on an Agilent 1260 infinity HPLC system equipped
with an Agilent Eclipse Plus C18 (3.5 yM and 4.6 X 100 mm)
column using a 20 min gradient method (0 to 100% MeCN +
0.06% TFA in water + 0.06% TFA; the absorbance was
measured at 254 nm). HRMS was performed on a TOF LCMS
analyzer using the electrospray (ESI) mode.

General Procedure A. The appropriate 2-aminobenzoni-
trile (1.0 equiv) and K,CO, (0.2 equiv) were added to a
microwave tube in nanopure water. After irradiation under
microwave at 150 °C for 1 h 30 min, the reaction mixture was
cooled and extracted with EtOAc. The combined organic
phases were dried over Na,50,, filtered, and evaporated under
vacuum. When indicated, the crude residue was purified by
flash column chromatography to give the title compound.

General Procedure B. A solution of the appropriate
substituted 2-aminobenzamide (1.0 equiv) in THF (2.5 mL
per mmol of substrate) was cooled to 0 °C. Triethylamine (2.0
equiv) followed by the appropriate acid chloride (1.2 equiv) in
THF (2 mL per mmol substrate) was added to the stirred
solution. The reaction was stirred at room temperature
overnight. The mixture was then diluted with EtOAc and
washed with a saturated aqueous sclution of NaHCO,. The
aqueous phase was back extracted with EtOAc, and the
combined organic phases were dried over Na,SO,, filtered, and
evaporated under vacuum. The crude residue was purified by
flash column chromatography to give the desired compound.

General Procedure C. To a solution of the appropriate
benzamide (1.0 equiv) in THF (10 mL per mmol of substrate)
was added t-BuOK (2.0 equiv). The reaction was stirred at
room temperature overnight, and then the solvent was
removed in vacuo. The resulting residue was dissolved in
CH,Cl,, and the resulting solution was washed with a saturated
aqueous solution of NaHCO;. The aqueous layer was back
extracted with CH,Cl,, and the combined organic phases were
dried over Na,SO,, filtered, and evaporated under vacuum.
The crude residue was purified by flash column chromatog-
raphy to give the title compound.

General Procedure D. +-BuOK (1.2 equiv) was added to a
solution of the appropriate cyclized substrate (1.0 equiv) in
CH,Cl, (0.4 M). The mixture was vigorously stirred for S min,
and then the appropriate aldehyde (1.1 equiv) was added.
After 1 h, a saturated aqueous solution of NaHCO; and
CH,Cl, was added. The phases were separated, and the
aqueous layer was extracted with CH,Cl,. The combined
organic layers were dried over Na,SO,, filtered, and evaporated
under vacuum. The crude residue was purified by flash column
chromatography to give the title compound.

2-Amino-6-chlorobenzamide (26). 2-Amino-6-chloroben-
zonitrile (2.00 g and 13.1 mmol) was hydrolyzed in 18 mL of
nanopure water according to general procedure A to afford 2-
amino-6-chlorobenzamide 26 (2.22 g, 13.0 mmol, and 99%) as
a white powder. The crude compound was taken directly in the
next step. Spectral data are consistent with literature values.”
'H NMR (300 MHz, CDCL) & 7.06 (t, ] = 8.0 Hz, 1H), 6.73
(dd, J = 7.9, 1.0 Hz, 1H), 6.60 (dd, ] = 8.2, 1.0 Hz, 1H), 6.19
(s(br), 1H), 5.97 (s(br), 1H), 4.84 (s(br), 2H).

2-Chloro-6-(4-chlorobutanamido)benzamide (27). 2-
Amino-6-chlorobenzamide 26 (222 g and 13.0 mmol) and

4-chlorobutanoyl chloride (1.75 mL and 15.6 mmol) were
reacted according to general procedure B. Purification by flash
column chromatography (SiO,, hexanes/EtOAc 60/40 to 30/
70) afforded 2-chloro-6-(4-chlorobutanamido)benzamide 27
(3.11 g 11.3 mmol, and 87%) as a white solid. Spectral data
are consistent with literature values.” 'H NMR (300 MHz,
CDCL,) 6 9.26 (s(br), 1H), 8.11 (d, J = 8.3 Hz, 1H), 7.31 (t, |
= 8.2 Hz, 1H), 7.15 (dd, J = 8.1, 1.1 Hz, 1H), 6.44 (s(br), 2H),
362 (t, ] = 6.3 Hz, 2H), 2.55 (t, ] = 7.2 Hz, 2H), 2.15 (quint, |
= 6.6 Hz, 2H).
6-Chloro-2,3-dihydropyrrolo[1,2-ajquinazolin-5(1H)-one
(28). 2-Chloro-6-(4-chlorobutanamido)benzamide 27 (220 mg
and 0.800 mmol) was cyclized according to general procedure
C. Purification by flash column chromatography (SiO,,
CH,Cl,/MeOH 95:5) provided 6-chloro-2,3-dihydropyrrole-
[1,2-a]quinazolin-5(1H )-one 28 (175 mg, 0.793 mmol, and
99%) as a white solid. Spectral data are consistent with
literature values.”> 'H NMR (300 MHz, CDCL,) § 7.52 (t, ] =
8.1 Hz, 1H), 7.39 (dd, ] = 8.0, 1.1 Hz, 1H), 7.07 (dd, ] = 8.2,
1.1 Hz, 1H), 4.19 (t, ] = 7.4 Hz, 2H), 3.15 (t, ] = 8.1 He, 2H),
2.40 (quint, J = 7.6 Hz, 2H).
(E)-6-Chloro-3-(2-ethylbutylidene)-2,3-dihydropyrrolo-
[1,2-a]lquinazolin-5(1H)-one (3). 6-Chloro-2,3-
dihydropyrrolo[1,2-a]quinazolin-5(1H)-one 28 (156 mg and
0.707 mmeol) and 2-ethylbutanal (96 xL and 0.78 mmol) were
reacted according to general procedure D. Purification by flash
column chromatography (SiO,, CH,CL/MeOH 96:4) pro-
vided 3 (146 mg, 0.482 mmol, and 68%) as a white solid.
Spectral data are consistent with literature values.”* 'H NMR
(300 MHz, CDCL) & 7.45 (t, J = 8.1 He, 1H), 7.30 (dd, ] =
7.9, 1.1 Hz, 1H), 7.04 (dd, ] = 8.3, 1.1 Hz, 1H), 6.85 (dt, ] =
10.8, 2.7 Hz, 1H), 4.20—4.09 (m, 2H), 2.99 (ddd, ] = 7.9, 6.6,
2.7 Hz, 2H), 2.22-2.07 (m, 1H), 1.63—1.47 (m, 2H), L45—
1.28 (m, 2H), 0.85 (t, ] = 7.4 Hz, 6H); HRMS (ESI) calcd for
[C}-H,CIN,O + H]": 303.12587, found 303.12554, calcd for
[C1-H ,CIN,O + Na]*: 32510781, found 325.10795; HPLC
purity: >99%.
2-Amino-5-chlorobenzamide (29). 2-Amino-5-chloroben-
zonitrile (500 mg and 3.28 mmol) was hydrolyzed in 6 mL of
nanopure water according to general procedure A. Purification
by flash column chromatography (8i0,, hexanes/EtOAc 50:50
to 0:100) provided 2-amino-S-chlorobenzamide 29 (421 g,
247 mmol, and 75%) as a white solid. Spectral data are
consistent with literature values.” 'H NMR (300 MHz,
methanol-d,) & 7.53 (d, J = 2.4 Hz, 1H), 7.14 (dd, ] = 8.8, 2.5
Hz, 1H), 6.72 (d, ] = 8.8 Hz, 1H).
5-Chloro-2-(4-chlorobutanamido)benzamide (30). 2-
Amino-5-chlorobenzamide 29 (421 mg and 2.47 mmol) and
4-chlorobutanoyl chloride (0.331 mL and 2.96 mmol) were
reacted according to general procedure B. Purification by flash
column chromatography (SiO,, hexanes/EtOAc 60/40 to 30/
70) provided $-chloro-2-(4-chlorobutanamido)benzamide 30
(463 mg, 1.68 mmol, and 68%) as a yellow solid. Spectral data
are consistent with literature values.” 'H NMR (300 MHz,
CDCL,) 6 11.08 (s(br), 1H), 8.61 (d, J = 89 Hz, 1H), 7.51—
7.43 (m, 2H), 6.14 (s, 1H), 5.75 (s, 1), 3.65 (t, ] = 6.3 Hz,
2H), 2.60 (t, J = 7.2 Hz, 2H), 2.19 (quint, | = 6.6 Hz, 2H).
7-Chloro-2,3-dihydropyrrolo[1,2-alquinazolin-5(1H)-one
(31). 5-Chloro-2-(4-chlorobutanamido)benzamide 30 (463 mg
and 1.68 mmol) was cyclized according to general procedure
C. Purification by flash column chromatography (SiO,,
CH,Cl,/MeOH 95:5) provided 7-chloro-2,3-dihydropyrrolo-
[1,2-a]quinazolin-5(1H)-one 31 (73 mg, 0.33 mmol, and
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20%) as a beige solid. Spectral data are consistent with
literature values.”* *H NMR (300 MHz, CDCL,) § 8.19 (d,] =
24 Hz, 1H), 7.63 (dd, ] = 8.7, 2.4 Hz, 1H), 7.15 (d, ] = 8.8 Hz,
1H), 424 (t, ] = 74 Hz, 2H), 3.20 (t, J = 8.1 Hz, 2H), 242
(quint, J = 7.8 Hz, 2H).
(E)-7-Chloro-3-(2-ethylbutylidene)-2,3-dihydropyrrolo-
[1,2-a]Jquinazolin-5(1H)-one (7). 7-Chloro-2,3-
dihydropyrrolo[1,2-a]quinazolin-5(1H)-one 31 (73 mg and
0.33 mmol) and 2-ethylbutanal (45 L and 0.36 mmol) were
reacted according to general procedure D. Purification by flash
column chromatography (8i0, CH,CL/MeOH 96:4) pro-
vided 7 (61 mg, 0.20 mmol, and 61%) as a beige solid. Spectral
data are consistent with literature values.”> 'H NMR (300
MHz, CDCLy) 6 8.19 (d, ] = 24 He, 1H), 7.56 (dd, ] = 8.7, 2.4
Hz, 1H), 7.13 (d, J = 8.7 Hz, 1E), 6.89 (dt, ] = 10.8, 2.7 Hz,
1H), 4.19 (dd, ] = 7.9, 6.7 Hz, 2H), 3.02 (ddd, ] = 8.0, 6.6, 2.8
Hz, 2H), 2.25-2.08 (m, 1H), 1.63—1.47 (m, 2H), 1.45—1.28
(m, 2H), 0.85 (t, ] = 7.4 Hz, 6H); C NMR (75 MHz,
CDCly) & 169.32, 160.40, 143.08, 137.32, 133.86, 131.82,
131.03, 12825, 120.73, 116.17, 45.99, 4427, 27.58, 23.06,
12.05; HRMS (ESI) caled for [C,,H,,CIN,O + H]":
303.12587, found 303.12598; HPLC purity: >99%.
2-Amino-4-chlorobenzamide (32). 2-Amino-4-chloroben-
zonitrile (500 mg and 3.28 mmol) was hydrolyzed in 6 mL of
nanopure water according to general procedure A. Purification
by flash column chromatography (SiO,, hexanes/EtOAc 50:50
to 0:100) provided 2-amino-4-chlorobenzamide 32 (400 mg,
2.34 mmol, and 71%) as a beige solid. '"H NMR (300 MHe,
methanol-d,) 5 7.47 (d, ] = 8.5 Hz, LH), 6.74 (d, ] = 2.1 Hg,
1H), 6.54 (dd, J = 8.5, 2.1 Hz, 1H); BC NMR (75 MHyz,
DMSO-d) & 169.91, 140.83, 136.62, 130.30, 122.11, 119.43,
117.96.
4-Chloro-2-(4-chlorobutanamido)benzamide (33). 2-
Amino-4-chlorobenzamide 32 (400 mg and 2.35 mmol) and
4-chlorobutanoyl chloride (0.316 mL and 2.82 mmol) were
reacted according to general procedure B. Purification by flash
column chromatography (SiO., hexanes/EtOAc 60/40 to 30/
70) provided 4-chloro-2-(4-chlorobutanamido)benzamide 33
(357 mg, 1.30 mmol, and 55%) as a beige solid. "H NMR (300
MHz, CDCL,) & 11.36 (s(br), 1H), 8.76 (d, J = 2.1 Hz, 1H),
744 (d, | = 8.5 Hy, 1H), 7.06 (dd, J = 8.4, 2.1 Hz, 1H), 6.06
(s(br), 1H), 5.77 (s(br), 1H), 3.65 (t, ] = 6.3 Hz, 2H), 2.61 (4,
J = 7.2 Hz, 2H), 2.20 (quint, | = 6.7 Hz, 2H); °C NMR (151
MHz, CDCL) & 17101, 170.58, 141.41, 139.83, 12838,
122.93, 121.54, 11643, 44.35, 35.08, 27.98.
8-Chloro-2,3-dihydropyrrolo[ 1,2-alquinazolin-5( 1H)-one
(34). 4-Chloro-2-(4-chlorobutanamido)benzamide 33 (346 mg
and 1.26 mmol) was cyclized according to general procedure
C. Purification by flash column chromatography (SiO,,
CH,Cl,/MeOH 95:5) provided 8-chloro-2,3-dihydropyrrolo-
[1,2-a]quinazolin-S(1H)-one 34 (80 mg, 0.36 mmol, and
29%) as a beige solid. '"H NMR (300 MHz, CDCL,;) & 8.06 (d,
] =8.5 Hz, 1H), 7.28 (dd, ] = 8.5, 1.9 Hz, 1H), 7.11 (d, J = 1.9
Hz, 1H), 4.17 (t,] = 7.4 Hz, 2H), 3.14 (t, ] = 8.1 Hz, 2H), 2.39
(quint, ] = 7.8 Hz, 2H); “C NMR (75 MHz, CDCL,) §
169.36, 167.26, 140.02, 139.43, 130.35, 126.38, 116.94, 114.70,
48.95, 32.87, 18.70.
(E)-8-Chloro-3-(2-ethylbutylidene)-2,3-dihydropyrrolo-
[1,2-a]quinazolin-5(1H)-one (8). 8-Chloro-2,3-
dihydropyrrolo[ 1,2-a]quinazolin-5(1H)-one 34 (80 mg and
0.36 mmol) and 2-ethylbutanal (49 pL and 0.40 mmol) were
reacted according to general procedure D. Purification by flash
column chromatography ($i0, CH,ClL,/MeOH 96:4) pro-

vided 8 (107 mg, 0.353 mmol, and 98%) as a beige solid. 'H
NMR (300 MHz, CDCL,) §8.29 (d,] = 8.5 Hz, 1H), 7.41 (dd,
J = 85,19 Hy, 1H), 722 (d, ] = 1.9 Hz, 1H), 7.00 (dt, ] =
10.8, 2.7 Hz, 1H), 4.19 (dd, ] = 8.0, 6.8 Hz, 211), 3.06 (ddd, |
= 9.6, 6.8, 2.8 Hz, 2H), 2.27-2.12 (m, 1H), 1.65—1.51 (m,
2H), 1.49—1.32 (m, 2H), 0.89 (t, ] = 7.4 Hz, 6H); *C NMR
(75 MHz, CDCI3) § 169.76, 160.79, 143.46, 140.03, 139.84,
130.96, 130.69, 126.64, 118.20, 114.37, 45.96, 44.41, 27.65,
23.15, 12.11; HRMS (ESI) caled for [C;H,CIN,O + H]":
303.12587, found 303.12559, caled for [C,,H,,CIN,O + Na]*:
325.10781, found 325.10818; HPLC purity: >99%.
6-Amino-2,3-dichlorobenzamide (35). 6-Amino-2,3-di-
chlorobenzonitrile (500 mg and 2.67 mmol) was hydrolyzed
in 4.5 mL of nanopure water according to general procedure A
to afford 6-amino-2,3-dichlorobenzamide 35 (547 mg, 2.67
mmol, quant.) as a beige powder. Compound was used in the
next step without further purification. '"H NMR (300 MHyg,
DMSO-dg) § 7.92 (s(br), 1H), 7.66 (s(br), 1H), 7.23 (d, ] =
8.8 Hz, 1H), 6.66 (d, ] = 8.8 Hz, 1H), 5.30 (s, 2H); *C NMR
(75 MHz, DMSO-d,) & 166.83, 145.51, 12996, 127.74,
123.50, 117.25, 115.00.
2,3-Dichloro-6-(4-chlorobutanamido)benzamide (36). 6-
Amino-2,3-dichlorobenzamide 35 (499 mg and 2.43 mmol)
and 4-chlorobutanoyl chloride (0.327 mL and 2.92 mmol)
were reacted according to general procedure B. Purification by
flash column chromatography (8Os, hexanes/EtOAc 60/40 to
30/70) provided 2,3-dichloro-6-(4-chlorobutanamido)-
benzamide 36 (269 mg, 0.869 mmol, and 36%) as a white
solid. "TH NMR (300 MHz, CDCL) & 8.88 (s(br), LH), 8.13
(d, ] = 9.0 Hz, 1H), 7.50 (d, ] = 9.0 Hz, 1H), 6.21 (s(br), 1H),
6.14 (s(br), 1H), 3.64 (t, ] = 6.2 Hz, 2H), 2.56 (t, | = 7.2 Ha,
2H), 217 (quint, ] = 6.6 Hz, 2H); '*C NMR (75 MHz,
DMSO-dg) 6 171.34, 165.66, 134.51, 134.03, 129.92, 128.12,
127.98, 125.84, 44.94, 33.08, 28.25.
6,7-Dichloro-2,3-dihydropyrrolo[1,2-alquinazolin-5(1H)-
one (37). 2,3-Dichloro-6-(4-chlorobutanamido)benzamide 36
(94 mg and 0.30 mmol) was cyclized according to general
procedure C. Purification by flash column chromatography
(Si0,, CH,CL/MeOH 95:5) provided 6,7-dichloro-2,3-
dihydropyrrolo[1,2-a]quinazolin-5(1H)-one 37 (21 mg,
0.082 mmol, and 27%) as a beige solid. 'H NMR (300
MHz, DMSO-d,) 5 7.96 (d, ] = 9.0 Hz, 1H), 7.45 (d, J = 9.0
Hz, 1H), 4.19 (t, ] = 7.3 Hz, 2H), 3.00 (¢, ] = 8.0 Hz, 2H), 2.24
(quint, J = 7.7 Hz, 2H); “C NMR (75 MHz, DMSO-d,) §
166.69, 166.60, 140.26, 134.50, 132.00, 130.10, 116.86, 116.73,
49.92, 32.47, 18.51.
(E)-6,7-Dichloro-3-(2-ethylbutylidene)-2,3-dihydropyrrolo-
[1,2-a]quinazolin-5(1H)-one (9). 6,7-Dichloro-2,3-
dihydropyrrolo[1,2-a]qui]]nazolin-5(1H)-one 37 (21 mg and
0.082 mmol) and 2-ethylbutanal (11 xL and 0.089 mmol)
were reacted according to general procedure D. Purification by
flash column chromatography (SiO, CH,Cl,/MeOH 96:4)
provided 9 (14 mg, 0.042 mmol, and 51%) as a beige solid. 'H
NMR (300 MHz, CDCl;) § 7.66 (d, J = 8.9 Hz, 1H), 7.04 (d, ]
=89 Hz, 1H), 690 (dt, J = 10.8, 2.7 Hz, 1H), 418 (dd, ] =
8.0, 6.8 Hz, 2H), 3.03 (ddd, | = 8.0, 6.7, 2.8 Hz, 2), 226—
2.11 (m, 1H), 1.66—1.50 (m, 2H), 1.48—1.31 (m, 2H), 0.88 (t,
J = 7.4 Hz, 6H); “C NMR (75 MHz, CDCl,) 6 159.35,
146.35, 143.42, 139.53, 134.20, 134.05, 131.88, 130.62, 117.89,
113.87, 46.51, 44.47, 27.66, 23.01, 12.16; HRMS (ESI) calcd
for [C-H,;CLN,O + H]*: 337.08690, found 337.08631, caled
for [C-H,CLN,O + Nal*: 359.06884, found 359.06781;
HPLC purity: >99%.

https://dol.org/10.1021/ac somega. 1c01555
ACS Omega 2021, 6, 21327-21338



ACS Omega

http://pubs.acs.org/journal/acsodf

103

2-Amino-5-methoxybenzamide (38). 2-Amino-5-methox-
ybenzonitrile (500 mg and 3.37 mmol) was hydrolyzed in 6
mL of nanopure water according to general procedure A.
Purification by flash column chromatography (SiO,, hexanes/
EtOAc 50:50 to 0:100) provided 2-amino-5-methoxybenza-
mide 38 (385 mg, 2.32 mmol, and 69%) as a beige solid.
Spectral data are consistent with literature values.”” '"H NMR
(300 MHz, methanol-d,) & 7.09 (d, ] = 2.9 Hz, 1H), 6.89 (dd,
] = 89,29 Hz, 1H), 6.73 (d, ] = 8.9 Hz, 1H), 3.74 (s, 3H).

2-(4-Chlorobutanamido)-5-methoxybenzamide (39). 2-
Amino-S-methoxybenzamide 38 (245 mg and 147 mmol)
and 4-chlorobutanoyl chloride (0.197 mL and 1.76 mmol)
were reacted according to general procedure B. Purification by
flash column chromatography (SiO,, hexanes/EtOAc 60/40 to
30/70) provided 2-(4-chlorobutanamido)-5-methoxybenza-
mide 39 (396 mg, 146 mmol, and 99%) as a beige solid.
Spectral data are consistent with literature values.”> 'H NMR
(300 MHz, CDCL,) § 10.76 (s(br), 1H), 8.50 (d, J = 9.0 Hz,
1H), 7.08—7.01 (m, 2H), 6.17 (s(br), 1H), 5.72 (s(br), 1H),
3.82 (s, 3H), 3.65 (t, ] = 6.3 Hz, 2H), 2.57 (t, ] = 7.2 Hz, 2H),
2.19 (quint, J = 6.7 Hz, 2H).

7-Methoxy-2,3-dihydropyrrolo[1,2-alquinazolin-5(1H)-
one (40). 2-(4-Chlorobutanamido)-5-methoxybenzamide 39
(396 mg and 1.46 mmol) was cyclized according to general
procedure C. Purification by flash column chromatography
(810, CH,Cl,/MeOH 95:5) provided 7-methoxy-2,3-
dihydropyrrolo[1,2-a]quinazolin-5(1H)-one 40 (217 mg,
1.00 mmol, and 68%) as a beige solid. Spectral data are
consistent with literature values” 'H NMR (300 MHz,
CDCL) 6 7.57 (d, ] = 2.9 Hz, 1H), 7.21 (dd, J = 9.0, 2.9 Hz,
1H),7.09 (d, J= 9.0 Hz, 1H), 420 (t, ] = 7.3 Hz, 2H), 3.83 (s,
3H), 3.12 (t, J = 8.0 Hz, 2H), 2.36 (quint, ] = 8.1 Hz, 2H).

(E)-3-(2-Ethylbutylidene)-7-methoxy-2,3-dihydropyrrolo-
[1,2-a]jquinazolin-5(1H)-one (10). 7-Methoxy-2,3-
dihydropyrrolo[ 1,2-a]quinazolin-5(1H)-one 40 (111 mg and
0.513 mmol) and 2-ethylbutanal (69 yL and 0.56 mmol) were
reacted according to general procedure D. Purification by flash
column chromatography (510, CH,CL/MeOH 96:4) pro-
vided 10 (123 mg, 0.412 mmol, and 80%) as a beige solid. 'H
NMR (300 MHz, CDCL,) §7.60 (d, ] = 2.8 Hz, 1H), 7.13 (dd,
J =89, 2.8 Hz, 1H), 7.06 (d, ] = 8.9 Hz, 1H), 6.78 (dt, J =
10.8, 2.7 Hz, 1H), 4.12 (dd, ] = 7.8, 6.6 Hz, 2H), 3.77 (s, 3H),
2.93 (ddd, ] = 8.0, 6.6, 2.7 Hz, 2H), 2.17-2.02 (m, 1H), 1.57—
1.37 (m, 2H), 1.37-1.19 (m, 2H), 0.78 (t, ] = 7.4 Hz, 6H);
13C NMR (75 MHz, CDCI3) & 170.32, 158.90, 157.75, 141.14,
132.94, 131.27, 123.16, 120.82, 11596, 108.65, 55.74, 45.84,
43.93, 27.46, 22.94, 11.85; HRMS (ESI) caled for
[CsHsN,0, + HJ%: 299.17540, found 299.17538; HPLC
purity: >999%.

2-Amino-4-methoxybenzamide (41). 2-Amino-4-methox-
ybenzonitrile (500 mg and 3.37 mmol) was hydrolyzed in 6
mL of nanopure water according to general procedure A.
Purification by flash column chromatography (SiO,, hexanes/
EtOAc 50:50 to 0:100) provided 2-amino-4-methoxybenza-
mide 41 (133 mg, 0.800 mmol, and 24%) as a beige solid. 'H
NMR (300 MHz, DMSO-d,) & 7.48 (d, | = 8.8 Hz, 1H), 6.73
(s, 2H), 6.19 (d, J = 2.6 Hz, 1H), 6.06 (dd, ] = 8.8, 2.6 Hz,
1H), 3.69 (s, 3H); *C NMR (75 MHz, DMSO-d;) § 170.99,
162.18, 152.42, 130.47, 106.85, 102.11, 99.28, 54.77.

2-(4-Chlorobutanamido)-4-methoxybenzamide (42). 2-
Amino-4-methoxybenzamide 41 (133 mg and 0.800 mmol)
and 4-chlorobutanoyl chloride (0.11 mL and 0.98 mmol) were
reacted according to general procedure B. Purification by flash

column chromatography (Si0,, hexanes /EtOAc 60/40 to 30/
70) provided 2-(4-chlorobutanamido)-4-methoxybenzamide
42 (180 mg, 0.665 mmol, and 83%) as a beige solid. 'H
NMR (300 MHz, CDCL,) § 11.71 (s(br), 1H), 8.35(d, ] = 2.6
Hz, 1H), 744 (d, ] = 8.8 Hz, 1H), 6.59 (dd, ] = 8.8, 2.6 Hz,
1H), 6.02 (s(br), 2H), 3.85 (s, 3H), 3.65 (t, ] = 6.3 Hz, 2H),
2.61 (t, ] = 7.2 Hz, 2H), 2.20 (quint, ] = 6.7 Hz, 3H); 5C
NMR (7% MHz, CDCL,) & 171.50, 171.18, 163.70, 142.85,
128.96, 110.21, 109.98, 105.10, $5.67, 44.39, 35.29, 28.08.
8-Methoxy-2,3-dihydropyrrolo[1,2-alquinazolin-5(1H)-
one (43). 2-(4-Chlorobutanamido)-4-methoxybenzamide 42
(180 mg and 0.665 mmol) was cyclized according to general
procedure C. Purification by flash column chromatography
(Si0,, CH,Cl,/MeOH 95:5) provided 8-methoxy-2,3-
dihydropyrrolo[ 1,2-a]quinazolin-5(1H)-one 43 (64 mg, 0.30
mmol, and 45%) as a beige solid. '"H NMR (600 MHz, CDCI,)
5804 (d, ] = 8.8 Hz, 1H), 6.85 (dd, J = 8.9, 2.3 Hz, 1H), 6.40
(d, J = 2.3 Hz, 1H), 4.09 (t, | = 7.4 Hz, 2H), 3.85 (s, 3H),
3.10-3.04 (m, 2H), 2.33 (quint, J = 7.8 Hz, 2H); “C NMR
(151 MHz, CDCL,) & 169.86, 166.44, 163.82, 140.35, 130.40,
113.67, 112.21, 97.85, 55.83, 48.79, 32.74, 18.57.
(E)-3-(2-Ethylbutylidene)-8-methoxy-2, 3-dihydropyrrolo-
[1,2-a]quinazolin-5(1H)-one (11). 8-Methoxy-2,3-
dihydropyrrolo[ 1,2-a]quinazolin-5(1H)-one 43 (64 mg and
0.30 mmol) and 2-ethylbutanal (39 yL and 0.32 mmol) were
reacted according to general procedure D. Purification by flash
column chromatography (SiO, CH,CL/MeOH 96:4) pro-
vided 11 (43 mg, 0.14 mmol, and 47%) as a beige solid. 'H
NMR (300 MHz, CDCL) &6 8.14 (d, J = 8.9 Hz, 1H), 691—
6.81 (m, 2H), 645 (d, J = 2.3 Hz, 1H), 408 (dd, ] = 80, 6.7
Hz, 2H), 3.86 (s, 3H), 2.97 (ddd, ] = 8.0, 6.6, 2.7 Hz, 2H),
222-2.07 (m, 1H), 1.60-1.45 (m, 2H), 1.43—126 (m, 2H),
0.84 (t, ] = 7.4 Hz, 6H); C NMR (75 MHz, CDCL) §
170.23, 163.82, 160.15, 141.94, 140.59, 131.29, 130.49, 113.66,
113.32, 97.60, 55.85, 45.76, 44.11, 27.56, 23.02, 11.99; HRMS
(ESI) caled for [C,¢H;,N,0, + HJ*: 299.17540, found
299.17565; HPLC purity: >99%.
(E)-3-(2-Ethylbutylidene)-7-hydroxy-2,3-dihydropyrrolo-
[1,2-alquinazolin-5(1H)-one (12). A solution of the methoxy
substrate 10 (40 mg, 0.13 mmol, and 1 equiv) in dry CH,Cl,
(2.7 mL) was cooled to 0 °C. Boron trbromide 1 M in
CH,CL, (1.3 mL, 1.3 mmol, and 10 equiv) was added dropwise
to the stirred reaction mixture. The reaction was stirred at
room temperature for 24 h. The mixture was then diluted with
CH,Cl, and a saturated aqueous solution of NaHCO;. The
aqueous phase was extracted with CH,Cl,, and the combined
organic phases were dried over Na,5O,, filtered, and
evaporated under vacuum. The crude residue was purified by
flash column chromatography (SiO;, CH,ClL,/MeOH 95:5) to
give the title compound 12 (36 mg, 0.13 mmol, quant.) as a
yellow solid. 'H NMR (300 MHz, methanol-d,) § 7.57 (d, ] =
1.5 Hz, 1H), 7.55 (d, ] = 4.5 Hz, 1H), 7.38 (dd, ] = 9.0, 2.7 Hg,
LH), 6.84 (dt, ] = 10.6, 2.6 Hz, 1), 4.53—4.43 (m, 2H), 3.15
(td, ] = 7.5, 7.0, 2.7 Hz, 2H), 2.41-2.23 (m, 1H), 1.72—1.58
(m, 2H), 1.54—1.37 (m, 2H), 0.95 (t, ] = 7.4 Hz, 6H); “C
NMR (75 MHz, methanol-d,) § 165.95, 159.20, 157.80,
14540, 132.41, 132.04, 125.48, 12223, 119.85, 112.72, 45.57,
28.54, 24.37, 12.24; HRMS (ESI) caled for [CpH,oN,O, +
H]*: 285.15975, found 285.16012, caled for [Cy-HaoN, O, +
Na]™: 307.1417, found 307.1417; HPLC purity: >99%.
(E)-3-(2-Ethylbutylidene)-8-hydroxy-2,3-dihydropyrrolo-
[1,2-a]quinazolin-5(1H)-one (13). A solution of the methoxy
substrate 11 (38 mg, 0.13 mmol, and 1 equiv) in dry CH,Cl,
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(2.7 mL) was cooled to 0 °C. Boron tribromide 1 M in
CH,CL, (1.3 mL, 1.3 mmol, and 10 equiv) was added dropwise
to the stirred reaction mixture. The reaction was stirred at
room temperature for 24 h. The mixture was then diluted with
CH,Cl, and a saturated aqueous solution of NaHCO;. The
aqueous phase was extracted with CH,Cl,, and the combined
organic phases were dried over Na,SO, filtered, and
evaporated under vacuum. The crude residue was purified by
flash column chromatography (S$iO,, CH,Cl,/MeOH 95:5) to
give the title compound 13 (7.8 mg, 0.027 mmol, and 21%) as
a yellow solid. "H NMR (300 MHz, methanol-d,) § 8.06 (d, |
= 8.8 Hz, 1H), 6.99 (dd, ] = 8.8, 2.2 Hz, 1H), 680—6.73 (m,
2H), 4.33—4.25 (m, 2H), 3.09 (td, ] = 7.5, 2.8 Hz, 2H), 2.39—
2.20 (m, 1H), 1.70—1.56 (m, 2H), 1.51—1.35 (m, 2H), 0.94 (t,
] = 7.4 Hz, 6H); *C NMR (151 MHz, methanol-d,) § 172.95,
164.81, 161.92, 142.63, 142.56, 133.95, 131.04, 116.97, 112.99,
101.04, 47.53, 45.21, 28.71, 24.17, 12.29; HRMS (ESI) caled
for [C;H,N,O, + HJ": 285.15975, found 285.15902, caled
for [C,H,,N,0, + Na]": 307.1417, found 307.14081; HPLC
purity: 98%.

(E)-6-Chloro-3-(2-methylbutylidene)-2, 3-dihydropyrrolo-
[1,2-a]quinazolin-5(1H)-one (14). 6-Chloro-2,3-
dihydropyrrolo[ 1,2-a]quinazolin-5(1H)-one 28 (66 mg and
0.30 mmol) and 2-methylbutanal (35 gL and 0.33 mmol) were
reacted according to general procedure D. Purification by flash
column chromatography (SiO,, CH,ClL/MeOH 96:4) pro-
vided 14 (50 mg, 0.17 mmol, 57%) as a white solid. '"H NMR
(300 MHz, CDCL,) 5 742 (t, ] = 8.1 Hz, 1H), 7.27-7.23 (dd,
J =79, 07 HZ, 1H), 7.02 (dd, ] = 8.2 Hz, 0.7 Hz, 1H), 6.84
(dt, J = 10.3, 2.7 Hz, 1H), 412 (t, ] = 7.3 Hz, 2H), 3.02—-2.92
(m, 2H), 2.39-2.26 (m, 1H), 1.50—1.33 (m, 2H), 1.04 (d, ] =
6.7 Hz, 3H), 0.86 (t, ] = 7.4 Hz, 3H); BC NMR (75 MHz,
CDCL) 6 168.01, 159.43, 143.42, 141.00, 135.77, 132.92,
129.66, 128.59, 116.35, 113.45, 46.46, 36.68, 29.52, 22.56,
19.48, 12.04; HRMS (ESI) caled for [Cy¢H-CIN,O + H]*:
289.11022, found 289.1108; HPLC purity: >99%.

(E)-3-Butylidene-6-chloro-2,3-dihydropyrrolo(1,2-a]-
quinazolin-5(1H)-one (15). 6-Chloro-2,3-dihydropyrrolo[1,2-
a]quinazolin-5(1H)-one 28 (75 mg and 0.34 mmol) and
butyraldehyde (33 pL and 0.37 mmol) were reacted according
to general procedure D. Purification by flash column
chromatography (SiO,, CH,Cl,/MeOH 96:4) provided 15
(11 mg, 0.040 mmol, and 12%) as a white solid. '"H NMR (300
MHz, CDCL) & 746 (t, ] = 8.1 Hz, 1H), 7.29 (dd, J = 7.9, 0.7
Hz, 1H), 7.06 (dd, | = 8.2, 0.7 Hz, 1H), 7.03—6.96 (m, 1H),
420—4.13 (m, 2H), 2.99 (t, ] = 6.1 Hz, 2H), 2.21 (q, ] = 7.4
Hz, 2H), 1.53 (sext, ] = 7.3 Hz, 2H), 0.96 (t, | = 7.4 Hz, 3H);
13C NMR (75 MHz, CDCL,) & 168.19, 159.42, 141.06, 138.39,
136.08, 133.10, 130.95, 128.87, 116.41, 113.56, 46.65, 32.09,
22.72, 21.78, 14.07; HRMS (ESI) calcd for [C,H, CIN,O +
H]": 275.09457, found 275.09405, caled for [CsH ;CIN,O +
Na]": 297.07651, found 297.07538; HPLC purity: >99%.

(E)-6-Chloro-3-propylidene-2,3-dihydropyrrolo[1,2-a]-
quinazolin-5(1H)-one (16). 6-Chloro-2,3-dihydropyrrolo[1,2-
a]quinazolin-5(1H)-one 28 (75 mg and 0.34 mmol) and
propionaldehyde (28 uL and 037 mmol) were reacted
according to general procedure D. Purification by flash column
chromatography (SiO,, CH,Cl,/MeOH 96:4) provided 16
(0.6 mg, 0.002 mmol, and 1%) as a white solid. 'H NMR (300
MHz, CDCL,) § 7.55 (t, ] = 8.1 Hz, 1H), 7.44 (4, ] = 7.5 Hz,
1H), 7.22=7.15 (m, 1H), 7.11 (d, ] = 7.3 Hz, 1H), 420 (t, ] =
6.8 Hz, 2H), 3.09—2.96 (m, 2H), 2.37-2.21 (m, 2H), 1.13 (¢,

] = 7.5 Hz, 3H); HRMS (ESI) caled for [C,4H,,CIN,O + H]*:
261.07892, found 261.07797; HPLC purity: 98%.
(E)-6-Chloro-3-(2,2-dimethylpropylidene)-2,3-
dihydropyrrolo[1,2-alquinazolin-5(1H)-one (17). 6-Chloro-
2,3-dihydropyrrolo[1,2-a]quinazolin-5(1H)-one 28 (75 mg
and 0.34 mmol) and pivalaldehyde (40 pL and 0.37 mmol)
were reacted according to general procedure D. Purification by
flash column chromatography (SiO, CH,CL,/MeOH 96:4)
provided 17 (17 mg, 0.059 mmol, and 17%) as a beige solid.
'"H NMR (300 MHz, CDCly) & 7.46 (t, ] = 8.1 Hz, 1H), 7.33
(dd, J =79, 1.0 Hz, 1H), 7.12 (t, ] = 2.7 Hz, 1H), 7.05 (dd, ] =
82, 1.0 Hz, 1H), 4.17—4.07 (m, 2H), 3.16 (td, = 7.4, 7.0, 2.8
Hz, 2H), 1.21 (s, 9H); '*C NMR (75 MHz, CDCl;) & 168.05,
160.72, 147.36, 141.06, 136.09, 132.93, 128.79, 127.18, 116.64,
113.40, 46.70, 34.30, 29.65, 23.19; HRMS (ESI) caled for
[C¢H-CIN,O + H]": 289.11022, found 289.10894, calcd for
[CH;CIN,O + Na]*: 311.09216, found 311.09099; HPLC
purity: >99%.
(E)-6-Chloro-3-(2,2-dimethylpropylidene)-2,3-
dihydropyrrolo[1,2-ajquinazolin-5(1H)-one (18). 6-Chloro-
2,3-dihydropyrrolo[ 1,2-a]quinazolin-5(1H)-one 28 (75 mg
and 0.34 mmol) and 3-methylbutanal (40 pL and 037
mmol) were reacted according to general procedure D.
Purification by flash column chromatography (SiO,, CH,CL/
MeOH 96:4) provided 18 (5 mg, 0.02 mmol, and 5%) as a
beige solid. 'H NMR (300 MHz, CDCl,) § 7.50 (¢, ] = 8.1 Hz,
1H), 7.37 (d, J = 7.8 Hz, 1H), 7.12 (dt, ] = 8.3, 2.5 Hz, 2H),
7.07 (d, J = 8.1 Hz, 1H), 421—4.11 (m, 2H), 2.99 (t, ] = 6.2
Hz, 2H), 2.14 (t, ] = 7.2 Hz, 2H), 1.94 — 1.75 (m, 1H), 0.97
(d, ] = 6.6 Hz, 6H); HRMS (ESI) caled for [C,¢H,CIN,O +
H]*: 289.11022, found 289.10879, caled for [C,,H,,CIN,O +
Na]*: 311.09216, found 311.09085; HPLC purity: 97%.
(E)-6-Chloro-3-(3,3-dimethylbutylidene)-2,3-
dihydropyrrolo(1,2-ajquinazolin-5(1H)-one (19). 6-Chloro-
2,3-dihydropyrrolo[ 1,2-a]quinazolin-5(1H)-one 28 (70 mg
and 0.32 mmol) and 3,3-dimethylbutanal (44 uL and 0.35
mmol) were reacted according to general procedure D.
Purification by flash column chromatography (8iO,, CH,ClL/
MeOH 96:4) provided 19 (10 mg, 0.033 mmol, and 10%) as a
beige solid. '"H NMR (300 MHz, CDCly) § 7.51 (t, ] = 8.1 Hz,
1H), 7.39 (dd, ] = 7.9, 1.0 Hz, 1H), 7.23—7.14 (m, 1H), 7.08
(dd, J = 8.2, 1.0 Hz, 1H), 4.21—4.11 (m, 2H), 3.00 (t, ] = 6.0
Hz, 2H), 2.15 (d, ] = 7.9 Hz, 2H), 0.99 (s, 9H); '3C NMR (75
MHz, CDCL) & 168.16, 159.14, 141.02, 13584, 132.96,
132.22, 128.64, 116.34, 113.49, 113.42, 4644, 44.30, 3231,
29.57, 22.86; HRMS (ESI) caled for [C,,H,,CIN,O + H]*
303.12587, found 303.12722, caled for [C-H ,CIN,O + Na]*:
325.10781, found 325.10619; HPLC purity: >99%.
(E)-3-Benzylidene-6-chloro-2,3-dihydropyrrolo[1,2-aj-
quinazolin-5(1H)-one (20). 6-Chloro-2,3-dihydropyrrolo[1,2-
a]quinazolin-5(1H)-one 28 (75 mg and 0.34 mmol) and
benzaldehyde (38 yL and 0.37 mmol) were reacted according
to general procedure D. Purification by flash column
chromatography (SiO,, CH,ClL,/MeOH 96:4) provided 20
(2 mg, 0.006 mmol, and 2%) as a white solid. 'H NMR (300
MHz, CDCL,) & 8.02 (t, ] = 2.6 Hz, 1H), 7.58—7.51 (m, 3H),
7.48—7.37 (m, 4H), 7.14 (dd, J = 8.2, 0.9 Hy, 1H), 4.34—4.26
(m, 2H), 3.42 (td, ] = 7.7, 2.7 Hz, 2H); HRMS (ESI) calcd for
[CsH;CIN,O + H]*: 309.07892, found 309.07753, caled for
[CHLCIN,O + Nal*: 331.06086, found 331.05951; HPLC
purity: 97%.
2-Chloro-6-(5-chloropentanamido)benzamide (44). 2-
Amino-6-chlorobenzamide 26 (2.18 g and 12.8 mmol) and
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S-chloropentanoyl chloride (1.97 mL and 15.3 mmol) were
reacted according to general procedure B, Purification by flash
column chromatography (SiO,, hexanes/EtOAc 60/40 to 30/
70) provided 2-chloro-6-(5-chloropentanamido)benzamide 44
(2.70 g, 9.3 mmol, and 73%) as a beige solid. Spectral data are
consistent with literature values.” 'H NMR (300 MHz,
CDCl,) §9.32 (s(br), 1H), 823 (dd, ] = 8.4, 1.1 Hz, 1H), 7.34
(t,] = 8.2 Hz, 1H), 7.16 (dd, ] = 8.1, 1.1 Hz, 1H), 6.31 (s(br),
1H), 6.12 (s(br), 1H), 3.57 (td, ] = 5.6, 4.9, 2.8 Hz, 2H), 2.41
(td, J = 6.5, 5.4, 3.1 Hz, 2H), 1.90-1.83 (m, 4H).

7-Chloro-1,2,3,4-tetrahydro-6H-pyrido[ 1,2-a]quinazolin-
6-one (45). 2-Chloro-6-(5-chloropentanamido )benzamide 44
(655 mg and 2.27 mmol) was cyclized according to general
procedure C. Purification by flash column chromatography
(8i0,, CH,Cl,/MeOH 95:5) provided 7-chloro-1,2,3,4-
tetrahydro-6H-pyrido[1,2-a]quinazolin-6-one 45 (237 mg,
1.01 mmol, and 44%) as a beige solid. Spectral data are
consistent with literature values.”” 'H NMR (300 MHz,
CDCL) 6 7.25 (dd, ] = 8.6, 7.8 Hz, 1H), 7.12 (dd, ] = 8.7, 1.1
Hz, 1H), 7.04 (dd, J = 7.8, 1.0 Hz, 1H), 3.80 (t, ] = 6.2 Hg,
2H), 2.74 (t, ] = 6.6 Hz, 2H), 2.03—1.93 (m, 2H), 1.82—1.72
(m, 2H). ¥C NMR (75 MHz, CDCl) § 165.59, 160.33,
142.81, 134.39, 132.25, 128.12, 116.50, 112.96, 47.06, 32.38,
22.17, 18.55.

(E)-7-Chloro-4-(2-ethylbutylidene)-1,2,3,4-tetrahydro-6H-
pyrido[1,2-ajquinazolin-6-one (21). 7-Chloro-1,2,3,4-tetrahy-
dro-6H-pyrido[1,2-a]quinazolin-6-one 45 (70 mg and 0.30
mmol) and 2-ethylbutanal (41 wL and 0.33 mmol) were
reacted according to general procedure D. Purification by flash
column chromatography (Si0, CH,ClL/MeOH 96:4) pro-
vided 21 (43 mg, 0.14 mmol, and 45%) as a yellow solid. 'H
NMR (300 MHz, CDCl,) 4 7.53—-7.44 (m, 1H), 7.38-7.29
(m, 3H), 404—3.96 (m, 2H), 2.61 (ddd, ] = 7.9, 4.3, 1.6 Hz,
2H), 2.32-2.18 (m, 1H), 2.13 (quint, ] = 6.2 Hz, 2H), 1.62—
1.44 (m, 2H), 1.44-126 (m, 2H), 0.82 (t, ] = 7.4 Hz, 6H);
3C NMR (75 MHz, CDCI,) & 166.56, 155.71, 147.53, 143.62,
135.35, 132.51, 128.36, 127.54, 117.89, 113.00, 47.64, 42.85,
27.74, 23.55, 22.04, 12.20; HRMS (ESI) caled for
[C,H,,CIN,O + H]": 317.14152, found 317.14249; HPLC
purity: >99%.

(E)-7-Chloro-4-((dimethylamino)methylene)-1,2,3,4-tetra-
hydro-6H-pyrido[1,2-alquinazolin-6-one (22). To a solution
of 7-chloro-1,2,34-tetrahydro-6 H-pyrido[ 1,2-a ]quinazolin-6-
one 45 (70 mg, 0.30 mmol, and 1.0 equiv) in DMF was
added phosphoryl trichloride (56 pL, 0.60 mmol, and 2.0
equiv). The reaction was heated to 70 °C for 16 h, and then
the solution was cooled to room temperature, diluted with
CH,Cl,, and slowly quenched using a saturated aqueous
solution of NaHCO,. The aqueous layer was extracted twice
with CH,Cl,, and the combined organic phases were dried
over Na,SO,, filtered, and evaporated under vacuum.
Purification by flash column chromatography (S$iO,, CH,Cl,/
MeOH 98:2 to 94:6) provided 22 (46 mg, 0.16 mmol, and
53%) as a yellow solid. 'H NMR (300 MHz, CDCIl,) § 8.17 (s,
1H), 7.30 (t, J = 8.2 Hz, 1H), 7.17 (d, ] = 7.7 Hz, 1H), 7.07 (d,
] = 8.4 Hz, 1H), 3.82—3.73 (m, 2H), 3.06 (s, 6H), 2.69—2.60
(m, 2H), 1.99 (quint, ] = 6.1 Hz, 2H); C NMR (75 MHg,
CDCl;) & 165.61, 15840, 150.89, 144.18, 134.62, 131.58,
126.64, 117.36, 111.84, 94.06, 46.81, 43.67, 23.10, 22.28;
HRMS (ESI) caled for [C,sH,,CIN;O + H]": 290.10547,
found 290.10890, caled for [C,H,CIN,O + Na]*: 312.08741,
found 312.08816; HPLC purity: 97%.

6-Chloro-3-(2-ethylbutyl)-2,3-dihydropyrrolo[1,2-a]-
quinazolin-5(1H)-one (23). A solution of substrate 3 (59 mg,
0.19 mmol, and 1.0 equiv) in MeOH was purged with argon
for 30 min at room temperature before treatment with Raney
nickel (41 mg, 0.70 mmol, 3.5 equiv, and pre-washed 3 times
with MeOH). The reaction mixture was then purged with
hydrogen before being stirred under a hydrogen atmosphere
for 1 h at room temperature. The mixture was then filtered
through a pad of celite, washed with MeOH, and concentrated
under pressure. Purification by flash column chromatography
(810, CH,Cl,/MeOH 98:2 to 96:4) provided 23 (8 mg, 0.03
mmol, 13%) as a white solid. '"H NMR (300 MHz, CDCl,) &
7.52 (t, ] = 8.1 Hz, 1H), 7.39 (dd, ] = 7.9, 0.8 Hz, 1H), 7.07
(dd, J = 82, 0.7 Hz, 1H), 417 (td, ] = 9.7, 92, 3.9 Hz, 1H),
404 (dt, ] = 10.3, 8.0 Hz, 1H), 3.25 (dtd, ] = 12.0, 8.4, 3.8 Hz,
1H), 2.55 (dtd, J = 12.5, 8.3, 3.9 Hz, 1H), 2.18—2.07 (m, 1H),
2.06—1.92 (m, 1H), 1.53—1.39 (m, 3H), 1.37—1.27 (m, 4H),
0.88 (td, ] = 72, 5.4 Hz, 6H); *C NMR (151 MHz, CDCl;) §
168.24, 141.12, 136.64, 132.99, 128.72, 116.30, 113.29, 47.73,
41.95, 38.27, 35.97, 26.05, 26.00, 24.35, 11.10, 10.52; HRMS
(ESI) caled for [Cp-H,,CIN,O + HJ*: 305.14152, found
305.14167; HPLC purity: >99%.

6'-Chloro-2-(pentan-3-yl)-1',2"-dihydro-5'H-spiro-
[cyclopropane-1,3"-pyrrolo[1,2-aJquinazolin]-5"-one (24 =
LM146). A solution of trimethylsulfoxonium iodide (40 mg,
0.18 mmol, and 1.5 equiv) in dry DMSO (0.7 mL) was cooled
to 0 °C. Sodium hydride 95% (5.0 mg, 0.18 mmol, and 1.5
equiv) was added to the stired solution. The mixture was
allowed to warm-up to room temperature over 1 h. A solution
of substrate 3 (37 mg 0.12 mmol, and 1.0 equiv) in dry
DMSO (0.8 mL) was added dropwise to the reaction mixture,
which was then stirred at 50 °C for 1 h 30 min under an argon
atmosphere. The mixture was diluted with CH,Cl, and
quenched with a saturated aqueous solution of NH,CI. The
aqueous phase was extracted with CH,Cl, (three times).
Combined organic phases were washed with brine, dried over
Na,50,, filtered, and evaporated under vacuum. Purification
by flash column chromatography (SiO,, CH,Cl,/MeOH 97:3)
provided racemic 24 (LM146) (31 mg, 0.098 mmol, and 82%)
as a white solid. 'H NMR (300 MHz, CDCl,) § 7.49 (t, ] = 8.1
Hz, 1H), 7.34 (dd, ] = 7.9, 0.9 Hz, 1H), 7.04 (dd, ] = 8.0, 0.9
Hz, 1H), 4.19 (dtd, ] = 19.6, 10.2, 5.7 Hz, 2H), 2.49-2.25 (m,
2H), 1.74—1.63 (m, 2H), 1.62—147 (m, 2H), 1.46—1.33 (m,
2H), 0.90 (dt, J = 23.4, 7.5 Hz, 7H), 0.79 (dd, ] = 6.7, 3.7 Hz,
1H); “C NMR (75 MHz, CDCL,) & 168.79, 168.36, 141.29,
13641, 132.84, 12832, 116.40, 112.89, 47.05, 41.48, 32.80,
28.89, 26.58, 26.10, 23.50, 22.75, 11.16, 10.96; HRMS (ESI)
caled for [C4H,,CIN,O + H]": 317.14152, found 317.14255,
caled for [CgH,,CIN,O + Na]': 339.12346, found 339.1219;
HPLC purty: 93%. 'H NMR analysis indicates that the
material purified by flash chromatography contains traces of
the starting material 3. LM-MS analysis confirmed the
presence of the starting material 3 (m/z = 303.3) and also
showed traces of a compound with a m/z ratio of 317.0 that is
most likely the diasteromeric product of 24. These impurities
could only be removed by reversed phase preparative HPLC
using a Sunfire C18 column (19 X 100 mm, 5 um) and 25 to
55% MeCN in water (+0.01% formic acid) as the eluent (21.6
mL/min) to afford small amounts sufficient for 'H NMR.
LM146 was crystallized by the solvent diffusion technique
using chloroform, The X-ray structure has been deposited into
the Cambridge Crystallographic Data Centre CCDC (no.
2070470).

hetps:/fdol.org/10,102 1/acsomega. 1c01555
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4.3 Informations supplémentaires

Les informations supplémentaires concernant les protocoles expérimentaux, les
caractérisations ainsi que les spectres RMN des composés synthétisés sont présentés

dans l'annexe C.

4.4 Conclusion

Le SAR réalisé autour du composé 3, rapporté par Sutherell ef al., a permis d’en
optimiser 1’activité et la sélectivité jusqu’a obtention de LM146. A 10 uM, LM146
interagit uniquement avec des domaines bromés appartenant a la sous-famille VIII.
Avec des AT de 14.11 °C, 10.06 °C et 1.40 °C contre PB1(2), PB1(5) et SMARCA2A
respectivement, la sélectivité apparente de LM146 pour PB1 a pu étre confirmée par
bromoSCAN, révélant ainsi des valeurs de Kq de 110 nM, 61 nM et 2100 nM contre
PB1(2), PB1(5) et SMARCAZ2B. Le développement d’un tel inhibiteur sélectif de PB1
permettra sans nul doute d’explorer avec davantage de précision le réle exact de PB1

au sein de PBAF tout en testant le potentiel thérapeutique de la protéine.

4.5 Contributions des auteurs a ’article

La présente auteure a effectué la conception, la synthése et la caractérisation de
I’ensemble des composés présents dans [Darticle. Elle a réalis¢ la recherche

bibliographique et a été la rédactrice principale de ’article et du SI.
Emily Gesner a réalisé¢ 1’ensemble des tests DSF.

Sarah Attwell et Olesya A. Kharenko ont validé la cible biologique initiale et ont
contribué au projet par I'intermédiaire de tests biologiques non mentionnés dans

P’article.
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Edward H. van der Horst et Henrik C. Hansen ont supervisés les travaux réalisés au

sein de Zenith Epigenetics, Ltd.

Finalement, I’auteur de correspondance Alexandre Gagnon a supervisé I’ensemble du
projet, tout particulierement les travaux de ’auteure principale, a guidé la coordination

des différentes équipes de recherche et s’est chargé du processus de soumission.

L’ensemble des auteurs a contribué a la relecture de 1’article.
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CHAPITRE V

SYNTHESE DE NVS-BPTF-1, INHIBITEUR DE BPTF, ET EVALUATION
DE SON IMPACT SUR L’IMMUNOPROTEASOME

5.1 Introduction

BPTF est une protéine multidomaines qui agit comme sous-unit¢ principale du
remodeleur de chromatine NURF. S’il ne fait aucun doute que NVS-BPTF-1 demeure
a ce jour la sonde chimique la plus efficace et sélective pour le domaine bromé de
BPTF, sa synthése n’a encore jamais été rapportée. Cet article présente donc la
premicre voie de synthese divulguée, permettant ainsi un acces rapide a cet inhibiteur
et potentiellement différents dérivés. Afin d’évaluer le potentiel en immunothérapie de
BPTFBrD, des études concernant I’impact de son inhibition sélective grace a NVS-

BPTF-1 seront également rapportées.

5.2 Article issu de ces travaux
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ARTICLEINFO ABSTRACT
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BPTF (bromodomain and PHD finger containing transcription factor) is a multidomain protein that plays
essential roles in transcriptional regulation, T-cell homeostasis and stem cell pluripotency. As part of the chro-
matin remodeling complex hNURF (nucleosome remodeling factor), BPTF epigenetic reader subunits are
particularly important for BPTF cellular function. Here we report the synthesis of NVS-BPTF-1, a previously
reported highly potent and selective BPTF-bromodomain inhibitor. Evaluation of the impact of the inhibition of

BPTF-bromodomain using NV5-BPTF-1 on selected proteins involved in the antigen processing pathway revealed
that exclusively targeting BPTF-bromodomain is insufficient to observe an increase of PSMB8, PSMB9, TAP1 and

TAP2 proteins.

Gene expression is highly regulated by chromatin topology. Even in
the euchromatin state, transcription factors can hardly access the cis-
sequences of DNA and usually require the combined action of both
epigenetic enzymes and chromatin remodelers beforehand. Covalent
modifications of histone tails, increased exposition of nalted DNA or
alteration of nucleosomes organization in a promoter region can
strongly impact gene expression and, ultimately, cell phenotypes.’

NURF (nucleosome remodeling factor) is one of the conserved ATP-
dependent chromatin remodeling factors belonging to the ISW1 family.
Rather than binding to naked DNA or histones, NURF preferentially
interacts with nucleosomes through the positively charged N-terminal
histone tails” and catalyzes nucleosome sliding.” By doing so, NURF is
able to assist the binding of transeription factors and is therefore key for
gene activation initiation.* Human NURF (hNURF) is composed of three
subunits: the conserved ISWI ATPase core SNF2L, BPTF (bromodomain
and PHD finger containing transeription factor, also known as FALZ for
fetal alzheimer antigen) and RbAP48/46 (retinoblastoma associated
proteins 46 and 48), two mammalian orthologs of Drosophila NURF301
and NURFSS5, respectively.”

BPTF, the largest and most essential component of the hNURF
complex, is eritical for transeriptional regulation during embryogen-
esis.”” Outside of this specific developmental stage, BPTF maintains
chromatin accessibility, allowing stem cell pluripotency,® T-cell ho-
meostasis and function,’ and transeriptional regulation.'® In order to do
so, BPTF harbors multiple motifs characteristic of transeriptional coac-
tivators: one non-BET (bromodomain and extra-terminal domain)

* Corresponding author.
E-mail address: gagnon.alexandre@ugam.ca (A. Gagnon).

https://doi.org/10.1016/j.bmcl.2021.128208

bromodomain, two PHD domains and a glutamine-rich acidic domain. "’

These epigenetic readers are particularly important for BPTF cellular
function as they serve as recognition units for acetylated or methylated
lysine residues. It has therefore been demonstrated that BPTF binds to
acetylated H3 and H4 histone tails via its bromodomain and to
H3K4Me3 via its second PHD finger.'”

As lysine acetylation of histone tails is one of the most dynamic post-
translation modification associated with chromatin accessibility and
increased gene expression,'® mutation and overexpression of bromo-
domain containing proteins (BCPs) have been associated with many
disenses, such as cancer, inflammation or neurological disorders.'* In
particular, aberrant expression of BPTF has been implicated in the
development and progression of multiple types of cancer, including
colorectal cancer,'® lung adenocarcinomas,'® melanoma,'” and neuro-
blastomas.'® Slowly emerging as a potential target for novel anti-cancer
drugs because of its required recruitment for c-MYG activation, 2" it is
interesting to note that BPTF knockdowns enhance CD8" T-cell and NK-
cells mediated antitumor immunity,?’*? therefore also highlighting
BPTF as a potential target for the development of immunotherapies.

Despite BPTF biclogical pertinence in cancer and the fact that
inhibiting the bromodomain of BCPs has been successful in the past for
treating BCPs-related diseases (as illustrated by the numerous BET in-
hibitors currently in clinical trials), only few chemical probes targeting
BPTF-bromodomain have been developed (Fig. 1). AU1, the first small
molecule showing some selectivity for BPTF, was reported in 2015.%
Discovered during an '°F NMR dual screening against BPTF and BRD4,
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Fig. 1. Reported BPTF inhibitors.

AN displays a Kq value of 2.8 M for BPTF as determined by isothermal
titration calorimetry (ITC), while no binding against BRD4 was
observed. In 2019, DCB29, a dialkoxy iodo benzamide derivative, was
developed through structure-based virtual screening as a selective BPTF-
bromodomain inhibitor with an 1Cs value of 13.2 pM, obtained by
homogenous time-resolved fluorescence resonance energy transfer
(HTRF) assays.”* The same year, compound C620-0696 was reported
with a Ky value of 35.5 pM against BPTF as assessed by a biolayer
interferometry (BLI) assay. C620-0696 exhibits cytotoxicity to BPTF
overexpression in non-small-cell lung cancer (NSCLC) cell lines and also
inhibits the binding between the BPTF bremodomain and H4K16Ac,
which leads to repression of e-MYC transcription activation.*

Finally, the 5GC, in collaboration with Takeda, reported on their
website TP-238, the first chemical probe with low nanomolar potency
against BPTF bromodomain. However, TP-238 inhibited both CECR2
and BPTF in an AlphaScreen assay with ICsg values of 30 nM and 350
nM, respectively.”® This lack of selectivity was countered with the
release of NVS-BPTF-1. Produced through a collaboration between the
5GC and Novartis, NV5-BPTF-1 is the first highly potent, selective and
cell active chemical probe for BPTF-bromodomain. NVS-BPTF-1 gave an
1G5 value of 56 nM in an AlphaScreen assay and a Ky value of 71 nM in a
BLI assay.”” A DSF screen and a BROMOscan revealed no significant
interaction with a panel of other human bromedomains. In HEK293
cells, NVS-BPTF-1 showed on-target activity with an IC5o of 16 nM, as
measured by a nanoBRET assay. While writing this manuscript, com-
pound 1 was published as a new BPTF-bromodomain inhibiter with a Kq
value of 428 nM for BPTF as determined by ITC. Compound 1 down-
regulated both c-MYC and BPTF expression in A549 cells.®®

Even though NVS-BPTF-1 is currently the most potent and selective
chemical probe against BPTF, to the best of our Inowledge, its synthesis
has not been reported yet. We would like to disclose herein a rapid and
modular chemical route to access this tool compound. Preliminary
evaluation of the biological activity of NVS-BPTF-1 is also described.

The retrosynthetic analysis of NVS-BPTF-1 invited a disconnection
on the central aniline function, leading to the lefthand side pyr-
idopyrimidinone synthon 2 and the right-hand side 1-((3-fluoro-4-ami-
nophenyl)sulfonyl)-4-methylpiperazine fragment 3 (Scheme 1). We
envisioned that the presence of a suitable leaving group X on 2 such as
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Scheme 1. Retrosynthetic analysis of NVS-BPTF-1.

an halide, a triflate or a tosylate could allow an SyAr transformation or a
metal-catalyzed N-arylation reaction with 3. Although complications
could arise from the anticipated low nucleophilicity of aniline 3, we
hypothesized that this approach would have a higher chance of success
than the complementary C—N disconnection that would require the
preparation of an intriguing and poorly-characterized amino-pyr-
imidinone version of 2 (i.e. X = NH,). Left-hand side fragment 2 could
then be prepared by a palladium-catalyzed cross-coupling reaction be-
tween an N-cyclopropylboron species 4, either in the form of a boronic
acid or ester, and a halo or triflyl pyridopyrimidinone core of type 5.
Should this cross-coupling be challenging, we assumed that the role of
the partners could be inverted, that is, the boron function would be
installed on 5. The installation of the eyclopropyl unit on the pyrazole’s
NH would be performed through a copper-catalyzed N-cyclopropylation
reaction on 6 via one of the numerous conditions involving boron or
bismuth reagents. The boron would be installed on 6 via a lith-
ium-halogen exchange reaction or a metal-catalyzed cross-coupling
process. A search of the literature revealed a paucity of methods to form
the densely functionalized central core 5. It was our hope that this
scaffold could be obtained by a condensation reaction between 7 and a
properly activated malenic system 8. Finally, the aniline portion 3
would be prepared from 9 and 10 through conventional sulfonamide
bond construction and nitro reduction.

We first prepared aniline 3 by reacting 3-fluoro-4-nitrobenzenesul-
fonyl chloride 9 with 1-methylpiperazine 10, followed by reduction of
the nitro group in 11 under Béchamp’s conditions (Scheme 2). Quick
attempt at improving the yield of this transformation, for example by
inereasing the reaction time or the temperature, or pre-forming the so-
dium amide of 10 proved unsuccessful and therefore, we continued with
the synthesis of the western portion of our target molecule.

Thus, we prepared the N-eyclopropyl-4-borylpyrazolyl synthon 4 (c.
f. Scheme 1) by first installing the cyclopropyl moiety onto 1-cyelo-
propyl-4-iodo-1H-pyrazole 12 via a copper-catalyzed N-cyclo-
propylation reaction (Scheme 3). After testing various conditions, we
found that this transformation could be efficiently accomplished using
2.0 equivalents of cyclopropylboronic acid in the presence of a stoi-
chiometric amount of cuprie acetate and a mixture of dimethylamino-
pyridine and pyridine in refluxing dioxane under an oxygen atmosphere.
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Scheme 3. Synthesis of 1-cyclopropyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxabor-
olan-2-yI)-1H-pyrazole 14.

Attempts at transforming the iodide in 13 into a boron functionality
through a lithium-halogen exchange process followed by reaction with
trimethylborate proved difficult. Consequently, iodide 13 was converted
into the corresponding 1-cyclopropyl-4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-y1)-1H-pyrazole 14 via a palladium-catalyzed cross-
coupling reaction with bis(pinacolato)diboron. Rapid optimization of
the reaction conditions led us to use [1,1'-bis(diphenyl-phosphinc)
ferrocene]-dichloropalladium(Il) as the catalyst in combination with
potassium acetate as the base and DMSO as the solvent.

We next turned our attention to the preparation of the pyridopyr-
imidinone scaffold 5 (e.f. Scheme 1). A quick search of the literature
indicated a lack of methods to prepare compounds of this type with a
methyl group in position 3. Attempts at directly coupling 5-bromoami-
nopyridine 15 with 2-methylmalonic dimethylester 16 under smooth
or foreing conditions failed to deliver the desired condensation product
17, but provided instead a mixture of the mono-condensation adduct 18
and its corresponding decarboxylation product 19 (Scheme 4a).

We hypothesized that a more reactive malonic system could poten-
tially facilitate this apparently difficult condensation reaction. Thus, 2-
methylmalonic acid 20 was preactivated with HATU in the presence
of Hiinig’s base and then reacted with 15 (Scheme 4b). Again, preduct
17 could not be isolated using this approach, even when conducted
under drastic conditions. Ultimately, the cyclization problem was solved
by transforming 2-methylmalonic acid 21 into its corresponding bis
(2,4,6-trichlorophenyl)ester derivative 23 through reaction with 2,4,6-
trichlorophenol 22 in neat phosphorus oxychloride (Scheme 4c).
Reacting 23 with 5-bromo-2-aminopyridine 15 in hot toluene over 2h
finally afforded the desired cyclized product 17 in 83% yield (Scheme
4c).

Direct reaction of N-cyclopropylpyrazolylborenic pinacol ester 14

with bromopyrimidinone 17 was then attempted with the aim of

generating 24 (Scheme 5). After testing numerous conditions, we could
not obtain the desired product and we thus opted to convert the OH
(which might also exist in the tautomeric keto-form) into the corre-
sponding chloride. This chloride would serve as a valuable handle for a
subsequent SyAr reaction with aniline 3. In the event, 17 was converted
into 25 through heating in a mixture of phosphoryl chloride and phos-
phorus pentachloride. Unfortunately, all attempts to realize the SyAr
reaction between 25 and 3 failed, even under harsh conditions. Thus, 25
was engaged in a cross-coupling reaction with 14 with the hope that this
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transformation would occur with some level of selectivity on the bro-
mide over the chloride. Happily, this strategy delivered 27, albeit in a
moderate 19% yield. Since other catalysts or conditions failed to
improve the efficiency of the process, we decided to continue with the
union of 27 with 3.

Attempts at coupling 3 and 27 through a SxAr reaction under various
conditions failed to provide the desired product NVS-BPTF-1. We
assumed that the deactivation of the aniline 3 by the combined electron-
withdrawing effects of the fluoride in ortho position and the sulfonamide
in para were responsible (at least partially) for this lack of reactivity.
Therefore, we turned our attention to a metal-catalyzed approach and
found that key intermediates 3 and 27 could be coupled under
Buchwald-Hartwig conditions using palladium(Il) acetate, racemic
BINAP in refluxing toluene in the presence of cesium carbonate,
affording NVS-BPTF-1 in 56% yield with greater than 99% purity
(Scheme 6).

The structure of synthetic NVS-BPTF-1 was confirmed through X-ray
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diffraction analysis on crystals obtained from methylene chloride via the
solvent diffusion technique (Fig. 2).

Mayes and collaborators have shown that depletion of BPTF in
B16F10 models leads to upregulation of PSMB8 and PSMB9 which are
part of the immunoproteasone, as well as TAP1 and TAP2 which belong
to the transporter associated with antigen-processing complex.?! They
observed that this upregulation results in enhanced antigenicity and
improved T-cell antitumor activity. With our resynthesized NVS-BPTF-1
in hand, we thus aimed to evaluate if inhibition of BPTF would resultina
similar upregulation of these four specific proteins as in the knockdown
model, thus allowing us to determine the potential therapeutic perti-
nence of BPTF-bromodomain in the context of immunotherapies for the
treatment of eancer.

First, we confirmed the activity and the selective profile of NVs-
BPTF-1 using both an AlphaScreen assay and a DSF thermal shift assay
(differential scanning fluorimetry) against BPTF and BRD4(BD1)
(Fig. 3). In the event, an 1Gsg of 30 nM and a ATy of 5.7 °C were ob-
tained, which are in good agreement with values presented online by the
5GC (i.e. IC5o of 56 nM against BPTF in an AlphaScreen assay and ATy, of
6.16°C).""

Since the selectivity of the probe was already assessed by the SGC via
a DSF screen and a BROMOscan assay,”” we then evaluated the effect of
our compound on proliferation in various cancer cell lines. Contrary to
AUl and C620-0696, NV5S-BPTF-1 did not affect the proliferation of
B16F10 mouse melanoma cell lines (Fig. 4). While AU1 and C620-0696
are low micromolar inhibitors of the BPTF bromodomain, this difference
could be attributed to off-target effects, previously reported in the
literature.?® In a similar fashion, NVS-BPTF-1 did not inhibit the pro-
liferation of multiple human cancer cell lines (Fig. S1), while siRNA
knockdowns of BPTF were previously reported as reducing proliferation
of various cancer cell lines,!%%3!

Previous reports revealed that interferon gamma (IFNy)™
shRNA knockdown of BPTF?! can increase the amount of immunopro-
teasome proteins PSMB8 and PSMB9 and antigen transport proteins
TAP1 and TAP2. Our results also indicate that BPTF siRNA knockdown

Fig. 2. Thermal atomic displacement ORTEP ellipsoid plot for NVS-BPTF-1
(CCDC number: 2080173). Ellipsoids are drawn at the 50% probability level
and hydrogen atoms are shown as spheres of arbitrary size.
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Fig. 4. Proliferation assay in B16F10 model.

can enhance the proteasome subunit beta type-9 protein (PSMB9) in
B16F10 cells (Fig. 52). However, when NVS-BPTF-1 was used, this
activation was not detected in B16F10 mouse melanoma cell lines
(Fig. 5), nor in A549 (lung) or BT549 (breast) human cancer cell lines
(Fig. 53).

Since NVS-BPTF-1 did not affect the level of PSMB8 and PSMB9 or
TAP1 and TAP2, we hypothesized that targeting BPTF-bromodomain
alone is not sufficient to observe any impact on the expression of these
proteins.

In conclusion, a modular synthetic route was developed for NVS-
BPTF-1, the first potent and selective inhibitor of BPTF bromodomain.
Binding of resynthesized NVS-BPTF-1 to BPTF was confirmed using a
DSF assay while inhibition was demonstrated using an AlphaScreen
assay. No impact on B16F10 cell proliferation was observed upon
exposure to NVS-BPTF-1. Contrary to BPTF knockdown models, inhi-
bition of BPTF with NVS-BPTF-1 did not lead to increased levels of
TAP1, TAP2, PSMB8 or PSMB9. These results suggest that only targeting
BPTF-bromodomain might not be a viable strategy for the development
of immunotherapies.
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5.3 Informations supplémentaires

Les informations supplémentaires concernant les protocoles expérimentaux, les
caractérisations ainsi que les spectres RMN des composés synthétisés sont présentés

dans l'annexe D.

5.4 Conclusion

Une voie de synthese contenant 9 étapes a pu étre développée afin d’obtenir rapidement
NVS-BPTF-1. Basée sur I’assemblage de différentes sous-parties de la molécule, cette
méthode est modulable et peut s’adapter facilement en cas d’études SAR sur NVS-
BPTF-1. Bien que NVS-BPTF-1 soit un inhibiteur puissant et sélectif du domaine
bromé de BPTF, la sonde chimique n’impacte pas la prolifération de cellules
cancéreuses ni I’immunoprotéasome. Ces ¢tudes permettent de conclure que
I’engagement sélectif du domaine bromé de BPTF semble insuffisant pour le

développement de nouvelles immunothérapies.

5.5 Contribution des auteurs a ’article

La présente auteure a congu la voie de synthése de NVS-BPTF-1 et a réalisé les
caractérisations de 1I’ensemble des intermédiaires et du produit final. Elle a réalisé la

recherche bibliographique et a été la rédactrice principale de ’article et du SI.

Cyrus Calosing a effectué tous les tests portant sur la prolifération cellulaire et le

protéasome.

Olesya A. Kharenko a réalisé le test alphascreen ainsi que le DSF.
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Henrik C. Hansen a supervisé I’ensemble des travaux effectués a Zenith Epigenetics,

Ltd.

Finalement, I’auteur de correspondance Alexandre Gagnon a supervisé I’ensemble du
projet, tout particulierement les travaux de ’auteure principale, a guidé la coordination

des différentes équipes de recherche et s’est chargé du processus de soumission.

L’ensemble des auteurs a contribué a la relecture de 1’article.



CONCLUSION

Les travaux réalisés au cours de cette these de doctorat ont contribué au développement
d’inhibiteurs de TEAD, PB1 et BPTF, trois régulateurs de I’expression génique souvent

mutés chez les patients atteints de cancer.

La premiere phase de ce doctorat a porté sur des inhibiteurs de la poche palmitique de
TEAD. La mise en place d’une voie de synthese efficace passant par un couplage de
Buchwald-Hartwig a permis un acces rapide a de nombreux dérivés de 1’acide
flufénamique. Grace a une conception mélangeant apports des structures co-cristallines,
modifications systématiques et emploi d’amarrage moléculaire, différents inhibiteurs
de TEAD ont pu étre obtenus, incluant LM98. Avec un AT,z de 6.4 °C, LM98 interagit
avec TEAD, conclusion corroborée par des études RMN-'°F en présence de TEAD4.
L’obtention de co-cristaux en présence de hTEAD2-YBD (code pdb : 6VAH) a permis
de confirmer que LM98 se lie dans la poche palmitique, formant notamment une liaison
hydrogene entre son acide carboxylique et I’azote de I’amide présent sur le squelette
peptidique de la cystéine 380. D’autres interactions, de type hydrophobes ou encore
I’empilement pi en T entre le phényl de gauche et la phénylalanine 233, permettent
d’ancrer davantage la molécule dans la poche. Bien que LM98 n’empéche pas la
formation du complexe YAP-TEAD, le composé agit en inhibant la palmitoylation de
TEAD, réduisant ainsi de 30% 1’activit¢ de TEAD par dosage de luciférase tout en
diminuant de 61% et 40% 1’expression de CTGF et Cyr61, deux génes normalement
activés par YAP-TEAD. Finalement, le potentiel thérapeutique de LM98 s’illustre par
une inhibition de la migration de cellules cancéreuses, arrétant notamment les cellules

en phase S du cycle cellulaire.
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I1 est a noter que d’autres dérivés présentant des ATagg €levés s’illustrent également par
leurs impacts importants sur ’activité de TEAD et sur I’expression des génes associés
au complexe. Par exemple, le composé 40, avec un ATag de 10 °C, présente une
inhibition presque complete de TEAD a 30 uM tandis que 1’analogue 51, avec un ATagg
de 8.4 °C, diminue de 80% et 71% 1I’expression de CTGF et Cyr61, respectivement, a
10 uM.

Dans le futur, il pourrait é&tre intéressant de déterminer les propriétés
pharmacocinétiques des meilleurs dérivés pour, si possible, tester I’impact de ces dits
dérivés dans des modeles de souris xénogreftes. Sachant la solubilité limitée de certains
composés issus de cette série, il est cependant a envisager que d’autres inhibiteurs de

TEAD puissent s’avérer davantage adaptés a une utilisation comme sonde chimique.

Avec le désir de pallier ces inconvénients, plusieurs criblages virtuels a haut débit ont
¢été réalisés. Les hits potentiels retenus présentent tous un squelette contenant un acide
benzoique afin de maintenir les interactions hydrogenes connues avec la poche
palmitique de TEAD, un ou plusieurs groupements polaires censés faire de nouvelles
interactions, et une lipophilie réduite. Bien qu’il n’ait pas été possible d’effectuer les
syntheses de ces hits dans le cadre de cette theése, ces travaux seront poursuivis au sein

du laboratoire du professeur Alexandre Gagnon.

Dans un second temps, des inhibiteurs sélectifs des domaines bromés de PB1 ont été
développés. Basées sur les travaux rapportés par Sutherell et al., des études de SAR
ont permis d’obtenir LM146. A 10 pM, LM146 interagit uniquement avec des
domaines bromés appartenant a la sous-famille VIII. Avec des ATm de 14.11 °C,
10.06 °C et 1.40 °C contre PBI(2), PB1(5) et SMARCA2A respectivement, la
sélectivité apparente de LM146 pour PB1 a pu étre confirmée par bromoSCAN,
révélant ainsi des valeurs de Kq de 110 nM, 61 nM et 2100 nM contre PB1(2), PB1(5)
et SMARCA2B. Approximativement 34 fois plus actif vis-a-vis de PB1(5) par rapport
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a SMARCA2B et environ 19 fois plus actif vis-a-vis de PB1(2) par rapport a
SMARCA2B, LM146 peut étre considéré comme une sonde chimique puissante avec
une sélectivité accrue contre les autres domaines bromés existants, y compris
SMARCAZ2. Dans le futur, la séparation des deux énantiomeres de LM146 pourrait
permettre d’améliorer davantage la sélectivité et I’activité du composé s’il s’avere
qu’un seul des isomeéres est responsable des résultats rapportés. Alors que des études
d’amarrage moléculaire n’ont pas permis d’expliquer la sélectivité obtenue, il serait
également intéressant d’obtenir des co-cristaux de LM146 en présence des différents
domaines bromés, notamment PB1(5), afin de vérifier si un décalage accentué de la

boucle ZA est a I’origine du profil sélectif de LM146 par rapport au it de départ.

D’autres analogues synthétisés au cours de ce projet présentent quant a eux des profils
de sélectivités apparentes pour divers domaines bromés clefs de PB1. Apres
confirmation future de I’affinité par bromoSCAN, nul doute que I’ensemble de ces
inhibiteurs se compléteront afin de permettre des études plus précises sur le role exact

de PB1 et ses divers domaines bromés.

Pour finir, les travaux de cette thése de doctorat se sont portés sur NVS-BPTF-1. S’il
ne fait aucun doute que NVS-BPTF-1 demeure a ce jour la sonde chimique la plus
efficace et sélective pour le domaine bromé de BPTF, sa synthése n’avait encore jamais
été rapportée. Une voie de synthése contenant 9 étapes, incluant 5 étapes linéaires au
maximum, a pu étre développée afin d’obtenir rapidement cette sonde chimique. Basée
sur ’assemblage de différentes sous-parties de la molécule, cette méthode est
modulable et peut s’adapter facilement en cas d’études SAR sur NVS-BPTF-1. Bien
que NVS-BPTF-1 soit un inhibiteur puissant et sélectif du domaine bromé¢ de BPTF,
il a été démontré au cours de cette thése que la sonde chimique n’impacte pas la
prolifération de cellules cancéreuses ni I’immunoprotéasome. Ces études permettent de
conclure que I’engagement sélectif du domaine bromé de BPTF semble insuffisant

pour le développement de nouvelles immunothérapies.



ANNEXE A

« DEVELOPMENT OF SMALL-MOLECULE TEAD INHIBITORS DERIVED
FROM FLUFENAMIC ACID. » - PARTIE EXPERIMENTALE
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1. Biological evaluation

a) Surface Plasmon Resonance (SPR)

Biotinylated TEAD4 was captured onto one flow cell of a streptavidin-conjugated SA chip at
approximately 6,000 response units (RU) according to the manufacturer's protocol, while
another flow cell was left empty for reference subtraction. Compounds were tested at 50 pM as
the highest concentration, and dilution factor of 0.33 was used to yield 5 concentrations in
HBS-EP buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.05% Tween-20).
Experiments were performed at 20 °C using the same buffer with 3% DMSO in single cycle
kinetic with 90s contact time and a dissociation time of 60 s at a flow rate of 75 pL/min. A 1:1
binding model was used for curve fitting (Biacore T200 Evaluation software, GE Health

Sciences Inc.).

S3
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Figure S1. Evaluating the binding of compounds to TEAD4 by surface plasmon resonance
(SPR). All compounds were tested as described on page S3. For each compound, sensorgrams
(solid green) with the kinetic fit (black dots) are shown for 3 replicates. The steady state
response (black circles) with 1:1 binding model fitting (red dashed line) are also shown for each
corresponding sensorgram. Name of each tested compound is indicated on the first replicate.
These data are not used for rank-ordering compounds and are solely presented to describe why
we did not rely on them (see the results section for more information).
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b) Isothermal Titration Calorime
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Binding of each compound to TEAD4 was tested by MicroCal Auto-iTC200 (Malvemn

Panalytical Ltd. Malvern, UK) using the reverse titrations due to poor solubility of compounds.
The TEAD4 was dialyzed against the buffer (20 mM Tris pH 8.0, 150 mM NaCl), and used
(120 pL) at 180 pM. A 20 pM solution of compound was loaded into the sample well (400 pnL)

in the 96-well tray. Data were fitted with a one binding site model using the Instrument Origin®

software.
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Figure 82. Evaluating the binding of compounds to TEAD4 by isothermal titration
calorimetry (ITC). All experiments were performed as described on page S8.

¢) Differential static light scattering (DSLS)

Binding of the compounds to TEAD4 was evaluated by monitoring the effect of compounds on
the thermal stability of the protein using differential static light scattering (DSLS, StarGazer,
Harbinger).! TEAD4 was used at final concentration of 0.2 mg/mL in a buffer consisting of 0.1
M HEPES pH 7.5 and 150 mM NaCl. This method assesses ligand binding through ligand
induced stability where protein aggregation due to denaturation is measured while heating the
sample from 25 to 85 °C at 1 °C/min in a 50 pl. volume (covered with 50 pl. of mineral oil to
prevent evaporation) in a clear-bottom 384-well plate (from Nunc). Aggregation was monitored
by the increase of scattered light using CCD camera detection. Pixel intensities were integrated
using image analysis software, plotted against temperature and data were then fitted to a
Boltzmann sigmoid function to obtain the aggregation temperature (Tage) from the midpoint of

the transition.

d) NMR studies to monitor free-state behavior and protein binding

The "H NMR data for the compound free-state behavior experiments and °F NMR data for the
compound-binding studies were collected using 3 mm NMR tubes on a 600 MHz Bruker
Avance III NMR spectrometer equipped with a helium cryoprobe and a Samplelet sample

changer.
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Samples for the compound free-state behavior studies were prepared by diluting DMSO-ds
stocks of compounds (5 mM) with aqueous buffer (10 mM HEPES-d;s, 150 mM NaCl, 0.5 mM
TCEP-di5:DCl, 10% D»0, pH 7.4) to give a final nominal compound concentration of 50 uM
containing 1% DMSO-ds. The standard Bruker 1D 'H sequence with excitation sculpting
(zgesgp) was used with a relaxation delay of 10 s and 64 scans. Spectra were processed using
Bruker Topspin, and compound concentrations were determined using the ERETIC method as

implemented in Bruker Topspin. Maleic acid was used for calibration of the ERETIC peak.

For the compound binding studies, the free state (SF) samples were prepared by diluting
DMSO-ds stocks of compounds (5 mM) with aqueous buffer (100 mM HEPES, 150 mM NaCl,
10% D0, pH 7.5) to give a final nominal compound concentration of 50 uM containing 1%
DMSO0-ds. To prepare the samples containing protein (SP), a 15.2 pM protein stock solution
was prepared by diluting thawed samples of protein in storage buffer (272 uM TEAD4 in 20
mM Tris, 150 mM NaCl, 10 mM 2-mercaptoethanol, pH 8.0) with aqueous buffer (100 mM
HEPES, 150 mM NaCl, 10% D0, pH 7.5). This 15.2 uM protein stock solution was then used
to dilute DMSO-ds stocks of compounds (5 mM) to give samples with a final nominal
compound concentration of 50 uM, TEAD4 concentration of 15 pM, and 1% DMSO-ds
content. All protein containing solutions were kept on ice. F NMR data were acquired using
the ‘H-decoupled 1D F Bruker experiment (zgfhiggn.2) with a relaxation delay of 5 s and 256

scans. Spectra were processed using Bruker Topspin.

e) Mass spectrometry analysis for the covalent palmitovlation of TEADA4

TEAD4 (final concentration of 15 pM) in the absence and presence (30 uM) of Palmitoyl-CoA
(Palm-CoA, P9716, Sigma) was mixed with various concentrations of each compound and
incubated for 2 hr at RT before being quenched by adding 0.1% trifluoroacetic acid. The
resulting samples were separated on a HPLC column with 5-95% acetonitrile in water as eluent.
The MS data were analyzed using an Agilent LC/MSD Time-of-Flight Mass Spectrometer

equipped with an electrospray ionization source.
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Figure S3. Monitoring the effect of small molecules on the covalent palmitoylation of
TEAD4 by mass spectrometry. In each case, TEAD4 (15 pM) was incubated with Palmitoyl-
CoA (30 pM) in a 1 to 2 ratio in the presence of 0-, 10-, 20- and 50-times TEAD4 molar ratio
of each compound. The spectra show the peak for TEAD4 with no treatment at molecular
weight of 28172 Da, and after 2h incubation with Palmitoyl-CoA at 28410 Da. The change in
the spectra for different ratio of TEAD4- Palmitoyl-CoA- Compound (highlighted in blue) are
presented for (A) compound 34, (B), compound 40 (C) compound 32 (D) compound 49 (E)
compound 50 (F) compound 1 (G) compound 22 (H) compound 47.

S13



135

f) Cell culture

HEK293T cells (ATCC® CRL-3216"") were grown in DMEM (Wisent) supplemented with
10% FBS (Wisent), penicillin (100 U/mL) and streptomycin (100 pg/mL).

g) TEAD Dual-luciferase reporter assay

HEK293T cells were seeded in 6-well plates (8x10°/well in 2 mL.) and were transfected with
total 2 pg of plasmid constructs (empty pCDNA3 vector for control and 8x-GTIIC vector
otherwise) per well using X-tremeGENE HP DNA Transfection Reagent (Sigma) following
manufacturer instructions with a 2:1 ratio of transfection reagent:DNA 4 hours after seeding.
After 20 hours, transfected cells were re-plated in white-bottom (white, 6555098, Greiner Bio
One) 96-well plates (2 x 10%well in 100 pL). 4 hours after re-plating, 20 pL of compound is
added at 6x final desired concentration. Matched DMSO controls with the same DMSO
concentrations as compound dilutions are also included. 20 hours later, media was removed and
Promega Dual-Luciferase® Reporter Assay kit was used to prepare samples for Firefly and
Renilla signal measurement. In brief, 15 pL of 1X Passive Lysis Buffer was added to each well
and the plate was gently shaken at room temperature for 15 minutes to lyse cells. After cell
lysis, plates are put through a freeze-thaw cycle at -80 °C. Once plate temperatures have
warmed to room temperature, 75 uL of Luciferase Assay Reagent IT (LARII) is added to each
well. Immediately after, cells were shaken for 30 seconds and Firefly emission at 580 nm was
measured using CLARIOstar microplate reader (Mandel). Then 75 pL of 1X Stop & Glo®
Reagent was added to each well, cells were shaken for 30 seconds and Renilla emission at 480

nm was measured.
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Effect of compounds on TEAD Activation

120
100
80
60
40

20

% Control Luminescence (RLU)

n=7 3 7 3 7 3 1 1 g 8
Compound 23 Compound 33 Compound 35 Compound 40 DMSO (no drug)

Figure S4. Effect of compounds 23, 33, 35 and 40 on TEAD activation in cells measured by
dual-luciferase reporter assay (compound concentration of ~31.6 uM for blue bars and of ~10

M for orange bars)

h) NanoBRET assay

HEK293T (ATCC® CRL-3216™) cells were grown in DMEM (Wisent) supplemented with
10% FBS (Wisent), penicillin (100 U/mL) and streptomycin (100 pg/mL) and seeded in white
96-well white plates (4 x 10° cells/mL). 4 h later cells were transfected with C-terminally
Halotag-tagged YAPL (0.03 pg/well), C-terminally NanoLuc-tagged TEAD1 or NL alone
(0.001 pg/well) and 0.07 pg of empty vector, using Extreme gene HP transfection reagent,
following manufacturer instructions. The following day media was removed and replaced with
40 nl DMEM F12 (no phenol red, 4% FBS) +/- 618 fluorescent ligand (Promega, 0.5 pL/mL)
and +/- indicated inhibitors concentrations. 4 h later 10 uL of Nanoglo substrate was added
(Promega 8 ul/mL) and 460 nm donor and 618 nm acceptor signals were read. Mean corrected
NanoBRET ratios (mBU) were determined by subtracting mean of 618/460 signal from cells
without NanoBRET™ 618 Ligand x 1000 from mean of 618/460 signal from cells with
NanoBRET™ 618 Ligand x 1000.

1) Total RNA isolation, cDNA synthesis and real-time quantitative PCR

Total RNA was extracted from treated MDA-MB-231 cell monolayers using TriZol reagent
(Life Technologies, Gaithersburg, MD). For cDNA synthesis, 2 Lg of total RNA were reverse-
transcribed using a high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster
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City, CA). cDNA was stored at -80 °C prior to PCR. Gene expression was quantified by real-
time quantitative PCR using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). DNA
amplification was carried out using an Icycler iQ5 (Bio-Rad, Hercules, CA) and product
detection was performed by measuring binding of the fluorescent dye SYBR Green I to double-
stranded DNA. The QuantiTect primer sets were provided by Qiagen (Valencia, CA): CTGF
(Hs CTGF 1 SG, QT00052899), Cyr6l (Hs CYR61 1 SG, QT00003451), PPIA
(Hs PPIA 4 SG, QTO01866137), and GAPDH (Hs GAPDH 1 SG, QT00079247). The
relative quantities of target gene mRNA compared against two internal controls, GAPDH and
PPIA mRNA, were measured by following a ACt method employing an amplification plot
(fluorescence signal vs. cycle number). The difference (ACr) between the mean values in the
triplicate samples of target gene and those of GAPDH and PPIA mRNAs were calculated by
CFX Manager™ (Bio-Rad, Hercules, CA) and the relative quantified value (RQV) was

expressed as 24Cr.

]) Real-time cell migration assay

Cell migration assays were carried out using the Real-Time Cell Analyzer (RTCA) Dual-Plate
(DP) Instrument of the XCELLigence system (Roche Diagnostics). Adherent MDA -MD-231
breast cancer cells were treated with vehicle (1% DMSO) or 10 uM compound 34 (LM98) for
48 hours in serum-free media. Cells were then trypsinized and seeded (20,000 cells/well) onto
CIM-Plates 16 (Roche Diagnostics). These migration plates are similar to conventional
Transwells (8 um pore size) but have gold electrode arrays on the bottom side of the membrane
to provide real-time measurement of cell migration. Prior to cell seeding, the underside of the
wells from the upper chamber were coated with 25 pL of 0.15% gelatin in PBS and incubated
for 1 hour at 37 °C. Cell migration was monitored for 3 hours, and the impedance values were
measured by the RTCA DP Instrument software and expressed in arbitrary units. Each

experiment was performed in triplicate.
2. TEAD? purification, crystallization, and structural determination

The human TEAD2 gene (residue range 221-451) was subcloned into a pNIC-CH wvector
encoding a C-terminal His6é tag and expressed in pET28-DE3 E.coli cells. The recombinant
TEAD2 YAP-binding domain was first affinity purified with Nickel-NTA resin followed by
size-exclusion chromatography using S200 column pre-equilibrated with 20 mM Tris-HCI [pH
8.0] and 150 mM NaCl. Prior to setting crystal trays, TEAD2 at 10 mg/mlL was mixed with 3-

fold molar excess of compound 34 (L.LM98) and incubated on ice for 30 minutes. Co-crystals of
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TEAD2-L.M98 were obtained in vapour-diffusion sitting drops by mixing the protein at 1:1
ratio with precipitant solution containing 3.5 M sodium formate, and 0.1 M Bis-Tris Propane
pH [7.0]. Crystals were then cryo-protected using reservoir solution supplemented with 2 mM
Compound 34 (LM98) and 20% (v/v) glycerol, and cryo-cooled in liquid nitrogen. X-ray
diffraction data for TEAD2-LM98 were collected at the beamline 24ID-E at the Advanced
Photon Source (APS). Data were processed with HKI.3000'. Initial phases were obtained by
using TEAD2-flufenamic acid structure (PDB ID: 5DQ8) as initial model in Fourier transform
with Refinac®. Model building was perforrned in COOT? and refined with Refinac. Molprobity*
was used for structural validation. Compound 34 (LM98) restraints were generated using Grade
Web Server (http://grade.globalphasing.org). Imapes were prepared with PyMol
(www.pymol.org). Data collection and refinement statistics for TEAD2-L.M98 are summarized

in the Table S1.

Table 81. X-ray crystallography data collection and refinement statistics

TEAD2 1LM98
(PDB ID:6VAH)

Data collection
Space group c2
Cell dimensions

a, b, c(A) 120.79, 61.30, 79.86

o By () 90.00, 118.10, 90.00
Resolution (A) (highest 50.0-21(2.14-2.1)
resolution shell)
Runerge 0.09 (0.55)
I/cl 9.2 (1.85)
Completeness (%) 07.0(88.2)
Redundancy 4.1 (2.9
Refinement
Resolution (A) ) 39.07-2.11
No. reflections 27256
-errk I".Rfree 203."24 2
No. atoms

Protein 3163

Ligand 46

‘Water 28
B-factors

Protein 573

Ligand 55.1

‘Water 50.3
R.m.s. deviations

Bond lengths (A) 0.009

Bond angles (%) 1.383

*Values in parentheses are for highest-resolution shell.
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ANNEXE B

RESULTATS DES CAMPAGNES DE CRIBLAGE VIRTUEL A HAUT DEBIT

1. Résultats du criblage virtuel basé sur la librairie combinatoire d’acides 2-

aminobenzoiques

Les scores de modélisations et les efficacités de ligand (LE) rapportés sont issus de

I’arrimage SP de Glide.
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2. Résultats du criblage virtuel basé sur les sous-structures de type acide 2-

aminobenzoique

Les scores de modélisations rapportés sont issus de 1I’arrimage SP de Glide.



Molécules

Docking score

Oy _OH
i
e -14.76
!\N
Oy OH
H
S N._N
R -14.64
el N
F
E
-14.02
-13.78
o
O\
~o HHO o
HN._N__N -12.9
S
HO._O
H
NN N
Q Ty 1259
C ~
|
o
HO._O
cu/Cg -12.29
HN
@
HO._O -12.15
H
HN NN
S
P 6
AN
s Ho_o
-11.63
HN
o
cl
HO._O
N R -11.53
N)\j
HO._O
N
3 -11.52
Ny
N
7\
)
NS O OH -11.48
| H
N =

Molécules Docking score
Oy OH
QL
N /I -11.24
Ny Cl
HO._O
H
N/I N -11.23
X NH,
Z]
Sy HHo o)
o ¥ -11.01
HO._O
H H
N\WN\ N -10.92
N A
Oy OH
~
Ny
NN 2N -10.76
NN
HO._O
8
/@/ » -10.68
NN =N
HO._O
Y
N*N -10.52
O
HO._O
RN R
| Y -10.22
=N
E
HoW Y Ox-OH -10.21
HN A~
N N
Oy OH
N 9.3
HN A~ N A 9.375
Ny
oH Ho OH
VO\/K/N > -6.922
|
NN

233



ANNEXE C

« DESIGN AND SYNTHESIS OF A POTENT INHIBITOR OF PB1 WITH
IMPROVED SELECTIVITY PROFILE OVER SMARCA2. » - PARTIE
EXPERIMENTALE
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Design and Synthesis of 1LM146, a Potent Inhibitor of PB1 with Improved Selectivity
Profile over SMARCA?2
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1. Biological evaluation
a) Protein thermal shift assay (DSF)

N-terminally His-tagged recombinant bromodomains PB1(2) (Reaction Biclogy RD-11-218),
PB1(4) (Reaction Biology RD-11-215), PB1(5) (Reaction Biology RD-11-216), and
SMARCAZA (Reaction Biology RD-11-212) were incubated at a concentration of 10 pM with
100 uM of compound at a final DMSO concentration of 0.2% in the presence of 5x SYPRO
orange protein stain (Life Technologies S-6650) for 30 min at 25 °C in 50 mM NaCl/50 mM
HEPES buffer, pH 7.4. Melt curve experiments were run on an Applied Biosystems ViiA7 real-
time PCR instrument. Melting temperatures (Tm) were calculated using Applied Biosystems
Protein Thermal Shift Software v1.3. This assay was performed at Zenith Epigenetics Ltd,
Calgary, Canada.

b) BromoMAX assay

Protocol description. T'7 phage strains displaying bromodomains were grown in parallel in 24-
well blocks in an E. coli host derived from the BL21 strain. E. coli were grown to log-phase
and infected with T7 phage from a frozen stock (multiplicity of infection = 0.4) and incubated
with shaking at 32°C until lysis (90-150 minutes). The lysates were centrifuged (5,000 x g) and
filtered (0.2um) to remove cell debris. Streptavidin-coated magnetic beads were treated with
biotinylated small molecule or acetylated peptide ligands for 30 minutes at room temperature
to generate affinity resins for bromodomain assays. The liganded beads were blocked with
excess biotin and washed with blocking buffer (SeaBlock (Pierce), 1 % BSA, 0.05 % Tween
20, 1 mM DTT) to remove unbound ligand and to reduce non-specific phage binding. Binding
reactions were assembled by combining bromodomains, liganded affinity beads, and test
compounds in 1x binding buffer (16 % SeaBlock, 0.32x PBS, 0.02%BSA, 0.04 % Tween 20,
0.004% Sodium azide, 7.9 mM DTT). Test compounds were prepared as 1000X stocks in 100%
DMSO and subsequently diluted 1:25 in monoethylene glycol (MEG). The compounds were
then diluted directly into the assays such that the final concentrations of DMSO and MEG were
0.1% and 2.4%, respectively. All reactions were performed in polypropylene 384-well plates in
a final volume of 0.02 ml. The assay plates were incubated at room temperature with shaking
for 1 hour and the affinity beads were washed with wash buffer (1x PBS, 0.05% Tween 20).
The beads were then re-suspended in elution buffer (1x PBS, 0.05% Tween 20, 2 uM non-
biotinylated affinity ligand) and incubated at room temperature with shaking for 30 minutes.

The bromodomain concentration in the eluates was measured by qPCR.

S3
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%Ctrl Calculation. LM146 was screened at 10 pM, and results for primary screen binding
mteractions are reported as % Ctrl', where lower numbers indicate stronger hits in the matrix

in Table S1.

test compound signal—positive control signal

% Ctrl = 100 x

negative control signal—paositive control signal

With test compound = LM146, negative control = DMSO (100%Ctrl) and positive control =
control compound (0%Ctr]).

Relationship between Binding Constant Distributions (Kds) & Single Concentration
Primary Screen Values. Based on screening data from thousands of profiled compounds, a
proportional relationship between primary screening results and comresponding
compound/target affinities may be described. Evident in the correlation graph below is a range
of binding constants (Kd values) for the indicated ranges of POC values with tighter binding
(higher affinity) interactions associated with lower POC values and weaker binding (lower
affinity) associated with higher POC wvalues. This distribution of binding constants is
characteristic of single concentration primary screens and underscores the importance of
following up observed 'hits' or apparent high affinity interactions with quantitative binding

constant determinations.

Binding Constant Distribution Compared to a 10uM Primary Screen

a »
10,000 T .
.
L ] "" {
1000
. .
- - vt *:
S 100 ... %
c 4
=1 i ¢ :
L. -
~ 10 Py g
~ L]
1 30.
- .
&
'» LA
041 ) .
-
.0
L]
<0.1% 0.1-1% 1-5% 5-10% 10-20%  20%>X<35%

Primary Screen Score [Percent of Control (POC)]

Figure $1. Data correlation between primary screening (10 pM concentration) and binding constants (Kd values).
Binding constants are correlated with primary screening results, where lower POC values are associated with low
Kd values (higher affinity interactions).
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Additional data.

Table S1. Matrix of bromoMAX screen for LM146 at 10 uM

| Target

ATAD2A
ATAD2B
BAZ2A
BAZZB
BRD'
BRD2(1)
BRD2(2)
BRD3{1)
BRD3(2)
BRD4(1)
BRD4(2)
BRD7
BRDZ
BRDT({1)
BRDT(2)
BRPF1
BRPF3
CECR2
CREBEF
EP300
FALZ
GCN5L2

88
78
a1
88
79
a7
83
83
96
28
93
70
i3]
93
89
82
94
B5
i)
89
100
76
PBRM1{2)

a l

FBRM1{5)

PCAF [i]

SMARCA2 T —
swarcas RSN
TAF1(2) 62

TAFIL(2) a1
TRIM24(PHD Bromo ) 78
TRIM33(PHD,Bromo.) 100

WDRH(2) 56

%Ctrl Legend
(R I (SO 0555 35

Percent Contral
® o
® 0%
@ 01-1%
@ 1-5%
[
(]

5-10%
10-35%

Figure $2. TREEspof™ bromodomain phylogenic tree for LM 146.
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¢) BromoKsELECT assay

Protocol description. T7 phage strains displaying bromodomains were grown in parallel in 24-
well blocks in an E. coli host derived from the BL21 strain. E. coli were grown to log-phase
and infected with T7 phage from a frozen stock (multiplicity of infection = 0.4) and incubated
with shaking at 32°C until lysis (90-150 minutes). The lysates were centrifuged (5,000 x g) and
filtered (0.2um) to remove cell debris. Streptavidin-coated magnetic beads were treated with
biotinylated small molecule or acetylated peptide ligands for 30 minutes at room temperature
to generate affinity resins for bromodomain assays. The liganded beads were blocked with
excess biotin and washed with blocking buffer (SeaBlock (Pierce), 1 % BSA, 0.05 % Tween
20, 1 mM DTT) to remove unbound ligand and to reduce non-specific phage binding. Binding
reactions were assembled by combining bromodomains, liganded affinity beads, and test
compounds in 1x binding buffer (17% SeaBlock, 0.33x PBS, 0.04% Tween 20, 0.02% BSA,
0.004% Sodium azide, 7.4 mM DTT). Test compounds were prepared as 1000X stocks in 100%
DMSO. Kds were determined using an 11-point 3-fold compound dilution series with one
DMSO control point. All compounds for Kd measurements are distributed by acoustic transfer
(non-contact dispensing) in 100% DMSO. The compounds were then diluted directly into the
assays such that the final concentration of DMSO was 0.09%. All reactions performed in
polypropylene 384-well plates. Each was a final volume of 0.02 ml. The assay plates were
incubated at room temperature with shaking for 1 hour and the affinity beads were washed with
wash buffer (1x PBS, 0.05% Tween 20). The beads were then re-suspended in elution buffer
(1x PBS, 0.05% Tween 20, 2 pM non-biotinylated affinity ligand) and incubated at room
temperature with shaking for 30 minutes. The bromodomain concentration in the eluates was

measured by qPCR. This assay was performed at Eurofins DiscoverX, San Diego, USA.

Compound handling. An 11-point 3-fold serial dilution of each test compound was prepared
in 100% DMSO at 1000x final test concentration. All compounds for Kd measurements are
distributed by acoustic transfer (non-contact dispensing) in 100% DMSO. The compounds were
then diluted directly into the assays such that the final concentration of DMSO was 0.09%.
Most Kds were determined using a compound top concentration = 10,000 nM. If the initial Kd
determined was < 0.169 nM (the lowest concentration tested), the measurement was repeated

with a serial dilution starting at a lower top concentration.

Binding constants (Kds). Binding constants (Kds) were calculated with a standard dose-

response curve using the Hill equation:

S6



241

Signal — Background
Kd(Hill Slope)
Dose(Hill Slope)

Response = Background +

The Hill Slope was set to -1. Curves were fitted using a non-linear least square fit with the

Levenberg-Marquardt algorithmn.
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Figure S3. Additional Curve Images. The amount of bromodomain measured by qPCR (Signal; y-axis) is plotted
against the corresponding compound concentration in nM in log10 scale (x-axis). Data points marked with an "x"
were not used for Kd determination. LM_IT_032 stands for compound 18, LM_II_079 =compound 21, LM _II_146
=24=0LM146 and LM _005=3.

2. X-ray analysis

Protocol description. The data for LM146, crystallized from chloroform, were collected from
a shock-cooled single crystal at 150 K on a Bruker Venture Metaljet «-geometry diffractometer
with a Metal Jet using Helios MX Mirror Optics as monochromator and a Bruker CMOS Photon
III detector. The diffractometer was equipped with an Oxford Cryostream 700 low temperature
device and used Ga Ka radiation (A = 1.34139 A). All data were integrated with SAINT and a
multi-scan absorption correction using TWINABS was applied. The structure was solved by
dual methods using XT and refined by full-matrix least-squares methods against F? by XL.
Structure solution and refinement were performed within the graphical User Interface of
OLEX2. All non-hydrogen atoms were refined with anisotropic displacement parameters. The
hydrogen atoms were refined isotropically on calculated positions using a riding model with
their Ui values constrained to 1.5 times the Ueq of their pivot atoms for terminal sp® carbon
atoms and 1.2 times for all other carbon atoms. Disordered moieties were refined using bond
lengths restraints and displacement parameter restraints. This report and the CIF file were
generated using FinalCif. The crystal structure was deposited in the Cambridge
Crystallographic Data Centre CCDC (number 2070470).
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Additional data.

Figure S4. Thermal atomic displacement ellipsoid plot (Ortep) for LM146. Ellipsoids are drawn at the 50%
probability level and hydrogen atoms are shown as spheres of arbitrary size. Cambridge Crystallographic Data
Centre CCDC number 20704 70.
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Table S2. Crystal data and structure refinement for LM146

Empirical formula
Formula weight
Temperature [K]
Crystal system
Space group {number)
alA]

b [A]

c[A]

al’]

Bl

v [

Volume [47]

z

peic [g/em?]

o [mm?]

F(000)

Crystal size [mm?]
Crystal color
Crystal shape
Radiation

20 range [°]
Index ranges

Reflections collected
Independent reflections

Completeness to

0 =53.594°

Data / Restraints /
Parameters
Goodness-of-fit on F?
Final R indexes

[22a()]

Final R indexes

[all data]

Largest peak/hole [eA3]

CieHa1CIN2O
316.82

150

monoclinic
P2/c(14)
24.3485(10)
8.5492(3)
7.4732(3)

90

94.710(2)

90

1550.37(10)

4

1357

1449

672
0.27x0.08x0.04
clear light colorless
plate

Ga Kx (A=1.34139 4)
6.34 t0 121.31(0.77 A)
0<h<31
O0sgk=11

9<1<9

3545

3545

Rint = 0.0755

Reigma = 0.0463
99.5 %

3545/0/202

1.035
R1=0.0580
whz =0.1636
R1=0.0648
whR2 =0.1735
0.65/-0.29
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Table S3. Atomic coordinates and Ueq [A?] for LM146

Atom X y z Ueq

cl1 0.90977(3) -0.08631(7) 0.53827(12) 0.0433(2)
01 0.80626(8) -0.0153(2) 0.3434(3) 0.0373(5)
N1 0.76591(8) 0.2230(2) 0.3167(3) 0.0294(5)
N2 0.81603(8) 0.4465(3) 0.4192(3) 0.0290(4)
Cl 0.80971(10) 0.1255(3) 0.3711(4) 0.0293(5)
c2 0.86032(10) 0.1992(3) 0.4630(4) 0.0291(5)
3 0.90749(10) 0.1167(3) 0.5330(4) 0.0301(5)
c4 0.95419(10) 0.1924(3) 0.6040(4) 0.0338(6)
H4 0.985416 0.133772 0.649495 0.041

(05} 0.95560(10) 0.3554(3) 0.6091(4) 0.0348(6)
H5 0.988148 0.407422 0.655902 0.042

c6 0.91040(10) 0.4415(3) 0.5470(4) 0.0329(5)
HE 0.911306 0.552535 0.551994 0.039

c7 0.86282(10) 0.3632(3) 0.4762(4) 0.0294(5)
8 0.80931(10) 0.6182(3) 0.4292(4) 0.0318(5)
H8A 0.828537 0.671743 0.334888 0.038
H8B 0.823391 0.658861 0.548262 0.038

9 0.74669(10) 0.6387(3) 0.3982(4) 0.0336(6)
H9A 0.729941 0.650614 0.513787 0.040
H9B 0.737387 0.731539 0.322622 0.040
C10 0.72677(10) 0.4900(3) 0.3033(4) 0.0296(5)
11 0.66688(10) 0.4392(3) 0.2733(4) 0.0310(5)
H11 0.661070 0.323802 0.282636 0.037
Cc12 0.61972(10) 0.5372(3) 0.3310(4) 0.0314(5)
H12 0.633418 0.646157 0.354062 0.038
C13 0.57303(12) 0.5425(4) 0.1791(4) 0.0422(7)
H13A 0.588803 0.573807 0.066486 0.051
H13B 0.557656 0.435953 0.161186 0.051
C14 0.52622(12) 0.6544(4) 0.2132(5) 0.0467(7)
H14A 0.500691 0.661544 0.105130 0.070
H14B 0.541386 0.758203 0.243173 0.070
H14C 0.506519 0.615313 0.313334 0.070
C15 0.63886(13) 0.4934(4) 0.6690(4) 0.0408(7)
HI15A 0.673741 0.441229 0.649927 0.061
H15B 0.623074 0.447041 0.773287 0.061
H15C 0.645523 0.605075 0.690639 0.061
Cl6 0.59922(11) 0.4729(4) 0.5049(4) 0.0373(6)
H16A 0.564160 0.525662 0.526302 0.045
H16B 0.591279 0.360002 0.488605 0.045
c17 0.69778(10) 0.4882(3) 0.1154(4) 0.0337(6)
H17A 0.688129 0.590170 0.058336 0.040
H17B 0.708272 0.405627 0.031918 0.040
C18 0.77040(9) 0.3723(3) 0.3465(3) 0.0274(5)

Table S4. Bond lengths and angles for LM146

Atom-Atom Length [A]
Cl1-c3 1.737(3)
01-C1 1.223(3)
N1-C1 1.388(3)
N1-C18 1.298(3)
N2-C7 1.381(3)
N2-C8 1.479(3)
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N2-C18 1.354(3)
c1-c2 1.499(3)
c2-C3 1.411(3)
C2-C7 1.407(4)
C3-C4 1.377(4)
C4-H4 0.9500
C4-C5 1.394(4)
C5-H5 0.9500
C5-C6 1.372(4)
C6-H6 0.9500
C6-C7 1.404(3)
C8-HB8A 0.9900
C8-H8B 0.9900
C8-Co 1.533(3)
CS—-HSA 0.9900
CS-H9B 0.9900
€9-C10 1.515(4)
C10-C11 1.520(3)
C10-C17 1.519(4)
c10-C18 1.480(3)
Cl1-H11 1.0000
C11-C12 1.512(4)
C11-C17 1.509(4)
Cl12-H12 1.0000
C12-C13 1.540(4)
C12-C16 1.532(4)
C13-H13A 0.9900
C13-H13B 0.9900
C13-C14 1.525(4)
Cl4-H14A 0.9800
Cl14-H14B 0.9800
Cl14-H14C 0.9800
C15—-H15A 0.9800
C15-H15B 0.9800
C15-H15C 0.9800
C15-C16 1.507(4)
Cl6—-H16A 0.9900
Cl6-H16B 0.9900
C17-H17A 0.9900
C17-H17B 0.9500
Atom—-Atom—-Atom Angle [°]
C18-N1-C1 119.2(2)
C7-N2-C8 126.0(2)
C18-N2-C7 120.7(2)
C18-N2-C8 113.3(2)
01-C1-N1 120.1(2)
01-C1-C2 122.2(2)
N1-C1-C2 117.7(2)
c3-C2-C1 125.0(2)
Cc7-C2-C1 118.7(2)
C7-C2-C3 116.3(2)
Cc2-C3-Cl1 122.08(19)
C4-C3-Cl1 115.95(19)
C4-C3-C2 122.0(2)
C3-C4-H4 120.1
C3-C4-C5 119.9(2)
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C5-C4-H4
C4-C5-H5
C6-C5-C4
C6-C5-H5
C5-C6-H6
C5-C6-C7
C7-C6-H6
N2-C7-C2
N2—-C7-C6
ce-C7-C2
N2-C8—-HBA
N2-C8-HB8B
N2-C8-(CS
H8A-C8-H8B
C9-CB-HBA
C9-CB-HBB
C8-CS-HSA
C8-CS-HeB
H9A-CS-HSB
C10-Co-C8
C10-C9-HeA
C10-C9-HSB
C9-C10-C11
C9-C10-C17
C17-C10-C11
C18-C10-Co
C18-C10-C11
C18-C10-C17
C10-C11-H11
C12-C11-C10
C12-C11-H11
C17-C11-C10
C17-C11-H11
C17-C11-C12
C11-C12-H12
C11-C12-C13
C11-C12-Cl6
C13-C12-H12
Cle-Cl2-H12
C16-C12-C13
C12-C13-H13A
C12-C13-H13B
H13A-C13-H13B
C14-C13-C12
C14-C13-H13A
C14-C13-H13B
C13-Cl4-H14A
C13-Cl4-H14B
C13-C14-H14C
H14A-Cl4-H14B
H14A-C14-H14C
H14B-C14-H14C
H15A-C15-H15B
H15A-C15-H15C
H15B-C15-H15C
C16—-C15-H15A
C16—C15-H15B

120.1
119.7
120.6(2)
119.7
120.5
119.1(2)
120.5
117.6(2)
120.3(2)
122.1{2)
111.2
111.2
102.63(19)
109.2
111.2
111.2
110.8
110.8
108.9
104.5(2)
110.8
110.8
125.1(2)
123.2(2)
59.56(17)
105.8(2)
120.0{2)
117.8(2)
114.3
122.8(2)
114.3
60.17(17)
114.3
120.5(2)
108.4
109.8(2)
110.6(2)
108.4
108.4
111.3(2)
108.7
108.7
107.6
114.3(3)
108.7
108.7
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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C16-C15-H15C 109.5
C12-C16-H16A 108.6
C12-C16-H16B 108.6
C15-C16-C12 114.7(2)
C15-C16-H16A 108.6
C15-C16-H16B 108.6
H16A-C16-H16B 107.6
C10-C17-H17A 117.7
C10-C17-H17B 117.7
C11-C17-C10 60.27(17)
C11-C17-H17A 117.7
C11-C17-H178 117.7
H17A-C17-H17B 114.9
N1-C18-N2 125.8(2)
N1-C18-C10 125.6(2)
N2-C18-C10 108.5(2)

Table S5. Torsion angles for LM146

Atom-Atom—Atom-Atom Torsion Angle [°]

Cl1-€3-C4-C5 -178.6(2)
01-C1-C2-C3 -2.8(4)
01-C1-C2-C7 174.7(3)
N1-C1-C2-C3 177.3(3)
N1-C1-C2-C7 -5.2(4)
N2-C8-C9-C10 -21.7(3)
C1-N1-C18-N2 3.9(4)
C1-N1-C18-C10 -177.4(2)
C1-C2-C3-Cl1 -6.0(4)
C1-C2-C3-C4 175.1(3)
C1-C2-C7-N2 6.4(4)
C1-C2-C7-C6 -174.7(3)
€2-C3-C4-C5 0.4(4)
C3-C2-C7-N2 -176.0(2)
€3-C2-C7-C6 2.9(4)
C3-C4-C5-C6 1.3(4)
C4-C5-C6-C7 -0.8(4)
C5-C6-C7-N2 177.5(3)
C5-C6-C7-C2 -1.4(4)
C7-N2-C8-C9 -164.9(3)
C7-N2-C18-N1 -2.7(4)
C7-N2-C18-C10 178.4(2)
C7-C2-C3-Cl1 176.5(2)
C7-C2-C3-C4 -2.4(4)
C8-N2-C7-C2 177.1(2)
C8-N2-C7-C6 -1.8(4)
C8-N2-C18-N1 177.5(2)
C8-N2-C18-C10 -1.4(3)
€8-C9-C10-C11 168.1(3)
C8-C9-C10-C17 -118.1(3)
€8-C9-C10-C18 21.6(3)
€9-C10-C11-C12 2.2(4)
€9-C10-C11-C17 111.3(3)
C9-C10-C17-C11 -114.3(3)
€9-C10-C18-N1 168.0(3)
€9-C10-C18-N2 -13.1(3)

514



C10-C11-C12-C13
C10-C11-C12-C16
C11-C10-C18-N1
C11-C10-C18-N2
C11-C12-C13-C14
C11-C12-C16-C15
C12-C11-C17-C10
C13-C12-C16-C15
C16-C12-C13-C14
C17-C10-C11-C12
C17-C10-C18-N1
C17-C10-C18-N2
C17-C11-C12-C13
C17-C11-C12-C16
C18-N1-C1-01
C18-N1-C1-C2
C18-N2—-C7-C2
C18-N2—-C7-C6
C18-N2—-C8-C8
C18-C10-C11-C12
C18-C10-C11-C17
C18-C10-C17-C11

134.9(3)
-101.9(3)
19.5(4)
-161.7(2)
-172.9(3)
69.3(3)
112.7(3)
-168.4(3)
64.4(3)
-109.1(3)
-49.6(4)
129.3(2)
62.8(3)
-174.0(2)
-179.7(3)
0.2(4)
-2.7(4)
178.3(3)
14.9(3)
144 4(3)
-106.5(3)
110.3(3)
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ANNEXE D

« SYNTHESIS OF NVS-BPTF-1 AND EVALUATION OF ITS IMPACT ON THE
IMMUNOPROTEASOME. » - PARTIE EXPERIMENTALE
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1. Biological Evaluation

a) AlphaScreen Assay

The AlphaScreen® Histidine (Nickel Chelate) Detection Kit (Perkin Elmer, 6760619M) was
used according to the manufacturer’s instructions. 100 nM N-terminally His-tagged BPTF
(Active Motif) or 33 nM BRDBDI1 (Genscript) and biotinylated tetra-acetylated histone H4
peptide (50 nM) (Millipore) were mixed in 50 mM HEPES, 100 mM NacCl, and 0.1% bovine
serum albumin buffer, pH 7.4. Nickel chelate acceptor beads and streptavidin donor beads
(PerkinElmer) were added to a final concentration of 2 pug/mL under green light. Serially diluted
compounds were added to the reaction mixture in a white 96 well plate (Greiner) and assay
plates were read at 570 nM on a Synergy H4 Plate Reader (Biotek) after 30 min incubation

time. GraphPad Prism software was used to determine ICsq values.

b) Protein Thermal Denaturation Assay

5 uM of purified bromodomain proteins (BRD4BD1 and BPTF) were incubated with 100 uM
of the compound or DM SO (0.2%) in the presence of 5X SYPRO® Orange (Molecular Probes)
in 20 mM HEPES, pH 7.4, and 100 mM NaCl. Samples were incubated at room temperature
for 30 min followed by the increase from 25 °C to 95 °C in a ViiA7 real-time PCR machine
(Applied Biosystems). The melting temperatures were calculated using Protein Thermal Shifi™

Software v1.0 (Life Technologies).

¢) Proliferation Assay

Cells were purchased from ATCC and cultured according to supplier’s protocol in 80 mL flasks.
Once confluent cells were detached with trypsin, diluted 1:10 for B16F10, A549, BT 549 and
CALS1 and 1:6 for HCC70 and MDA453 then plated into 96 well plates. After overnight
adherence, cells were treated with NVS-BPTF-1, AU or C620-0696 (Aobious) on Day 1 and
Day 4. On day 7, the effect on proliferation was measured using CellTiter-Fluor™ Cell
Viability Assay (Promega) and Synergy H4 Hybrid Microplate Reader (Biotek). Data was
analyzed using GraphPad.
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Figure S1. Effect of BPTF bromodomain inhibition by NVS-BPTF-1 on proliferation in mouse and human cell lines.

d) siRNA Knockdown of Bptf in B16F10

B16F10 cells were plated 200,000 cells per well for 6 well plate. Dharmafect 1 (Dharmacon)
was used to transfect ON-TARGETplus SMARTpool siRNA mouse Bptf (L-064332-01) or
non-targeting pool (D-001810-10).
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Figure S2. BPTF siRNA knockdown increases PSMB3 in B16F10 cells.
¢) Measurement of Immunoproteasome Proteins by Western blot

B16F10, A549 and BT3549 cells were plated and treated in 6 well plates, lysed with 300 pL
RIPA buffer plus protease inhibitors then sonicated. Cell lysates were combined with T.DS

Loading Buffer and Sample Reducing Agent (Invitrogen). After 80 °C denaturation for 10 min,

10 pL. of sample was loaded into NuUPAGE 4-12% Bis-Tris gel and separated by electrophoresis

at 100 V for 90 min then transferred onto nitrocellulose membrane. Antibodies against TAP1
(12341, Cell Signaling), TAP2 (PAS5-37414, ThermoFisher). PSMBS8 (13635, Cell Signaling),
PSMB9 (PA1-1960, ThermoFisher) and goat anti-rabbit IgG peroxidase (EMD Millipore) were

used. Supersignal West Femto Maximum Sensitivity Substrate (Thermo) and Universal Hood
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II Gel Molecular Gel Imaging System (Biorad) were used for detection. Quantity One software

was used for image processing.

f) RT-PCR of Mouse Psmb9

B16F10 cells were plated 25,000 cells per well in 96 well plates and cultured overnight. After
treatment with NVS-BPTF-1, mRNA was isolated using Catcher PLUS (Invitrogen). Psmb9
(Mm00479004 _ml1) and Ppia endo control (Mm02342430 gl) were applied using RNA
Ultrasense One Step qRT-PCR System and Viia7 (Life Technologies).

2. X-Ray Analysis

a) Protocol description

The data for NVS-BPTF-1, crystallized from DCM, were collected from a shock-cooled single
crystal at 150 K on a Bruker Venture Metaljet k-geometry diffractometer with a Metal Jet using
Helios MX Mirror Optics as monochromator and a Bruker CMOS Photon III detector. The
diffractometer was equipped with an Oxford Cryostream 700 low temperature device and used
Ga K, radiation (A = 1.34139 A). All data were integrated with S4/N7 and a multi-scan
absorption correction using SADABS was applied. The structure was solved by dual methods
using X7 and refined by full-matrix least-squares methods against #2 by XL. Structure solution
and refinement cycles were performed within the graphical user interface of OLEX2. All non-
hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms
were refined isotropically on calculated positions using a riding model with their Ui, values
constrained to 1.5 times the U, of their pivot atoms for terminal sp? carbon atoms and 1.2 times
for all other carbon atoms. This report and the CIF file were generated using FinalCif. The
crystal structure was deposited in the Cambridge Crystallographic Data Centre CCDC (number
2080173).

b) Additional Data
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Figure $3. Thermal atomic displacement ellipsoid plot (Ortep) for NVS-BPTF-1. Ellipsoids are drawn at the 50% probability
level and hydrogen atoms are shown as spheres of arbitrary size.
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Table $1. Crystal data and structure refinement for NVS-BPTF-1.

Empirical formula
Formula weight
Temperature [K]
Crystal system
Space group (number)
a [A)

b [A)

c[A]

a[7]

Bl

v [l .
Volume [A3]

z

Pealc [gem 3]

# [mm™]

F(000)

Crystal size [mm?)]
Crystal colour
Crystal shape
Radiation

28 range []
Index ranges

Reflections collected
Independent reflections

Completeness to

6 =53.594°

Data / Restraints /
Parameters
Goodness-of-fit on F?
Final R indexes
[1226(1)]

Final R indexes

[all data]

Largest peak/hole [eA?)
Flack X parameter
Extinction coefficient

CasH22FN703S
537.61

150

orthorhombic

1ba2 (45)
15.8564(18)
43.448(5)

7.2000(9)

90

90

90

4960.2(10)

8

1.440

1.042

2256

0.28x0.1x0.03

clear light colourless
plate

Ga Ka (A=1.34139 A)
5.16 to 110.02 (0.82 A)
-19<h<15
-522ks<53
-8s51<8

19529

4465

Rint = 0.0786

Reigma = 0.0705
999%

4465/1/346

1.018
R:=0.0586
wRz =0.1427
R1=0.0983
wRe =0.1717
0.29/-0.32
0.00(3)
0.00057(14)

Table 52. Atomic coordinates and Ueq [A2] for NVS-BPTE-1.

Atom X y 4 Ueq

s1 0.34117(8) 0.11773(3) 0.2683(3) 0.0528(4)
F1 0.63332(19) 0.16188(8) 0.3619(6) 0.0566(10)
o1 0.7225(2) 0.30515(10) 0.6912(7) 0.0572(12)
02 0.2572{2) 0.13001(10) 0.2587(8) 0.0598(12)
03 0.3767(3) 0.10278(10) 0.1087(7) 0.0603(12)
N1 0.4573(3) 0.42986(12) 0.8469(8) 0.0492(12)
N2 0.5432(3) 0.43189(12) 0.8561(8) 0.0546(13)
N3 0.5787(3) 0.30452(11) 0.6526(7) 0.0455(12)
N4 0.5062(3) 0.25949(10) 0.5507(7) 0.0471(13)

290



Meélin, L.; Calosing, C.; Kharenko, O.A.; Hansen, H.C.; Gagnon, A.

NS
H5
NG
N7
c1
H1
c2
H2A
H2B
c3
H3A
H3B
ca
H4
cs
c6
HE
c7
H7
cs
o]
H9
C10
H10
c11
c12
C13
c14
c1s
H15A
H15B
H15C
c16
c17
c18
H18
c19
c20
H20
c21
H21
c22
H22A
H22B
c23
H23A
H23B
C24
H24A
H24B
c25
H25A
H25B
c26

0.5847(3)
0.635765
0.3403(3)
0.3723(3)
0.4068(4)
0.402688
0.4050(4)
0.439328
0.400508
0.3301(4)
0.279493
0.318304
0.5688(4)
0.626335
0.5019(3)
0.4313(4)
0.374398
0.5767(3)
0.628447
0.5032(3)
0.4269(4)
0.373978
0.4293(3)
0.377722
0.5066(3)
0.6612(3)
0.6587(3)
0.5822(4)
0.7402(4)
0.786117
0.752226
0.735513
0.5214(3)
0.5478(3)
0.4857(4)
0.517848
0.4088(4)
0.3728(3)
0.319693
0.4336(4)
0.412006
0.4150(4)
0.463680
0.438504
0.4017(4)
0.358485
0.453961
0.2927(4)
0.271553
0.250263
0.3047(4)
0.249710
0.343089
0.3620(5)

0.21621(11)
0.209635
0.09158(11)
0.05753(13)
0.45634(13)
0.461976
0.48233(14)
0.480315
0.503518
0.46162(15)
0.470050
0.446853
0.40318(14)
0.357144
0.38319(12)
0.40142(13)
0.394970
0.33450(14)
0.345252
0.35057(13)
0.33385(15)
0343773
0.30452(14)
0.294112
0.28821(13)
0.28974(14)
0.25915(14)
0.24573(14)
0.24147(15)
0.254779
0.234530
0.223571
0.19506(13)
0.16632(14)
0.14254(13)
0.123470
0.14735(14)
0.17558(14)
0.178648
0.19942(14)
0.218520
0.07370(15)
0.086889
0.066239
0.04656(15)
0.033038
0.034379
0.07384(16)
0.080746
0.059788
0.10148(14)
0.111734
0.116455
0.03200(18)

0.4660(8)
0439175
0.4333(8)
0.7621(9)
0.8913(11)
1.025644
0.7551(12)
0.640913
0.804741
0.7759(13)
0.838233
0.674450
0.8159(10)
0.811886
0.7807(10)
0.8022(10)
0.787980
0.7060(10)
0.729408
0.7264(9)
0.6810(10)
0.706751
0.6363(9)
0612926
0.6117(10)
0.6446(10)
0.5849(9)
0.5375(9)
0.5828(10)
0625978
0.455970
0664957
0.4287(10)
0.3710(10)
0.3210(9)
0278765
0.3345(10)
0.3889(9)
0411058
0.4456(10)
0488733
0.4551(11)
0508837
0332453
0.5828(11)
0526321
0589341
0.7383(12)
0.860784
0.683653
0.6122(10)
0591347
0.672010
0.8501(14)

0.0493(13)
0.059
0.0511(13)
0.0590(14)
0.0541(16)
0.065
0.0585(16)
0.070
0.070
0.0643(18)
0.077
0.077
0.0552(18)
0.066
0.0453(13)
0.0506(16)
0.061
0.0481(15)
0.058
0.0460{14)
0.0507(15)
0.061
0.0497(16)
0.060
0.0470{14)
0.0492(15)
0.0468(14)
0.0481(15)
0.0539(16)
0.081
0.081
0.081
0.0471(14)
0.0495(15)
0.0500{16)
0.060
0.0515(16)
0.0503(15)
0.060
0.0507(15)
0.061
0.0574(17)
0.069
0.069
0.0610{18)
0.073
0.073
0.0617(18)
0.074
0.074
0.0516(16)
0.062
0.062
0.077(2)
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H26A 0.315775 0.018797 0.847658 0.115
H26B 0.345035 0.039955 1.014204 0.115
H26C 0.414343 0.020018 0.894857 0.115

Ueq 1s defined as 1/3 of the trace of the orthogonalized Uy tensor.

Table 53. Bond lengths and angles for NVS-BPTF-1.

Atom—Atom Length [A]
51-02 1.436(4)
51-03 1.435(5)
S1-N6 1.644(6)
51-C19 1.741(6)
F1-C17 1.371(6)
01-C12 1.227(6)
N1-N2 1.367(6)
N1-C1 1.437(3)
N1-C6 1.342(3)
N2-C4 1.343(8)
N3—C7 1.375(7)
N3-C11 1.377(7)
N3-C12 1.458(7)
N4-C11 1.323(7)
N4—C14 1.349(7)
N5-H5 0.8800
N5-C14 1.383(7)
N5-C16 1.387(7)
N6-C22 1.479(7)
N6-C25 1.470(9)
N7-C23 1.453(10)
N7-C24 1.458(8)
N7-C26 1.451(10)
Cl1-H1 1.0000
c1-c2 1.496(10)
c1-c3 1.491{10)
C2—H2A 0.2500
C2-H2B 0.2200
C2-C3 1.497(9)
C3—-H3A 0.9900
C3—-H3B 0.9900
C4—-H4 0.8500
ca—C5 1.394(8)
c5-C6 1.381(8)
cs5—c8 1.470{7)
C6—He 0.8500
C7-H7 0.9500
c7-c8 1.358(3)
c8-C9 1.435(8)
C9-HS 0.9500
C9-C10 1.335(9)
C10-H10 0.8500
C10-C11 1.426(8)
c12-C13 1.397(8)
C13-C14 1.388(8)
c13-C15 1.504(8)
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C15-H15A 0.9800
C15-H15B 0.9800
C15-H15C 0.9800
C16-C17 1.381(8)
C16-C21 1.409(8)
C17-C18 1.371(8)
C18-H18 0.9500
C18-C19 1.397(8)
€19-C20 1.395(8)
C20-H20 0.9500
C20-C21 1.394(8)
C21-H21 0.9500
C22-H22A 0.9200
C22-H22B 0.9900
C22-C23 1.520(10)
C23-H23A 0.9500
C23-H23B 0.9900
C24-H24A 0.9900
C24—-H24B 0.9200
C24-C25 1.517(9)
C25-H25A 0.9900
C25-H25B 0.9900
C26—H26A 0.9800
C26—-H26B 0.9800
C26—-H26C 0.9800
Atom-Atom-Atom Angle [°]
02-51-N6 106.5(3)
02-51-C19 108.0(3)
03-51-02 119.6(3)
03-51-N6 105.6(3)
03-51-C19 108.2(3)
N6-51-C19 108.5(3)
N2-N1-C1 119.5(5)
C6-N1-N2 112.2(5)
C6-N1-C1 128.2(5)
C4-N2-N1 103.3(5)
C7-N3—C11 122.3(5)
C7-N3-C12 117.0(5)
Cl1-N3-C12 120.7(5)
C11-N4-Cl14 116.0(5)
C14-N5-H5 114.1
Cl4-N5-C16 131.8(5)
C16—-N5—-H5 114.1
C22-N6-51 115.6(4)
C25-N6-51 115.8(4)
C25-N6—C22 112.7(5)
C23-N7-C24 109.5(6)
C26—N7-C23 110.5(6)
C26-N7-C24 110.4(5)
N1-C1-H1 116.6
N1-C1-C2 118.0(6)
N1-C1-C3 117.0(6)
C2-Cl1-H1 116.6

10
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C3-C1-H1 116.6
C3-C1-C2 60.1(5)
C1-C2-H2A 117.8
C1-C2-H2B 117.8
C1-C2-C3 59.8(4)
H2A-C2-H2B 114.9
C3-C2-H2A 117.8
C3-C2-H2B 117.8
C1-C3-C2 60.1(4)
C1-C3-H3A 117.8
C1-C3-H3B 117.8
C2-C3-H3A 117.8
C2-C3-H3B 117.8
H3A-C3-H3B 114.9
N2-C4-H4 123.6
N2-C4-C5 112.9(5)
C5-C4—H4 123.6
C4-C5-C8 129.7(5)
C6-C5-C4 103.8(5)
C6-C5-C8 126.4{5)
N1-C6-C5 107.8(5)
N1-C6-H6 126.1
C5-C6-H6 126.1
N3—-C7-H7 119.0
C8-C7-N3 122.1(5)
C8-C7-H7 119.0
C7-C8—C5 121.6(5)
C7-C8-C9 116.8(5)
C9-C8-C5 121.6(5)
C8-C9—H9 119.6
C10-C9-C8 120.8(5)
C10-C9-H9 119.6
C5-C10-H10 118.8
C9-C10-C11 122.4(5)
C11-C10-H10 118.8
N3—-C11-C10 115.6(5)
N4—C11-N3 124.0(5)
N4—C11-C10 120.4(5)
01-C12-N3 117.3(5)
01-C12-C13 128.7(5)
C13-C12-N3 113.9(5)
C12-C13-C15 117.7(5)
C14-C13-C12 120.0(5)
€14-C13-C15 122.3(5)
N4—C14-N5 117.6(5)
N4—C14-C13 125.2(6)
N5—-C14-C13 117.2(5)
C13-C15-H15A 109.5
C13-C15-H158 109.5
€13-C15-H15C 109.5
H15A-C15-H15B 109.5
H15A-C15-H15C 109.5
H15B—C15-H15C 109.5
N5—C16-C21 127.5(5)

11
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C17-C16—N5
C17-Cle—C21
F1-C17-C16
C18-C17-F1
C18-C17-C16
C17-C18-H18
C17-C18-C19
C19-C18-H18
C18-C19-51
C20-C19-51
C20-C19-C18
C19-C20-H20
C21-C20-C19
C21-C20-H20
C16-C21-H21
C20-C21-C16
C20-C21-H21
N6—-C22-H22A
N6-C22-H22B
N6-C22-C23
H22A-C22-H22B
C23-C22-H22A
C23-C22-H22B
N7-C23-C22
N7-C23-H23A
N7-C23-H23B
C22-C23-H23A
C22-C23-H23B
H23A-C23-H23B
N7-C24-H24A
N7-C24-H24B
N7-C24-C25
H24A-C24-H24B
C25-C24-H24A
C25-C24-H248
N6-C25-C24
NE6—-C25-H25A
N6-C25-H25B
C24-C25-H25A
C24-C25-H25B
H25A-C25-H25B
N7-C26—H26A
N7-C26—-H26B
N7-C26-H26C
H26A-C26—-H26B
H26A-C26-H26C
H26B-C26-H26C

121.2
118.5(5)
122.1(4)
119.4(5)
119.3
121.4(5)
119.3
120.1
119.7(5)
120.1
110.0
110.0
108.6(5)
108.3
110.0
110.0
109.3(6)
109.7
109.7
109.7
109.7
108.2
109.6
109.6
110.3(5)
108.1
109.6
109.6
109.8(5)
109.7
109.7
109.7
109.7
108.2
109.5
109.5
109.5
109.5
109.5
109.5

Table 54. Torsion angles for NVS-BPTF-1.

Atom—-Atom—-Atom—Atom Torsion Angle [°]

S1-N6-C22-C23
S1-N6—-C25-C24

-168.3(5)
169.4(4)

12
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$1-C19-C20-C21 -177.9(5)
F1-C17-C18-C19 178.9(6)
01-C12-C13-C14 -179.9(6)
01-C12-C13-C15 2.8{11)
02-51-N6-C22 174.3(5)
02-51-N6-C25 -50.8(5)
02-51-C15-C18 -168.6(6)
02-51-C19-C20 10.5(7)
03-51-N6-C22 46.2(5)
03-51-N6-C25 -178.9(4)
03-51-C13-C18 -37.8(6)
03-51-C18-C20 141.7(6)
N1-N2-C4—C5 0.3(8)
N1-C1-C2-C3 106.7(7)
N1-C1-C3-C2 -108.4(7)
N2-N1-C1-C2 72.7(8)
N2-N1-C1-C3 141.5(6)
N2-N1-C6-C5 0.2(8)
N2-C4-C5-C6 -0.2(8)
N2—-C4—C5-C8 177.8(7)
N3-C7-C8-C5 -179.0(6)
N3-C7-C8-C9 0.5(10)
N3-C12-C13-C14 0.8(9)
N3-C12-C13-C15 -176.6(5)
N5—C16-C17-F1 1.6(9)
N5—-C16-C17-C18 -177.6(6)
N5—C16-C21-C20 178.9(6)
N6-51-C19-C18 76.4(6)
N6-51-C19-C20 -104.1(6)
N6-C22-C23-N7 -55.0(7)
N7—-C24-C25-N6 56.3(7)
C1-N1-N2-C4 177.0(6)
C1-N1-C6-C5 -176.8(6)
C4-C5-C6-N1 0.0(8)
C4-C5-C8—C7 1.2(11)
C4-C5-C8—CO -178.3(7)
C5-C8-C9—C10 177.9(6)
C6-N1-N2-C4 -0.4(7)
C6-N1-C1-C2 -110.4(8)
C6-N1-C1-C3 -41.6(10)
C6-C5-C8-C7 178.8(7)
C6-C5-CB8—CO -0.7(11)
C7-N3-C11-Né 176.3(6)
C7-N3-C11-C10 -2.7(9)
C7-N3-C12-01 2.1(8)
C7-N3-C12-C13 -178.5(6)
C7-C8-C9—C10 -1.6(10)
€8-C5-C6-N1 -178.1(6)
C8-Ce-C10-C11 0.6{10)
€9-C10-C11-N3 15(9)
C9-C10-C11-N4 -177.5(7)
C11-N3-C7-C8 1.7(10)
C11-N3-C12-01 -176.6(6)
C11-N3-C12-C13 2.8(8)

13
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C11-N4—-C14-N5 -177.0(6)
C11-N4-C14-C13 0.9(9)
C12-N3—-C7-C8 -177.0(6)
C12-N3-C11-N4 -5.0(9)
C12-N3-C11-C10 176.0(5)
C12-C13-C14-N4 -2.8(10)
C12-C13-C14-N5 175.1(6)
C14-N4—C11-N3 3.0{9)
C14-N4-C11-C10 -178.0(6)
C14-N5—-C16-C17 -174.7(7)
C14-N5-Cl16-C21 4.3(11)
C15-C13-C14-N4 174.4(6)
C15-C13-C14-N5 -7.6(9)
C16-N5—-C14—-N4 -11.7(10)
C16-N5-C14-C13 170.2(6)
C16-C17-C18-C19 -2.0(10)
C17-C16—-C21-C20 -2.1(9)
C17-C18-C19-51 179.0(5)
C17-C18-C19-C20 -0.6(10)
C18-C19-C20-C21 1.6(10)
C19-51-N6—C22 -69.6(5)
C19-51-N6—C25 65.2(5)
C18-C20-C21-C16 -0.3(10)
C21-C16—C17-F1 -177.5(5)
C21-C16-C17-C18 3.3(10)
C22-N6—C25-C24 -54.4(6)
C23-N7-C24-C25 -61.1(7)
C24-N7-C23-C22 62.8(7)
C25-N6—C22-C23 55.5(7)
C26-N7-C23-C22 -175.4(5)
C26-N7-C24-C25 177.1(6)

Table 55. Hydrogen bonds for NVS-BPTF-1.

D-H--A [A] d(D-H) [A] dH--A)[A]  d@--A)[A]  <(DHA) [
N5-H5--F1 0.88 2.15 2.504(6) 1107
C6-H6:+-02! 0.95 236 3.301(7) 169.8
C20-H20---01% 0.95 2.63 3.358(8) 1332
C21-H21--N4 0.95 237 2.951(8) 1194
C24-H24A--Q3% 0.99 2.62 3.236(9) 120.2
C25-H25B--F1* 0.99 2.43 3.330(7) 150.8

Symmetry transformations used to generate equivalent atoms:
#1005-X, 05-Y, 0547, #2:-05+3, 05-Y, +2Z; #3430 +Y, 1+Z; #4: 1.0-X, +Y, 0542

3. General Chemistry Methods

Unless otherwise stated, reactions were performed in non-flame dried glassware and
commercial reagents were used without further purification. Anhydrous solvents were obtained
using an encapsulated solvent purification system and were further dried over 4 A molecular

sieves. The evolution of reactions was monitored by analytical thin-layer chromatography
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(TLC) using silica gel 60 F254 precoated plates visualized by ultraviolet radiation (254 nm).
Flash chromatography was performed employing 230-400 mesh silica using the indicated
solvent system according to standard techniques. Nuclear magnetic resonance spectra *H were
recorded on a BrukerAvance-Ill 300 MHz or 600 MHz and ®C were recorded on a
BrukerAvance-III 75 MHz or 151 MHz spectrometer. Chemical shifts for ‘H-NMR specira are
recorded in parts per million from tetramethylsilane with the solvent resonance as the internal
standard (chloroform-d, 8 7.26 ppm; methanol-d4, & 3.31 ppm, dimethysulfoxide-ds, 6 2.50
ppm). Data is reported as follows: chemical shift, multiplicity (s = singlet, s(br) = broad singlet,
d = doublet, t=triplet, q = quartet, quint = quintet, sext= sextet, m = multiplet, dd = doublet of
doublet, dt = doublet of triplet, ddd = doublet of doublet of doublet, dtd = doublet of triplet of
doublet), coupling constant .J in Hz and integration. Chemical shifts for *C-NMR spectra are
recorded in parts per million from tetramethylsilane using the solvent resonance as the internal
standard (chloroform-d, 8 77.16 ppm; methanol-ds, & 49.00 ppm, dimethysulfoxide-ds, 8 39.52
ppm). Purity was assessed on an Agilent 1260 infinity HPLC system equipped with an Agilent
Eclipse Plus C18 (3.5 pM, 4.6 x 100 mm) column using a 20-minute gradient method (0 to
100% MeCN + 0.06% TFA in water + 0.06% TFA; the absorbance was measured at 254 nm).
HRMS were performed on a TOF LCMS analyzer using the electrospray (ESI) mode.

4. Compound Synthesis and Characterization

1-((3-Fluoro-4-nitrophenyl)sulfonyl)-4-methvlpiperazine (11)

N~
e

kol

F

To a solution of 1-methylpiperazine 10 (0.17 mL, 1.5 mmol, 1 eq) in dry CH>Cl; (12 mL) was
added triethylamine (0.63 mL, 4.5 mmol, 3 eq). The solution was cooled to 0 °C and 3-fluoro-
4-nitrobenzenesulfonyl chloride 9 (395 mg, 1.65 mmol, 1.1 eq) was added. The reaction mixture
was slowly allowed to warm up to room temperature and stirred for 15 min. After being
concentrated in vacuo, the crude material was purified by flash column chromatography (SiO-,
hexanes/EtOAc 20:80 to 0:100) to provide 11 as a yellow solid (253 mg, 0.834 mmol, 56%).
'H-NMR (300 MHz, CDCl3) 6 8.19 (dd, J=8.7, 6.9 Hz, 1H), 7.71 — 7.64 (m, 2H), 3.11 (t, J=
5.0 Hz, 4H), 2 48 (t,/=5.0 Hz, 4H), 2.27 (s, 3H); C-NMR (75 MHz, CDCl3) § 157.00, 153.42,

15
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143.04, 142.95, 127.16, 127.12, 123.78, 123.72, 118.35, 118.04, 53.99, 46.04, 45.79; ’'F-NMR
(282 MHz, DMSO-ds) 6 -115.36, -115.39, -115.40, -115.42.

2-Fluoro-4-((4-methylpiperazin-1-ylsulfonyl)aniline (3

To a suspension of 1-((3-fluoro-4-nitrophenyl)sulfonyl)-4-methylpiperazine 11 (100 mg, 0.330
mimol, 1 eq) in ethanol (1.3 mL) was added three drops of HClcene. and metallic iron powder (74
mg, 1.3 mmol, 4 eq). After heating at 79 °C for 1 h, the reaction mixture was cooled down to
room temperature and quenched with a slow addition of saturated aqueous solution of NaHCO3
(10 mL). The aqueous phase was extracted with EtOAc (3 x 10 mL). Combined organic phases
were washed with water (1 x 20 mL), brine (1 x 20 mL), dried over Na»SQ, filtered and
concentrated under reduced pressure to provide 3 (89 mg, 0.33 mmol, quant.) as a beige solid.
"H-NMR (300 MHz, Methanol-ds) § 7.36 — 7.28 (i, 2H), 6.90 (, J= 8.6 Hz, 1H), 2.99 (1, J=
5.1 Hz, 4H), 2.50 (t,/=5.0 Hz, 4H), 2.26 (s, 3H); *C-NMR (75 MHz, CDCls) § 125.38, 125.34,
123.54, 115.63, 115.54, 115.26, 54.12, 46.05, 45.79; YF-NMR (282 MHz, CDCls) & -134.05, -
134.08, -134.10,-134.11, -134.13.

1-Cyclopropyvl-4-iodo-1H-pyrazole (13)

To a sealable tube were added 4-iodo-1H-pyrazole 12 (300 mg, 1.55 mmol, 1 eq),
cyclopropylboronic acid (266 mg, 3.10 mmol, 2 eq), Cu(OAc). (282 mg, 1.55 mmol, 1 eq),
DMAP (757 mg, 6.20 mmol, 4 eq) and pyridine (0.314 mL, 3.88 mmol, 2.5 eq) in dioxane (15
mL). The resulting mixture was bubbled with oxygen for 1 min and then stirred at 100 °C for
16 h under oxygen atmosphere. Back to room temperature, a saturated aqueous solution of
NH4C1 was added. The aqueous phase was extracted with EtOAc (3 x 20 mL). Combined
organic phases were washed with a saturated aqueous solution of NH4C1(2 x 40 mL), brine (1
x 40 mL), dried over Na;SQs, filtered and concentrated under reduced pressure. Purification by

flash column chromatography (Si0», hexanes/EtOAc 95:5 to 85:15) provided 13 (347 mg, 1.48

16
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mmol, 95%) as a transparent uncolored oil. 'H-NMR (300 MHz, CDCls) & 7.45 (s, 1H), 7.42
(s, 1I0), 3.55 (tt,J= 7.3, 3.6 Hz, 1), 1.10 — 1.01 (m, 2I0), 1.01 — 0.92 (m, 2H); PC-NMR (75
MHz, CDCL3) § 144.23, 134.08, 55.66, 33.01, 6.56.

1-Cyclopropyl-4-(4.4.5_5-tetramethvl-1.3.2-dioxaborolan-2-vl)-1H-pyrazole (14)

1-Cyclopropyl-4-iodo-1H-pyrazole 13 (463 mg, 1.98 mmol, 1 eq), bis(pinacolato)diboron (703
mg, 2.77 mmol, 1.4 eq), potassium acetate (777 mg, 7.77 mmol, 4 eq) and [1,l’-
Bis(diphenylphosphino)ferrocene]dichloropalladium(IT) in complex with dichloromethane (81
mg, 0.099 mmol, 0.05 e¢q) were combined in DMSO (7.5 mL). The mixture was purged with
argon for 5 min and then heated at 80 °C for 3 h. After cooling the reaction mixture down to
room temperature, the mixture was diluted with EtOAc (10 mL) and filtered over a plug of
celite (rinsed with EtOAc 3 x). The filtrate obtained was washed with brine (2 x 20 mL), dried
over NayS0y, filtered and concentrated under reduced pressure. Purification by flash column
chromatography (Si0., hexanes/EtOAc 80:20 to 50:50) provided 14 (383 mg, 1.63 mmol, §2%)
as a transparent uncolored oil. 'H-NMR (300 MHz, CDCls) & 7.73 (s, 1H), 7.72 (s, 1H), 3.58
(tt, J=74, 3.9 Hz, 1II), 1.29 (s, 12I0), 1.12 — 1.05 (m, 2I), 1.03 — 0.95 (m, 2II); 3C-NMR (75
MHz, CDCls) & 145.52, 136.43, 83.37, 32.56, 24.88, 6.54.

Bis(2 4. 6-trichlorophenyl) 2-methylmalonate (23)

Cl Cl o OCI Cl
OJ\[)LO
Cl Cl

To a mixture of 2-methylmalonic acid 21 (250 mg, 2.12 mmol, 1 eq) and 2,4,6-trichlorophenol
22 (878 mg, 4.45 mmol, 2.1 eq) was added phosphoryl chloride (3.2 mL). The mixture was

heated at 90 °C until hydrochloric acid emission stopped (approximately 3 h 30). Back at room
temperature, the excess of POCl; was evaporated and the residue obtained was added to an ice-
water mixture. The acidic aqueous phase was then slowly neutralized with a saturated aqueous
solution of NaHCOj3; until pH = 7. The neutral aqueous phase was extracted with CH>Cl; and

combined organic phases were dried over Na>SOQs, filtered and concentrated under reduced
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pressure. Purification by flash column chromatography (SiO», hexanes/EtOAc 95:5 to 90:10)
provided 23 (927 mg, 1.94 mmol, 92%) as a white solid. 'H-NMR (300 MHz, CDCl3) & 7.40
(s,4H),4.16 (q,J="7.3 Hz, 1H), 1.83 (d, /= 7.3 Hz, 3H); 3C-NMR (75 MHz, CDCl3) § 165.39,
142,52, 132.69, 129.68, 128.87, 45.42, 14.39.

7-Bromo-2-hydroxv-3-methyl-4AH-pyrido[ 1.2-alpyrimidin-4-one (17)

N OH

5-Bromopyridin-2-amine 15 (100 mg, 0.578 mmol, 1 eq) and bis(2,4,6-trichlorophenyl) 2-
methylmalonate 23 (303 mg, 0.636 mmol, 1.1 eq) were combined in toluene (1 mL). The
reaction mixture was stirred at 105 °C for 2 h, quickly leading to the apparition of a yellow
precipitate. After cooling the mixture back to room temperature, the precipitate was filtered and
rinsed first with toluene, then cold EtOH in order to provide 17 (122 mg, 0.478 mmol, 83%) as
a yellow solid. 'TH-NMR (300 MHz, DMSO-ds) 5 8.94 (d, J= 2.3 Hz, 1H), 8.07 (dd, /=9.3,
2.3 Hz, 1H), 7.34 (d, J=9.3 Hz, 1H), 1.91 (s, 3H).

7-Bromo-2-chloro-3-methyl-4//-pyrido[1.2-a]pyrimidin-4-one (25)

o)
T
>
g !

7-Bromo-2-hydroxy-3-methyl-4 H-pyrido[ 1,2-a |pyrimidin-4-one 17 (67 mg, 0.26 mmol, 1 eq)
and PCls (135 mg, 0.650 mmol, 2.5 eq) were combined in POCI; (1 mL). The reaction mixture
was stirred at 105 °C for 16 h. Back at room temperature, the mixture was poured onto ice. The
acidic aqueous phase was then slowly neutralized with a saturated aqueous solution of NaHCOs
until pH = 7. The precipitate obtained was filtered in order to provide 25 (54 mg, 0.20 mmol,
77%) as a beige solid. 'H NMR (300 MHz, CDCls) 8 9.08 (dd, J= 2.2, 0.7 Hz, 1H), 7.75 (dd,
J=94,22Hz, 1H), 7.46 (dd, J= 9.4, 0.7 Hz, 1H), 2.34 (s, 3H); *C-NMR (75 MHz, CDCls)
8 157.02, 156.49, 146.46, 139.82, 127.55, 126.70, 112.87, 111.21, 13.65.

18
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2-Chloro-7-(1-cyclopropyl-1 H-pyrazol-4-v1)-3-methyl-4H-pyrido[1.2-a]pyrimidin-4-one (27)
0]

’N‘I

N

NS /N
\\l

N Cl

Under argon atmosphere were added 1-cyclopropyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yD)-1H-pyrazole 14 (47 mg, 0.20 mmol, 1 eq), 7-bromo-2-chloro-3-methyl-4H-pyrido[1,2-
a]pyrimidin-4-one 23 (54 mg, 0.20 mmol, 1 eq), Pd(PPha)s (23 mg, 0.020 mmol, 0.1 eq) and
Na,COs (64 mg, 0.60 mmol, 3 eq) in a mixture of dioxane (1.2 mL) and water (0.3 mL). The
reaction mixture was stirred at 80 °C under argon for 20 h. Afier cooling back to room
temperature, the mixture was filtrated and rinsed with EtOAc. After addition of water to the
filtrate, the aqueous phase was extracted with EtOAc (3 x). Combined organic phases were
washed with brine (1 x 40 mL), dried over NaxSQs, filtered and concentrated under reduced
pressure. Purification by flash column chromatography (Si0;, hexanes/EtOAc 50:50 to 30:70)
followed by a prep-TLC (hexanes/EtOAc 50:50, eluted 3 times) provided 27 (11 mg, 0.037
mmol, 19%) as a vellow solid. "H-NMR (300 MHz, DMSO-ds) § 9.01 (d,J=2.1 Hz, 1H), 8.54
(s, 1H), 8.26 (dd, J=9.2, 2.1 Hz, 1H), 8.07 (s, 1H), 7.67 (d, J= 9.2 Hz, 1H), 3.78 (tt, /= 7.4,
3.9 Hg, 1H), 2.22 (s, 3H), 1.14 — 1.06 (i, 2H), 1.06 — 0.96 (m, 2H).

7-(1-Cyclopropyl-1H-pyrazol-4-y)-2-((2-fluoro-4-((4-methvlpiperazin-1-
Dsulfonyl)phenyl)amino)-3-methvl-4H-

To a solution of 2-fluoro-4-((4-methylpiperazin-1-yl)sulfonyl)aniline 3 (9.3 mg, 0.034 mmol,
1 eq) in dry toluene (1 mL) was added 2-chloro-7-(1-cyclopropyl-1H-pyrazol-4-yl)-3-methyl-
4H-pyrido[1,2-a]pyrimidin-4-one 27 (11 mg, 0.037 mmol, 1.1 eq), cesium carbonate (27 mg,
0.082 mmol, 2.4 eq) and a freshly prepared solution of Pd(OAc),/Rac-BINAP in dry toluene.
This solution was obtained by stirring Pd(OAc)2 (1 mg, 0.002 mmol, 0.06 eq) and Rac-BINAP
(2 mg, 0.003 mmol, 0.09 eq) in dry toluene (0.3 mL) for 15 min with argon bubbling through
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the mixture. The main reaction mixture was heated at 110 °C for 16 h, cooled down to room
temperature, filtered over a plug of celite, rinsed with a mixture of CH>Cl/MeOH (90:10) and
concentrated under reduced pressure. Purification by flash column chromatography (SiOa,
CH,CL/MeOH 99:1 to 96:4) provided NVS-BPTF-1 (10 mg, 0.019 mmol, 56%) as a light
yellow solid. 'H-NMR (300 MHz, CDC13) 6 9.11 (d,/=2.1 Hz, 1H), 8.85 (t, /= 8.2 Hz, 1H),
7.84 —7.79 (m, 3H), 7.59 — 7.48 (m, 3H), 6.87 (d, J=4.8 Hz, 1H), 3.67 (tt, /= 7.3, 3.8 Hz,
1H), 3.08 (t, J = 5.0 Hz, 4H), 2.49 (t, J = 4.8 Hz, 4H), 2.29 (s, 3H), 2.27 (s, 3H), 1.26 — 1.16
(m, 2H), 1.15 — 1.05 (m, 2H); *C-NMR (75 MHz, CDCls) & 157.89, 154.82, 147.26, 136.76,
135.19, 133.05, 132.93, 128.07, 127.99, 127.15, 125.09, 124.66, 122.32, 120.68, 120.61,
117.60, 114.68, 114.38, 94.13, 54.10, 46.05, 45.79, 33.23, 9.59, 6.74; *F-NMR (282 MHz,
CDCls) 6 -130.07, -130.08, -130.09, -130.11, -130.12, -130.13, -130.15; HPLC purity: >99%;
IR (ATR)/v (cm'l): 3433, 3110, 2932, 2787, 1677, 1657, 1610, 1515, 1492, 1348, 1287, 1147,
1135, 942, 828, 732, 628; HRMS (ESI) calcd for [CasH2sEFN70:S + HJ*: 538.20311, found
538.20451; Trs =239 °C.

5. NMR spectra
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