University of East Anglia

School of Pharmacy

Design and synthesis of novel classof HDACs
and KMTs inhibitors

by

Remy Thomas Narozny

Supervisor: Prof. A. Ganesan

Second Supervisor: Prof. Mark Searcey

Thesis for the degree of Doctor of Philosophy

November 2018

This copy of the thesis has been supplied on condition that anyone who consults it is understmgphise that its
copyright rests with the author atight use of any information derivélderefrommustbe in accordance with current
UK Copyright Law. In addition, any quotation or extract must includeaftdibution



oYour genetics is not youttestiny.o

George McDonald Church



Abstract

For long, scientists thought that our body was driven onlgurygeneticcode that we inherited

at birth. However, this determinism wslsattered entirelgnd proven as false in the second half

of the 21% century with he discovery okpigenetis. Instead cells turn genes on and afging
reversible chemical mks. With the tremendousprogression of epigenetic sciencejsitnow
believedthat we have certainpowerover the expression of our genetic traits. Over the years,
these epigenetic modifications were found to be at the core ofils@ases alter healthy cll

and environmental factors and lifestylgere identified as top influencers. Epigenetic
dysregulation habeen observeith everymajordomain of medicinewith areportedmplication

in cancer development, neurodegenerative pathologies, diabetes, infectious disease and even
obesity. Substatially, an epigenetic component is expected to be involvedvary human
diseaseHence, the modulation of these epigenetics mechariisssmerged as a therapeutic
strategy. Histone deacetylases (HDAC) are silencing epigenetic markers involved in the
mediation of the acetylation systembé&rantHDAC activities havebeen asociatedwith the
development of a broad range of pathologaesd HDAC inhibition is highly regardedas a
potentialtherapeutic targefThis appoach becamsuccessfulvith the approval by the FDA of
severakpidrugs However, theypresenundesired sideffects. Lack of selectivitwas identified

as a principal suspect and, therefore, the development of novel compounds that would target more
selectively the epigenetics enzymes represemjar axis of research for futuggharmacological

applications

Accordingly, this work focus on designing new classes of HDAC inhibitoksvariety of
structurs, build around the use of amino acidsere exploredand potential inhibitorswere
producedwith different cors. These seriesere then evaluatdd enzymatic inhibition assays on
HDAC and incell growth inhibition assaysn leukaemia cell linesAdditionally, we were also
involved in theinternational consortium /araDDisEthat aimed to develop epigenetic
modulators as rdg candidates against tlmeain parasitic diseses: malaria, schistosomiasis,
leishmanaésis and Chagas diseas€his collaboration resulted in the identification of critical

targets for the different parasitaad the development of testing methods to move compounds
toward clinicaldevelopmentThe antischistosomal effect of sor& our inhibitors was thus

evaluated. Finally, a side projesas carriecht the University of Salerno in Italy in a shoetm

scientific mission that aimed to develop a new class of SETD8 methyltrasefahibitors.
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Chapter lintroduction

1. Epigenetics

Heredty. This notion has been a lotgrm question mark in scitfic history.Indeed he Greek
philosopher Aristotle was already interestethimeritance ir850 BC2 Althoughthe observation

that living organismsénherit traits from their parerg has been used since prehistiargnhance
crop plants and animals througelestive breedingthe processes remainesh enigma for
centuries.In his bookfiOn the origin of speciésDarwin introduced theoncept ofnatural
selection as a longerm mechanism of adaptation ah organismto its environmentin a
population, slight variations between individuals were affecting the survival capability.
Accordingly, individuals more suited ta specificenvironmentweremore likely to survive and

more likely to reproduce arhss dowrheir heritable traits tthe nextgenerations

The twentieth century started with a revolution when Bateson coined theyereticgfrom the
Greek wordgenesisbyo ¥ 3 U G s d ,following the gvorinof Wendel and Hugo de Vries that
laid the foundation of genésAlthoughgeretics was unable to understand the physical reality of
heredity, it provided an accurate depiction of the laws involved and of its outtbméeldthen
experienced a significant gain in interest and met selieeakthroughwith the discovery of the
nucleus being the repository of genetic information inaewyétes, the identification of tHeNA

as genetic materiland the determination tfie DNA structure>

Theseadvancegjave us a bar understanding of the previously described natural selection.
Differences in the DNA sequence induced variation between individuals aselgotionwas

influenced by the inherited genes

Neverthelessthese theories were unable to explain the adaptatf an organism during its
lifetime. Forexample complex organisms such as hurean animals originge from a single
fertilized egg. Over the developmeot the embrydo adulthood this cell will multiply, andthe
newly formed stem cells will differgiate and acquire specifiiologicalfunctions.However the

adaptive alterations occurring during this proaassignord by the natural selection theories.

Scientists thereforebecame interested the relatioship between DNA and the production of
proteirs. Their workled to the discovery of thgenetic codgethe set of rules used by livirgglls
to translatanformation encoded withithe genetic materiaihto proteins Genes on the DNA are
first transcrbed intoRNA and thertranslatedo proteirs. Thistwo-stepsequence, DNA making
RNA andRNA produdng proteins was callethe central dogma of molecular biology Crick®

But the mechanisminvolved had yet to benderstoodAdditionally, those mechanisms were
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responsible for the phenotypidferentiation of celland thereforerepresented their adaptation

to experienceAs the genotype was unaltered the question of inheritance of these mechanisms
rapidly came up.

fiWe certainly need to remember that between genotype and phenotype, regxtiogrthem to

each other, there lies a whole complex of developmental processes. It is convenient to have a
name 6r this complexepigenotypeseemsuitableo

Waddington, 1942’

Theseinterrogatios, coupled to the introduction of the notion of epigenotype by Waddington,
laid the foundationof a new field of study calleépigeneticgfrom the Grek word epire p i
fluporo) defined as the study of heritable changeghianotypehatoccur without modification

of the DNAsequence

Over the last 25 yearsonsiderable progss has been made in tfield, and epigenetics
mechanisrawere identified to occur on the chromatin, the physiological form of genetic material.
In response to environmental signadsizymes known as chromatimodifying enzymes can
activatea range ofpigenetic modificationgdaggingthe DNA which canthenbe passed down

to the next generatiof.Thesetags, which do not modify the genotype sequeacethe core
machinery in the control of gene expressichemically altering histone tails, cytosjradnont
coding RNAs, thee epigenetic marks modulate the gene expressipndfgundy affecting the

state of compaction of chromatin.

To date epigenetic dysregulation haaken linkedto most major diseasesuch as cancer,
neurodegenerative diseases and dialieteslowever contrary to genome mutation, epigenetic
marks are reversibleThus epigenetic modulatorBave consideral®# potential as therapeutic

agentsand interesin the fieldhas been steadily growing for years.

2. Chromatin

History of chromatin started around 1880 when Flemming coined the term. Histones, one of the
componerg of chromatin were discoveredshortly after in 18842 Over the first half of the
twentiethcentury genetic researche& mainly focugd on the discovery of the genetic material
carrier, and little was don&o understand chromatiiurther. The period between 1973 and 1975
witnesseda groundbreakingseies of publications which identified a subunit model in
chromatint®*® This subunit, called nucleosomeas then successfulbyystallizedand observed

by X-rayin 1984'" andthenin 1997at higher resolutiorf by Richmond.

The nucleosome represents the first kogtler of DNA packaging ineukaryotes. Each

nucleosome is composed Bt6 base pas of DNA forming asuperhelixaround a histone core.
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This core consits of a pair of four histones (H2A, H2B, H3andH4) organkzed as an octamer
structure(Figure 1.1) which is further stabilized by a fifth histone (Hp)aying the role othe

linker.

Figure 1.1: Schematic view of the nucleosome.

H2A dimer is shown in yellow, H2B in red, H3 in blue, H4 in green and H1 in brown.
Adapted from Biochemistry (4" Edition).®

Inside the cellchromatiis are dividedinto two categories. Indeeth 1928,long before itwas
understoodHeitz had observed two states of chromdtie called euchromatin the form which
was expressing genes and heterochromatinrib@e which wastranscriptionallyinactive?

This distinction is the are of modern epigeneticsAs previously mentionedepigenetic
mechanismgsthat affect thestate of the chromatimegulate gene expressiddeterochromatin is

a condensed conformation in which the DNA, tightly wrapped around the histone core, is not
accesible to transcription factors. As shown in theag structureKigurel.2), the histonsare
packed insid¢he structure of the nucleosonMeanwhile histone tails are easily accessible to
chromatinmodifying enzymes. Chemical alteratioof the histones impadhe interaction with

DNA and loosen the structure. Asesult this decondensed structurecome more accessible

to transcription factors. Thugenes are expressed in euchroma&epresentationf both states

is shownbelow (Figurel.3).
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Figure 1.2: High-resolution structure of nucleosome.
DNA double brand are shown in brown and turquoise. Histone protein main chains are shown as
ribbon (H3: blue; H4: green; H2A: yellow; H2B: red). Taken from Luger et al.’®

Current research in epigenetics foesioon the study of these histone ptstnslational
modifications.Additionally, a secondsignificant reaction affecting the state of chromatimd

thus the expression of genegms observedith DNA methylation

Heterochromatin: Euchromatin:
Transcriptionnally repressive \ Transcriptionnally permissive

Figure 1.3: Packaged nucleosome representation (heterochromatin) and bead on string
representation (euchromatin).
The blue strands represent the DNA, nucleosome are beige cylinders, and histone tails are black
lines. Taken from Arrowsmith et al.??

3. Epigenetic modulatorsDNA methylation and histone pesanslation
modificatiors

Modernepigenetic researah mainly focusing on two categories of mechanism.
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3.1 DNA methylation

The first class consists ofarkers targeting the DNA. Bgefinition, epigenetics modifications
cannot alter the DNA sequendrit the genome is still a cog the highly dynamic machinery.
Hotchkiss detected chemically modified DNA bsse 19482 This modified nucleotide turned

out to be Bmethylcytosingd5mC) resulting frommethylationof the DNA. The occurrence of this
altered baswas observeth a wide range of organisyandin particular it was reportedhat 2

to 7 percentof cytosine on mmmalian DNAwvasconvertedo 5mC 2 In the mid1970s, Holliday

and Pughsuggested that 5mC was involved in the process of gene regulation during

development and this role watater confirmed?®

Over the followingyears numerous studies led to a better understanding offth#e methylation.

In the DNA all cytosines are not equal in front of this epigenetic mark. Indebd cytosine
phosphatgguanidine (CpG) dinucleotide was found to be a hotspot for DNA methylation with
around 70 % of CpG region being methylatetf.

Catalysed by a class of enzyme called DNA methyltransferase (DNMytegine of the CpG
regions reacts witls-adenosyl methionine (SAM) acting as a methyl dqiSwhemel.1). This
interaction promotes the introduction of a methyl group on fheoSition of the cytosint form
5mC (1-4).

®
NH, NH; /_‘CSI/R1 NH, NH,
7O R = H Z
J o e OY R oy ey
0 >N >~ S—-Enz O l}l S—Enz 0] r}l CS—Enz 0~ >N
DNA DNA DNA DNA

11 12 1-3 1-4
Scheme 1.1: DNA methylation mechanism.

DNMTs havebeen widely studiednd wellcharacteded In mammad, DNMTs consistof three

enzymes namely DNMT1DNMT3A, and DNMT3B. Historically, a fourth enzyme named

DNMT2 had been identifiecbut later evidence revealed that gwoteind i dnét met hyl af
but RNA? Therefore, itwas rename@RDMT1 (tRNA aspartic acid methyltransferase 1)

DNMT1 is themost abundant DNMT in aduttells®® and acts as anaintenancemethylase.
During DNA replicationtheepigenetialteratiors arenot copiedto the newlysyntheizedstrand

DNMT1 recognize and bing to the CpG site ofhis hemimethylatedDNA, only bearing
methylation orthe parenstrand to reproduce the cytosimaethylationmotif on the new stand
The role of the DNMT is therefore,to maintainthe epigenetic profiléehrough mitosisand

promotes the inheritance BINA methylation patterr*
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DNMT3a and DNMT3b arde novdDNA methyltransferases showiagequalaffinity for hemi
methylated and nomrmethylated DNA¥? The role of DNMT3 enzymesis to initiate the
methylation processf DNA that occurs after embryo implantation. Both DNMT3a BIMNT3b
are crucial for early developmerandthe inactivationwas reportedo cause early embryonic
lethality.**3* The DNMT3 group also includes a catalytically inactivember, DNMT3L.
However DNMT3L has aressentiatole asa boosterof activity duringdevelopmentBinding to
the catalytic domain of DNMT3a or DNMB3nzymesit increases their catalytic activity 15
fold.*

However it is important noting that the oppositianaintenanc&le novofunction of these
enzyme is not absoluteMounting evidencesuggest that DNMT1 may also be required ds
novo methylation of the genoni&3®’ while a DNMT3 classcan fill the roleof maintenance
methylation during DNA replicatioff*°In particular human cancer cells lacking DNMT1 have

shown only a 2@ercentreduction in methylation of CpGtes*°

Heterochromatinis frequently rich in methylatedregiors, thus preventing the binding of
transcription factors to gene promaend repressing gene expression. On the dthed
euchromatinis impoverished in methylated CpG regjoand gene are accessible to

transcriptional mechanisff*4?

Over the years varietyof diseases have been linkeciterrant DNA methylation acity either

by hypomethylation orhypermethylatiof*4® DNMT inhibitors are therefore interestiry
therapeuti@agentsandthis approach successfully led to tliscovery of5-azacytidine (vidaZ3)
and 5aza20-deoxycytidine (decitabin®) which were approved by the Food and Drug
Administration (FDA) for the treatment ohyelodysplastic syifromes (MDS) and chronic
myelomonocyticleukaemia (CML).*® The development of new classes of DNMT inhibitor is

currentlya significantaxis of research the field

3.2 Histone postranslationaimodificatiors

In the mid196Gs, Allfrey published results of his work on histone methylation and acetyl&tion.
Although pattranslational modificatiomof protein had been reportedew years earlier with
phosphorylatioff and acetylatioff} this pioneeing work laid the foundation of the model
proposing that histone modifications could affect the accessibility to DNA and regulate the gene

expression?

In the following years several histone modifications affecting the gene expressiach as

acetylation, methylation, phosphorylation, ubiquitinatiandglycosylation were discoveretf
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These reactions acatalyzedby histone modifying enzynsgHMEs)and occur on the ferminal
histone tails Eigurel.4).
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Figure 1.4: Overview of post-translational modification of protein.
Taken from Liu et al.%?

HMEsweredividedinto three categories depending on their function: wsjteadersanderases
(Figurel.5).

29



4 N\ Epigenetic
eraser
Writers
e.g., HATs, HMTs
or PRMTs
Erasers
e.g., HDACs
and KDMs
* Transcriptional activation
or repression
* Changes in DNA replication
* Changes in DNA damage k\

repair

Epigenetic

Epigenetic reader

writer

Readers

e.g., bromodomains,
chromodomains
and Tudor domains

Figure 1.5: Epigenetic writers, erasers, readers.
Taken from Falkenberg et al.53

3.2.iEpigenetic writers
Writers represent the enzymes whaamintroduce an epigeatic mark on the histone tails.

Histoneacetyltransferasg${ATs) were first isolatedn 1996>* These enzymesaninteract with

a histone lysine sidehain on H2A, H2B, H3 and H%®! Positively charged lysine side chains
havea strongaffinity for negatively charged DNAandtheir interactioris involved in thehigh

order of compaction of heterochromatin. HATs are responsible for the transfer of acetyl group on
the lysine amino groupna convert itinto a neutralamide group. The loss of charge disrupts the
interaction with DNA which leaglto the formation of the transcriptionally active euchromatin
and the expression of affected gen&dditionally, HATs were also reported to promoteet

acetylation of norhistone protein such as p%3.

Another important class of enzymesreportedin 2000 with the isolation of the first human
histore methyltransferas¢dMT).*® Similarly to the DNMTs, the methylation process involge

the SAM cofactor asamethyl donor’

This subclass of HME can interact with thetéddminal lysine side chain of histone but also on

arginine, and thelMTs are able to transfer up to three methyl grimip lysine Howevet their

effect onthe stde of compaction of thehromatin and the gene expressisrsubtle Indeed

contrary to acetylated lysine, methylation of the amino grdogs not remove the charge and
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only affecs the steric hindrance. Although this could suggestdlegherdegree omethylation
induces a higher disruption of the interaction with DNA the relation between lysine methylation
and gene transcription was shown tanfbere compktated The change of conformation between
euchromatin and heterochromatimnd by extension the @ation or deactivation of gene
transcriptionjs not onlydepenént of the degree of methylation (mono; dr tri-methylated) but

is also conditionedy the position of the epigenetic mark. FAostance mono, di and tri
methylated H3K4are foundin the activesite of transcriptiol® On the other hand dand tri
methylatedH3K9 and H3K27are marksfor heterochromatin and gene silerszdvut H3K9
monomethylations linkedwith gene expressiotf.®* Thus methylations could be both activating
and repressing mis.

3.2.iiEpigenetic readers

Readerenzyme represent the secomehdingcategory of HMEs. This clagecognkes histone
modifications introduced by writer enzys@nd specifically bind to the epigenetic markbus
their actionmediates the DNA transcriptionFor example chromodomains and Tudor domains
showeda high affinity for thesite of lysine methylation while bromodomains bind to acetylated
lysine®? Historically, reader enzynse have been less studied than writers and erasers.
Bromodomais, notably have beenhighly investigatedince their identification in 1992%*and
their recognition as specific acetylated lysine binders in #399Protein containing
bromalomains, inparticular those from the bromodomaamdextra-terminal (BET) family are
currently regardeds compellingtherapeutic agestin oncology®®®” and selective and potent

inhibitors are under investigatiéh®®
3.2.iii Epigenetic erasers

The erasers are the last category of HMEsnverselyto writers enzymes, erasers describe the
proteirs responsible for the removal of the epigenetic mafkese enzymes apeucial in the
gene transcription machinery aoconferthe reversible nature gpigenetionechanismsCurrent
researclon erasers mainlfocuses on two class oerasersthe lysine demethylase (KDM) and
the histonaleacetylas€HDAC).

Lysine demethylase

The first classis the lysine demethylasghich recognize mono, di andtrimethylatedlysine
residue on H3 and H4 aradters the order of methwtion. From the discovery of methylated
histone in the early 1960and even after thisolationof the firstKMT in the late 1990Q% the
demethylation process remained a question mark in the fiéletther enzymescapable of
catalying the renoval of methylation markexisted or not was an important debaiethe
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scientific communityFor several years a dogma was that histone methylation, contrary to other
epigenetic marks, was irreversible and that the removal could only occur by histbaags

It wasonly in 2004 that Shi reported, in a grodoreakingstudy, the dentification ofLysine-
specificdemethylase (LSD1Y}. This enzyme was found tatalyze thespecificposttranslational
demethylation of H3K4mel/meBlowever LSD1 was not able to intecawith the trimethylated
lysine residue on H3K# Recently a secordemethylase LSD2 has also been reported to interact
with H3K4me1/me2?

In 2004 thesecondsubfamily of KDM, containing a dmon;jiC (JmjC)domain was identified’*
So far about 30 members tife JmjC domaincontainingproteins have been identified and
classified in five subgroup&KDM2/7, KDM3, KDM4, KDM5, andKDM®6)."%"® Contrary tothe
LSD1/2family of demethylase, JmjC domadontaining proteiscanpromote the demethylation
of mono, di and trimethylated mark’ This difference is due to their mechani@figure1.6).
Indeed the demethylatiorprocess occurs througsuccessiveoxidative steps converting the
methyl groupfirstly to a hydroxymethyl andthento formaldehyde However whilethe LSD1/2
family uses lavin adenine dinucleotidg-AD) redox cofactor, Jmj@omaircontainingproteins

are Fe(ll) and ®xoglutarate dependafit.

Alteration of the KDMs activity hakeen linkedo a variety of diseases in oncologyparticular
in leukaemiaand in neurology "® ’’ Therefore, thelevelopment dKkDM inhibitors agherapeutic

agens is of growingimportance’®
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Figure 1.6: Lysine demethylation mechanism catalyzed by LSD1 (KDM1) and JmjC family
(KDM2-7).
Taken from Thinnes et al.”™

Histone deacetylase
Histone deacetylaseare the secondeading class of erasers. These enzymes prontioge
formation of the heterochromatin logitalyzing the removal of acetyl group on lysine side ckain
and restoring the positive charge on the histong Hilus, histone deacetylasbave a silencing

role in the control of gene expressigigurel.7).

Transcriptional activation

/ )g ) HAT N ;) o mrion N
{
& ia 7

{
Heterochromatin

-

-

Gene silencing
Euchromatin

Figure 1.7: Effect of acetylation mark on chromatin state.

Histone octamers are shown as a yellow cylinder, histone tails as the blue line, DNA strand as a
red line, acetyl marks as white beads and others epigenetic marks as green beads. Adapted from
Verdin et al.®°
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Although Inoue had reported enzymatic deacetylation of hestbrthe study of histone
deacetylation had a breakthrough in the 1990s when Tapnotdishedthe isolation of the first
histone deacetylase named HDAE1n the followingyears severakhistonedeacetylasewere
reported andto date 18 different enzymes haween identified®®?

These enzymewere namel in order of discovery andiere dividedinto clasgs dependingon
their similarty of sequencéTable1.1). Class Ishares sequence similarity with the yeast Rpd3
protein and is made of HDAC1, HDAC2, HDACSndHDACS. Class Il proteis composed o
HDAC4, HDAC5, HDAC6, HDAC7, HDAC9andHDAC10, have sequensanalogies to yeast
Hdal protein. Class lik similar to the yeast Sir2 protein and consists of seven Sirtuin eszyme
called Sirtt7. Finally, HDAC11 constitutes the class IV dueit®resemblance to bottlasses |

and Il deacetylasén addition to thislassification histone deacetylase enzys@e dividednto

two superfamiles the histone deacetylase famiglgssl, Il and 1V) and the Sir2 regulator family

(classlIl).

HDAC1, HDAC2,
HDAC3, HDACS
Histone deacetylase Class lla HDACA,  HDACS,
Class I HDAC7, HDAC9
Class Ilb  HDAC6, HDAC10

Class IV HDAC11

| Sirtl, Sirt2, Sirt3

I Sirt4

1l Sirt5

v Sirt6, Sirt7

Class |

Sir2 regulator Class Il

Table 1.1: HDAC classification.
Themostsignificantdifference between these two families is the mechanism of deacetylation.

On the onehand sirtuins catalye the removal of acetyl marks on lysine side chiina

nicotinamide adenine dinucleotigdAD ") dependant reactiFigure.8).88*
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Sirtuinsare localizedn different sectiosof the cell with SirtlandSirt2 found in both the nucleus
and the cytoplasm, Sirt3 in tlmeicleusand the mitochondria, Sirt4 and Sirt5 found exclusively
in the mitochonda, and Sirt6 and Sirtpresent oly in the nucleugFigure1.9).8° Exceptfor Sirt4
and Sirt5, histone substratand biological rols were identifiedfor every otherenzyme®>°
Additionally Sirtl was also reported to have deacetylase activity othistone protein such as
p53% The therapeutic potential of the Sirtuin family heen evaluatefbr several patholdgs?’

but modulatorsare mainly considereaspromisingagens in the treatment of type 2 diabetés

andagerelateddisease§® **

DAC SIRT2

65
DAC/ART

Figure 1.9: Schematic representation of the Sirtuin histone deacetylases.

The subcellular localization, dependent protein deacetylases (DAC) or ADP-ribosyltransferases
(ART) binding domains (dark blue) and zinc-binding domains (black) are depicted. Taken from

Karagiannis et al.®®
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On the othehand the HDAC family catalyzes the deacsatiation of lysine in anetatdepenént

manner Finnin proposed the mechanism of the reactio@999 based on the crystal structure of
the A. aeolicus HDAC homolog® This histone deacetyladike protein (HDLP) shared a
sequence homology to human HDAC1 and revealed the nature of the catalytic core of the enzyme.

The catalytic pocket of the HDACs contains &'Zationand a water molecule both involvad

the deacetylation mechanig®chemel.2). Inthefirst place the zinc ioris chelatedo the water
and thesurrounding aminacid residus, two aspartic acig(D168 D258) and a histidine (H10).

Thenin the presence ohcetylated lysine, the zinc atom binds to the carbonyl grangthis

interactionbrings together thdysine side chaiand the water molecul&he carbonyl, polarized

by the presence of the zinthen undergoes a nucleophilic attack by the wattglecule,whose

nucleophilic character has been enhanced by a-bldwastidine residue (H131Yo form a

tetrahedral intermediate stabilized by hydrogen bonding to a tyrosine (YEBiA)ly, the

breaking of the carbomitrogen bond releases thesine, whichis thenprotonated by reaction

with H132.
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Scheme 1.2: Proposed mechanism of lysine deacetylation.
HDLP residues are labelled in black and their HDAC1 counterpart in blue.

Similarly to the Sirtuin family, HDAG can be found in different sectienf the cell and were

linked tovariousfunctiors (Figure1.10). Class | are exclusively found inside the nucleus and are

involved in cellular proliferation and survivaiClass lla can move between thecleusand the

cytoplasmandis mainly linkedto tissuespecific roles**Class Ilbcontainscytoplasmic proteis
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playing anessentiarole in cell growth, migration and survivl®® Finally, HDAC11 shuttls
between the nucleus and the cytoplasm hadbeen linlked to the regulation of immune

function®®

Class Iib

1122 (17921)

Figure 1.10: Schematic representation of metal-dependent HDAC enzymes and their
subcellular localization.

The deacetylase catalytic domain (pink), nuclear localization signal (purple), myocyte enhancer
factor 2 binding domain (light blue), and serine binding motif (orange) are shown. SE14 (serine-
glutamate tetradecapeptide) and ZnF (zinc finger protein) binding domain, as well as leucine-rich

domain, are also depicted. Taken from Karagiannis et al.®®
With the discovery of the mechanisand following the publication of potent HDAC inhibitors
in the late 1990%°%1% a general pharmacophore of HDAC inhibitors (HDACI) was identified
(Figurel.11). Typical HDACi are made up of three distinct regions:

- A cap region or surface recognition domain interacting with the enzyme rim
- A zinc-bindinggroup (ZBG)or warhead Wich chelates tahe znc in the active site
- Alinker connecting the cap and the ZB@&d fitting in the enzyme channel

CAP Linker ZBG

Figure 1.11: Domain of HDACi pharmacophore shown on vorinostat (Zolinza®).
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Abnormal HDACs activities haveeen linkedto severaldisease and HDAC inhibitors are
considered as remarkable therapeutic targets especially in cancer and neurodegenerative
disease§>*%%In 2006 vorinostat(Zolinza®) became the first HDAC inhibitor approved by the

FDA for thetreatment of cutaneousd@ell lymphoma. This success boosted the figtd a variety

of inhibitor structure and zinc binding group haween studied®® *°° The development of more

potent and selective HDAC inhibitgrand their investigation as therapeuwigentsis currently

an expanding field dbroadinterest.
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Chapter 2HDACs and SETDS8 inhibitors: overview and perspective.

1. SETDS8 inhibition

1.1 Introduction

As mentioned in the first chapter, lysine methylation on histone proteins is a majer post
translational modification and & mainactor in the regulation of the chromatin compaction and
the gene expression. Besides, dependmthe degree of methylatioand its locationhistone
lysine methylation is correlated with either actieatpr repression of genédost KMTs contain

the SET (Su(var), Enhancer zdste Trithorax) domainand evidence suggests that the catalysis
could follow a specific pathway,nown as a sequential-bi kinetic mechanism, in which the

association of the substrate and the release of the product occur ratfdotily

SETDS (also known as 8ET7, SET8, or KMT5A) is a member of the SEJmaircontaining

family with a growing popularity ratingjgure 2.1). Indeed, SETD8 maps to chromosome 12
and is identified as the sole histone methyltransferase in manthadlis capable of the maeno
methylation of histone H4 lysine 20 (H4K20mel). This modification is involved in a range of
biological processes such as DNA replication, DNA damage repair and heterochromatin
formation!®®*°SETDS is anucleosomespecificmethyltransferas&! andimportant studies have

been investigatings precise role in gene expression.

n-SET  i-SET c-SET
= O
1 191 352

Figure 2.1: SETD8 protein catalytic SET domain.
Taken from Girish et al. 1*?

1.2 Therapeutics applications

SETD8 hasbeen identifiedas a key player in oncology @roverexpression of SETD8 was
measured inifferenttypes oftumourssuch asdladder cancer, nesmall cel and small cell lung

carcinoma, anteukaemia*®®

MicroRNAs (miRNAs) are a cluster aforrencoding singlestranded RNA molecules of 224
nucleotides. These molecules function to silence gene expression by binding to complementary
recognition sequences of tBedintranslated e gi on (36 UTR) of target m
miRNA degradation or translation inhibitioh:''* Thereis increasing evidence suggesting that

singlenucleotidepolymorphsms( SNP s ) in the 386UTR of SETD8 t
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gene expression and t her eflybegnfwithapdymaphismab di v i
the miR502 binding site inth@ 6 UT R of D& &8ociatedith breast cancer?

epithelial ovarian cancét®smalkcell lung cancet!’ and hepatocellular carcinomid@Moreover,

a significant increase in SETD8 levelss notedn samples obladderand pancreatic cancers,
myelogenousleukaemia hepatocellular carcinoma and remall cell lung carcinoma?
Moreover, severahiRNASs, such as miRL27-3p and miR382 were reported to target SETDS8 in

121 and nomsmall cell lung cancef? and inhibit tumour

osteosarcoma ceff? gliomas
progressionFinally, miR-7 was shown to not only decrease the invasive potential of breast cancer

but also to affect theensitivity to DNA damag¥&?

DNA damage response is a signalling pathway activated by DNA detrialed breaks. The
presence of the lesion is firstcognsed by sensor proteins which then initiate a cascade of
reactions via a range of protepmotein interactions and pestanslational modification¥?124

Then, the chromatin relaxes to allow waves of DNA damage repair proteins to flank the lesion
and operate. The interaction between histone modifications, such as histone H4 lysine K20
methylation, and specific reader domains which able tadistinguish the site and degree of
methylation plays a key role in the recruitment of DNA damage repair protedse of the first
responses is the phosphorylation of a variety of proteins and, among them, the spreading of
histone H2AX at serine 139gH2AX) marks acts as an anchor for larger prot&h3hese
interactions cabe detectedly immunofluorescence aigi2AX is, therefore, a hallmark of DNA
damage. The reduction of SETDS8 activity has been negatively correlated to the formation of
gH2AX and led to increased sensitivity to DNA damage to defects during DNA replication

or mitosis and to anincreased genomic instability? *® Afterwards, the 53BP1 proteiis
recruitedfor the recognition of the DNA damage site. Thi®tein contains a tandertudor
domain specifically binding to monand dimethylated lysine in H4K20 but not to unmethylated

or trimethylated H4K20% It was denonstratedhat the recruitment process of 53BP1 required a
prompt increase of H4K20mel on the sites of the DNA destrendbreaksand that SETD8

activity was thereforecrucial in the DNA damage responggt°

In addition to H4K20, SETDS8 is also involved in the methigla of otler proteins. In particular,
the methylation of theproliferating cell nuclear antige(PCNA) was found to beat only
responsible for the recruitment of SETD8 on the DNA doshbland breaks sites in the DNA

damage respons® but also play a role in human carcinogenésis.

SETDS8 also regulates the tumour suppressor protein p53rarseription factor p53 is a DNA
sequencapecific transcriptional regulator that responds to various cellular stresses and controls

the expression of numerous genes. Its activity was reported to highly affecydellarrest,
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apoptosis, senescence oNM damage respons&-*?The p53 protein is involved in multiple
interactiors with activators, repressors, and transcriptional components to express or silence the
transcription oftargeted genebut p53 &0 prevents DNA damage and limits its spreading by
controlling the cell cycle. As gesultof its high importance focell survival, an exquisite control
mechanism has evolved to enable a fast response but prevent an inappropriate attioation.

to be transcriptionally active, and thus recruitfaotors, the p53 protein hdahke ability to
recognse and bind specific DNA sequencEs**The p53 pathway is directly regulated by the
activity of SETDS8. Indeed, the monomethylation of p53 on lysine 382 (p53K382mel) by the
SETD8 methyltransferase suppresses thedqeg@ndent transcription activatisilUnder normal
conditions, a high level of p53K382mel could block the p53 pathway rbyepting its
acetylation. During the DNA damage response, a decrease in p53K382mel levels was observed
thus suggesting that SETD8 cobild downregulatetf® Thisis correlatedvith recentresearch of
neural crestlerived tumours* Indeed SETD8 methyltransferase overexpresseith numerous
cancer cells including neustastomat!® Accordingly, the p53 pathway highly inhibitedby the
important level of p53K382melFigure2.2). As a result, the studghowedthat inhibition of
SETD8 inducedp53-dependentcell death in neuroblastomi¥. Alongside its effect on p53
methylation, SETD8 also indirectly affects the p53 pathway by methylation of Numb. This protein
exists in multiple isoforms in mammals and plays a key ratelirdivision3* The Numb protein

was showrto interacts with several proteji8 and in particular, the formation of a complex with

p53 and the E3 ubiquitin ligase MDM2 was obsert’éd\s aresultof this interaction, Numb
promotes apoptosis in a pigpendenmanner. However, thiateractionof Numb with SETD8

leads to the methylation of the protein on the K158 and the K163 residues. This methylation
adverselyaffectsthe binding with p53 and prevents the promotion of apoptosis. Moreover, this

disruption results in increased ubiquitinatior alegradation of p5%’

Normal functions
K382 K382me1

w SETDS8 w Apoptosis
'Y # A Growth arrest
W T W o
p53 tetramer p53 tetramer
Neuroblastoma
K382me1
b oo ,- Kag2met 53 Inactivation
SETDS, e . 4 .
o, N - N B tumor proliferation
overexpression . ww .
S l SETDS8 inhibitor
e = 2 K382
increased p53K382me1 N

pS3 tetramer

Figure 2.2: Model of SETD8 normal functions and role in neuroblastoma.
Re-drawn from Veschi et al.13
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Although SETD8 habeen mainly studiefibr its links to oncology, it has als®en linkel to other
pathologies®

SETDS8 was reported to be expressed at a higher level in CGipythroid precursorsompared

to other cell types™® This result suggested that SETD8 collave Erythroid-cell-specific
functions.In a study to identify theole of the SETD8/H40K20mel pathway in erythroidise

the downregulation of SETD8 was shown to impair the erythroid maturatidrythroid
maturationis characterizedoy haemoglobin accumulation, changes in cell surface marker
expression, and a progressikecrease in cell and nuclear size that culminate in enucléétion.
Mal i k and coworkers recently reported that t
and the morphology of sefenewingcells, butresulted in sslowerhaemoglobin accumulation,
larger mean cell area, incomplete nuclear condensation, and lower rates of enuéfeakien

study also established that SETDS8 functions as a transcriptional repressoenftiineid cell

and identified a link bigveen the activity of the SETD8 methyltransferase and the expression of
the transcription factors GAT-R. Later, another study provided evidence SBBTD8 is alsoa
contextdependent GATAL corepressoin erythroid cells*? These results led to the hypothesis
that SETDS8 controls erythroid cell maturati@andfunction physiologically More recent tsidies
confirmed that the methyltransferase SETD8 is essential for the maturation and the survival of
erythroid cells****® Interestingly, these studies suggest that ¢hedal role for SETD8in
erythroid proliferation andurvivald o e gegulatethe expression of thentrapoptoticprotein

Bcl-xL andis independent of the p53 pathwdesides, they also demonstrated that the Gata2
repressor function of SETD8 only occurs in the early stages of maturation as SETD8
downregulation only affectgaroenythroblastsbut not the more mature basophilic erythroblast in
which the gene is silenced. Therefore, the SETD8 methyltransferase could be required for the

initiation of Gata2 but not its maintenanég.

In addition, themonomethylation of H4K20 was shown to regulate cell differentiation in
adipogenesis* Adipocyte differentiation is controlled by a cascade of transcription faetods,
amongthem peroxisome proliferateactivated receptog (PPAR) is considered as &ey
regulator of adipogenesiBPARyis a member of the mlear receptor superfamignd ispresent

in two isoformsPPARJL andPPARR .Recent studies have shown tHRIPARy upregulates
SETD8 during adipogenesi¥ Reciprocally, it was also demonstrated that SETDS8
monomethylation of H4K20 was required to enhatieetranscription of PPAR Furthermore
adipogenesis was also promoted by an increase of H4K20mel marR$ ARy proteins
following the activation of the receptt¥:***Finally, H4K20me1 levels increase robustly toward
the end of adipocyte differentiatiovhile the knockout of SETD8 suppressed adipogen&si&,
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Intrauterine growth restriction (IUGR) occurs when a foetus fails to feigrowth potential in

utero and sets upeurodevelopmentaleterorationand lorg-term neurological damagethose

are correlated with smallerhippocampus, the brain region involved in the formation of memory,
as well as modification in brain connectivitifhe PPAR) pathwaywas shown to b&volved in
hippocampal repair and plasticity"® and its activation improves cognitive functicn
neurodegenerative disordéfé!® As aresultof the reported link betweePPARy and SETDS,

Ke and coworkers studied tipessble relatiorship with IUGR*” The study demonstratetiat

|l UGR induces a reduction of the |l evels of
hippocampusBesides, IUGR also downregulates the Wnt signalling pathway, which plays a
crucial role in arange of biological ah pathophysiological processes including CNS
development>®*! For instance, the Wnt3a gene dssentialfor the normal growth of the
hippocampus and it regulats the expansion of the caudomedial cortex, from which the
hippocampus develops. Moreover, Axin2, another ¥ighdling target gee, is essential for
myelination and remyelination in brain developmémterestingly, the Wnt signalling was proved

to be mediated by the H4K20 monomethylation by SE¥B®8Bherefore IUGR couldresultfrom

a stream of reaction with a reduced PRA&Ssociated with a downregulated SETD8 and
H4K20mel abundance. The downregulation of H4K20mel could then be associated with a

reducedexpression bWnt signdling genes Wnt3a and Axin2.

Finally, SETDS8 is also required for the maintenance of adult skinngeulates Myednduced
epidermal differentiatios® Indeed, knockout of SETDS8 inMyc-overexpressing skin resulted

in a loss of proliferation, impaired differentiation and caused apoptosis. The loss of differentiation
is due to he disappearance of thwanscription factor pg3a critical H4KDmeXtmediated
regulator required for epidermal stratification and eéiféntiation™* in the SETD8depleted
skin*3 On the other hand, the loss of proliferation is likely due to the overexpression of p53 in

the SETD8depletedskin which resultsri increased apoptosis in the epiderttis.
1.3 SETDS8 inhibitors

Methyltransferase SETDS8 plays a critical role in a wide range of biologioaksseand could

be anattractivetarget for a variety of pathologies such as oncology, neurological disorder or
treatment of obesity. Therefore, the depenent of selective SETDS8 inhibitors would provide
new chemical probds investigate the role of SETD8 furtheut would also offer keadstructure

for the development dherapeuti@agents.

The first report about SETD8 inhibitors occurred in 2808@ndsince then only a limited number
of inhibitors have been reportétf. Besides, only a fraction of themas showing a degree of

selectivity againstther methyltransferase
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1.3.iDyelike compound: H acid atigdymolphtalein

In the first publication, two classes of molecules were identified as potent SETDS8 inhibitors
(Figure 2.3).)*® The first compound corresponded tbl-acid 2-1, the 4-aminc5-
hydroxynaphthaleng,7-disulfonic acid Derivativesof aminonaphtol have been extensively
used as intermediates in the development of dyethey also emerged agrtheticintermediates

in the developmenbf biologically active compounds in the pharmaceutical industry’ The
second inhibitor was thaymolphhalein 2-2, which is adye commonly used as amdicatorin

the acid-basetitration. Use of these molecules as inhibitors first originated from studies on the
inhibition of the arginine methyltransferase PRMT4:**These compounds were then screened
against SETD8, H3k8pecific methyltransferase G9a, and the H3lgécific methyltransferase
SETD7 which are all BT-domain containing KMT$>**°The assay revealed that b@&H and

2-2 exerted an influence on SETDS8 but had no inhibition activity on thennctkeosomal
methyltransferas G9a and SETD7T@ble2.1). In a cell assay on the human cervical carcinoma
Hela cells, the very low lipophilicity d-1 likely induced a low cellular uptake and imdibition

effect was observed on the cell proliferation, even at a high concentration of 500 uM. On the
contrary,thymolphthalein2-2 had a concentratiedependent effect on cell viability and showed

a selective downregulation of the methylation mark Bi@#el but not of H3K27me'8®

o)

HO3S SO3H
oo O
OH NH, Q

24 OH
2-2

Figure 2.3: Structure of the dye-like SETD8 inhibitors 2-1 and 2-2.

Compound Methyltransferase 1Cso (UM)

SETD8 38
2-1 G9a > 500
SETD7 > 1380
SETDS8 9.0
2-2 G9a > 1450
SETD7 > 1450

Table 2.1: Inhibition by 2-1 and 2-2 of a panel of methyltransferases.'®®
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1.3.ii EBI compounds

A couple of years later, three novel class#sSETDS inhibitor were reported® Using
computational tools, Kodama et al. performed a virtual screening based on the crystal structure
of SETD8 (PDB ID: 1ZKK). They generated over 3550 molecules which were predicted to bind
to the enzyme according to thairsilico methodology-*° They then submitted 16dbmmercially
available compounds to vitro enzymatic inhibition assay. They identified three molecules EBI

099 2-3, EBI-435 2-4 and EBF455 2-5 (Figure 2.4) with a stronginhibitory effect on SETDS.
Besides2-3 was shown to downregulate the methylation activity of SETD8 but hachpeact

on G9a'°6-160
HO
L i
®
= O F U

EBI-099 EBI-435 EBI-455
(2-3) (2-4) (2-5)

Figure 2.4: Structure of the EBI classes of SETD8 inhibitors.
1.3.iiiMC compounds

In 2012,bis(brome anddibromomethoxypherpderivatives were reported iiohibit SETD81*
These compounds originated from a seriesiwiplfied analogues of AMB, which had been
publisted as potent inhibitos of both protein arginine methyltransferase (PRMT) and histone
lysine methyltransferasé’ In this study, they had identified a structure, analogous to
dibenzylideneacetonevhich behaved asultiple epigenetidigands inhibiting at the same time

all the tested PRMT, HAT, and SIRT enzymes, as wethasnethyltransferaseET7 (Figure

2.5). Interestingly, the number of brongéirsubstituents on both phenyl rings had a significant
impact on the inhibition of thacetylationlinked enzyme. Indeed-6 and2-7, which are both
carrying a3,5-dibroma4-hydroxyphenyl, were active on every epigenetic target whig&was
potent on metyitransferase enzyme PRMT, CARM1 and SET7, but inactive on HAT and SIRT.
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2-6: Ry =Br, R, =Br
2-7:Ry=H,R,=Br
2-8:Ry=H,R;=H

Figure 2.5: Structure of dibenzylideneacetone derivative 2-6 to 2-8.

Those compounds were then ewld against three lysine methyltransferases, SET7, G9a and
SETDS8. They all displayed inhibitory effect on each methyltransferase in the 4a%62.5
uM'lGl

Modification of the scaffold to introduce a methoxy group in place of the hydroxy led to the

successful synthesis of selective inhibitdfg(re2.6).'%*

MC1947 (2-9): R=H MC2569 (2-11): R=H
MC1946 (2-10): R = Br MC1948 (2-12): R = Br

Figure 2.6: Structure of the MC compounds.

These four compounds displayed micromolar activity o [Ebut had no inhibition effect on
both G9a and SETT&ble2.2). Besides, they were also tested agdmsimultiprotein polycomb
repressor complex @PRC2), the atve component of methyltransferase EZM&erestingly both

2-9 and2-11 were active on EZH2 whereas b@i0and2-12, which feature bromine instead of

hydrogen, were also selective against EZH2.

Compound

ICs0 (M) or % inhibitionat 75 uM

2-9 9.0+04 > 250 > 250 74.9x4.0
2-10 3.3£0.2 > 250 > 250 8.7 %
2-11 10.2+0.5 > 250 > 250 313.8+15.0
2-12 2.6+0.1 > 250 164.4+11.0 6.2 %

Table 2.2: Inhibitory activities of MC compound on SETDS8, G9a, SET7 and EZH2.16!
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The resultsvere confirmed by assessing H4K20mel levels in Western blot analysaekaeimia
U937 cells after 24h treatment with the compounds @tNbOFurthermore2-9 also induced cell
death and U937 differentiatidft

1.3.ivNahuoic acid A

Isolated from culturesf Streptomycesp.obtained frommarinesediment collected in Papua New
Guinea, nahuoic acid A was identified in 201a&electiveSAM- competitive SETDS inhibitor
in vitro, following a screen of a library of marine organism extracts and pure marinelna

products Figure2.7).13

OR, OR, OR, OH OH OH OH

R3O0 )\ HO
“n 7 >cooH
RZ\\\‘ z R2\\\‘ z
R Ri
Nahuoic acid A (2-13): R1=0OH, R,=H, R3=H, R4=H Nahuoic acid D (2-16): R4=0OH, R,=H
Nahuoic acid B (2-14): R4=H, R,=OH, R3=H, R4=H Nahuoic acid E (2-17): Ry=H, R,=0OH

Nahuoic acid C (2-15): R{=OH, R,=0H, R3=H, R,=H
Figure 2.7: Structure of Nahuoic acid 2-13 to 2-17.

The authors reported that nahuoic acid A inhibited SETD8 with a micromaja(Ti@ble2.3:
Inhibitory activities of nahuoic acids on SETER8. but had no significardctivity against other
methyltransferases such@8a, EHMT1, SETD7, SUV39H2, SUV420H1, SUV420H2, DOTIL,
PRMT3, and PRMT5 anMILL complexes(Figure2.8). Moreover, they demonstrated tf2at3
was a noncompetitive inhibitor with respect to the binding of the peptide subbtratestead
competed with SAM binding with Ki value of 2 pM%?

ICs0(H1M)
2-13 8
2-14 27
2-15 41
2-16 76
2-17 13

Table 2.3: Inhibitory activities of nahuoic acids on SETD8.64
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G9A
DNMT1
PRC2
SUV39H2
SETD7
SETD8
EHMT1
SUVA420H1
SUV420H2
MLL
DOTIL
PRMT5
PRMT3

® o @A oSO ME4080

Activity (%)

0.01 0.1 1 10 100 1000
213 (UM)

Figure 2.8: Activity of nahuoic acid A (2-13) on SETD8 and 12 other methyltransferases.
Adapted from Williams and al.63
Following these results, they isolated nahuoic acid 8nd showed they were also exerting an
inhibitory effect on SETD8% Moreover they demonstrated that nahuoic acid ishibited
proliferation of several cancer cell lings vitro with modest potencies:inally, 2-13 showed

selective inhibition of SETD8 in U20S osteosarcoma ¢&lis

Interestingly, these compounds are the only repo8&d/ competitive selective SETD8

inhibitors.*®*
1.3.vUNC and MS compound

Jin and coworkers reported in 2009 the discovery of potent and selective G9a inhibitors based on
2,4-diaminoquinazoliné®® Following up from this study they demonstrated that 2,4
diaminoquinazolines are selective, substratempetitive inhibitors of the lysine
methyltransferases G9a and GIPP'® Next, they screened their library of quinazoltmesed
inhibitors against SETD8. From over 150 compounds, they identified UNC@3T8) @s the

most potent inhibitors of the seridsigure2.9).

HN/\/\/\NQ
o N

O
UNCO0379 (2-18)

Figure 2.9: Structure of UNC0379 (2-18).

The result of the screening, radioactive biochemical assay that measures the transfer of the
tritiated methyl group fronfH-SAM to a peptide substrate catalysed by SET®8s then

confirmed in an orthogonalidchemical assay, microfluidic capillary electrophoresis (MCE)
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assay Next, they performed mechanism of action (MOA) studies to determine whether the
inhibition was due to competition with the substrate or with the SANactor. In a series of
assaysthey demonstrated that thedfvas proportional to the histone H4 substrate concentration
while thevariation of the SAM concentration had no effect on the inhibition. Therefore, they
determined that compour?i18 is competitive with the substrate and nonpetitive with the

SAM co-factorX*® Moreover, inhibition assay on a panel of enzymes showed that UNQIBF9
wasselective for SETD8 over 1&her methyltransferases, including G9a and @tigure2.10).

: * Goa v SUV420H1
1001 !!;lilii ke = SETDB1 & SUV420H2

] - gﬂ A GLP # SMYD2
z °e°3:s‘§ iu v SUV39H2 + DNMT1
g ] ',vv't ¢ SETD7 4 PRC2
< 501 + 0 PRMT3 % MLL1
=] + O PRMT5 @ DOTIL

A PRMT1
04
10-2 101 10° 101 102 10°

2-18 (uM)

Figure 2.10: Activity of 2-18 on 15 methyltransferases.
Adapted from Ma et al.1®®

They then synthesised a series of analogues and studied the SAR of the quinazoling"&caffold.
First, they focused on the modification of the-§itbstituentTable2.4). This position was found
to be mainly intolerant tanodification Indeed, mosadjustmerd resulted in a significant loss of
potency. In particulamnextensiorof the ring £-19, 2-20) and substitution of the pyrrolidine by
chlorine @-21), phenyl -22) or aniline -23) led toinactivecompounds. Thesplacemenby a
dimethylamino group 2-24) was the only modification that maintained similar activity.
Importantly, disubstitution of the amino group seemedgoequird for proper inhibition 2-25,

2-26).
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SETD8
Compound R
ICs0(uM)

2-18 ";\NQ 7.3+1.0

219 A “O 94+ 18

2-20 > 250
2-21 Ag > 250
2-22 /\© > 250
2-23 A\ > 250

|
2-24 N 9.2+1.2

225 ,f\N/O 37.0+9.3
2-26 AND > 250

Table 2.4: SAR of the C2-position of 2-18.166.167

Then, they studied the substituent on thep®dition. This position was shovto be much more
tolerant to modification. The ring size of the terminal cyclic amino group did not have a significant
impact on SETD8 potency with both cycl2-27) and acyclic 2-28) amino groups maintaining

a similar activity. The length of the alkyl chain had more impact on the pot2i&$/ 2-30) and

the 5carbon linker was the optimum. Introducing amide in the chi®l) also reduced the
activity of the compund. Finally,N-methyl analogue32) was drastically less potent than

18, suggesting that the hydrogen of the secondary amine could serve as a hydrogen bond donor.
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Compound

HN "N
2-18 N 7.3+1.0
F N
221 " @ 7.9£1.2
2-28 AN 7.9+1.4
ke
I
2-30 HN/\/\/\/N\ 26+ 5
e
N
2-31 HN™ > N 63+ 19
i
\N/\/\/\N
2-32 e Q > 250

Table 2.5: SAR of the C4-position of 2-18.166:167

Finally, the authors looked at the methoxy substituents on C6 antlableR.6). Replacement
by hydrogens led to aimportantdrop of potency, in particular at the C6 position that led to
inactive compound(33, 2-34). At the Céposiion, the methoxy and ethoXg-35) groupswere
preferredanda larger groug2-36) or a less electroedonating grouf2-37) wasdisfavoured. At
the C7 position, modificationsrere more toleratedand diversegroups could be introduced
without affecting tle potency §-38, 3-39, 3-40).
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Compound

2-18 MeO- MeO- 7.3£1.0
2-33 H- MeO- > 250
2-34 MeO- H- 52+ 11
2-35 EtO- MeO- 9.5£0.9
2-36 iPro- MeO- 61+ 12
2-37 CI- MeO- 46+ 11
2-38 MeO- EtO- 11+1
2-39 MeO- O~ 8+0.8
H
2-40 MeO- HTN\/\O}‘\ 8.7+0.4
(@]

Table 2.6: SAR of the C6 and C7 positions of 2-18.166.167

Recently, two new compounds were reporféd1S2177 @-41) directly followed the previous
SAR by introducing aaminoethyl groupn the C7 positionRigure2.11). This compoundvas
shown to be more potent thal8 in a scintillation proximity assayT@ble 2.7). Besides,
isothermal titratiorcolourimetry (ITC) confirmed the binding to SETDSith a binding constant
much lower than that d?-18. Similarly to 2-18, competition assay confirmed th2#1 was

competitive with the H4 substrate and noncompetitive with SANactor 18
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Ny P
HN~o N NQ ~o N" NQ
MS2177 (2-41) MS453 (2-42)

Figure 2.11: Structure of MS compounds.

SETDS8

Compound IC a0 (UM)
2-18 7.3 1.3
2-41 1.9 18

Table 2.7: Activity of MS2177 (2-41) and 2-18 on SETDS8 and binding constant Kp.18

Crystal structure o2-41 in complex with SETD8 was thesbtainedand used to design a new
inhibitor. Indeed, thel-(pentylpyrroliding group of 2-41 appeared to be close to a cysteine
residueandthe authors decided to modify the structure to benefit from this interaction. The alkyl
chain was thereforenodified to introduce an electrophile grougnd MS453 @-42) was
synthesised® This compound was reported to be a covalent inhibitor of SETD8 with a

nanomolar 1G in a scintillation proxinity assay after five hours of incubationaple2.8).
D8 1Cso
1 h of incubation 5 h of incubation
2-42 6.90 uM 804 nM

Table 2.8: Activity of MS453 (2-42) on SETD8.168

Finally, 2-42 was shown to selectively inhibit SETD8 over 28 other methyltransferbaps ¢
2.12).
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Figure 2.12: Activity of MS453 (2-42) on 29 methyltransferases.
Taken from Butler et al.'%8

1.3.viSPS8tompound and derivatives.

In 2012, Luo andcoworkersformulated a radioactivitpased scintilldbn proximity imaging
assayin a high throughput screenindormat to identify new protein methyltransferase
inhibitors 1%° A fewyearslater, theyidentified threestructures selectivelyhibiting SETDS8 after
screening over 5000 commercially available compounds on the KifiTsese compounds were
called SPS8I3, for Small-moleculePool of SETD8Inhibitor and aredisplayed inFigure2.13.

(0] (0] Q
o s OH
X (0]
> O <0 g G
N H/\/ N N ,\\l
(0] (0] o
SPS8I1 (4-43) SPS8I2 (4-44) SPS8I3 (4-45)

Figure 2.13: Structure of SPSI8 compounds.

The three compounds were evaluated against a panel of six lysine methyltrans&t S8¢H2-

43) and SPS8I3(2-45) were not active against GLP, SETD7, but inhibited all the other
methyltransferases with kgvalues in the low micromolar or submicromolar range, whereas
SPS8I2(2-44) also inhibited GLPTable2.9).

54



O PO 0
1Cs0(HM)
2-43 1.5+0.2 > 100 6.5+0.4 | 0.21+0.02| 0.5+0.2 > 100
2-44 23+0.2 | 47+£0.3| 3.1+£0.2 0.5+0.2 2.0£0.2 > 100
2-45 1.0+0.7 > 100 3.2+0.1 0.7+0.2 3+1 > 100

Table 2.9: Activity of SPSI81-3 on lysine methyltransferases.'”

Interestingly, studies of th&MOA revealed that those three compounds inhibited SETD8
differently. Indeed2-43 was found to besubstrate depender;44 was neither sbstratenor
SAM-dependentand2-45 wasboth substrate and SAM depend&ft

Additionally, all three inhibitors contained a Michasdceptoquinoidmotif that could react with
active cysteine residues in accordatod@e covalent interaction observed in MS4831Q). Thus,
the authors performed further mechanistic studiedshowed that SPS8138 inhibited SETD8
through an irreversible sleanset process. They then identified that b@atd3 and 2-44
specifically interactedvith the C270 of SETD8, where&s45 targeted cysteine residues in a

nonspecific mannéer®

A series of quinones inhibiting SETD8 with BB value below 5 UM was then patented by the
same author§? Besides, these compounds also inhibited other KMTs (SETD2, SETDB1, GLP,
G9a, SMYD2, SMYD3, MLL1, and SETD7) and PRMTs (PRMT1, PRMT3, CARM1, PRMT8)

in the low micromolar range.
1.3.viiPeptidebased inhibitors.

Although SETDS inhibitor development has modtéen based on the usesofiallmolecules a

different approach was reported in 2016 with the first inhibitors based on a péptidmking

on the development of substrate competitive SETDS8 inhibitbesauthors used a combination

of docking studies and synthesis to study the SAR of the H4 peptide. They focused on the residues
16-23 of the H4 peptideHigure2.14) and used molecular modelling itovestigatethe binding
potential of mutants in which the lysine K20, methylated by SETD8, had been replaced by a set

of natural and unnatural amino acids.
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K16 NH, K20 NH,

e

JL JL JLOH

HN HN HN

A A A

H,N"SNH  H,N” S NH H,N" SNH
R17 R19 V21 R23

H4 peptide (2-46)
Figure 2.14: Structure of the (16 - 23) area of H4 peptide (2-46).

Then, they synthesised a set of compounds and evaluated their binding constattidynal

titration calaimetry (Table2.10).

Compound Side chain

©)
246\~~~ NHo 46,60+ 2.80
2-47 YOS 0.14%0.01

248 NSNS 1.26+0.05

S

249 m 1.58+0.10
S

2-50 V@ 6.70+ 0.50

Table 2.10: ITC binding of the native H4 (2-46) and K20 substituted mutant peptides.'’?

Next, they decidetb modify the H4 peptide furtherndsubstituteother amino acid residues. The
norleucine peptid2-47, which offered the best binding, was modified alternatively on its arginine
R17 residue and leucine L22 resid(fe.

56



Replacement of R17 with shorter, hydrophobic, antfur-containingresidues targeting the
cysteine residues and hydrophobic pockets near the entrance of the pocket, resulted in a significant
reduction of the bindingliable2.11).

Compound Side chain

2-47 “(\/\NJ\NHz 0.14+0.01

2-51 SN 14.80+ 2.00

2-52 ‘{\sk 3.04+0.38
2.53 XY 5.57+0.36
254 V\)\ 1.84+0.14

Table 2.11: ITC binding of the Nle H4 (2-47) and R17 substituted mutant peptides.'’

On the other hand, L2&ts in amosty hydrophobic pocket with some charge on the periphery
This position was more toleramb substitution by larger hydrophobic groupBable 2.12).
However, with the exception df-cyclohexylalaning modifications of L22resulted inslightly

less potent compounds.
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Compound Side chain

2-47
\(Y 0.14+0.01

2-55
0.12+0.01

2-56
0.21+0.01

2-57 \(\Q\

on  0.32£0.02

2-58
X{\SK 0.58+ 0.01

259 N
) 0.80%0.04

Table 2.12: ITC binding of the Nle H4 (2-47) and L22 substituted mutant peptides.'’?

The norleucinesubstitutedpeptide 2-47) was then tested as a SETD8 substrate competitive
inhibitor against the H4 peptide in the presence of SAM. It was found to hévef &0 nM and
anlGoo f 0 ..'*BRinally,Mssays on a panel of 32 methyltransferases revealed that the peptide

2-47 demonstrated sonselectivity(Figure2.15).

100

=]
(=)

40

Inhibition (%)

20

E ]

SETDB1

GIA
EHMT1
SUV39H1
SUV39H2
EZH1

EZH2
PRMT1
PRMT3
PRMTS
PRMT7
PRMTS
SETD7
MLL1
PRMTE
SETD2
SUV420H1
SUV420H2
PRDM9
SMYD2
SMYD3
DOT1L
BCDINZD
DNMT1
DNMT3A/3L
DNMT3B/3L
ASHIL
NSD1
NSD2
NSD3

METTL21A
METTL21D

Figure 2.15: Inhibition of 32 methyltransferases by Nle H4 peptide (2-47).
Taken from Judge et al.”?
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1.4 Summary

SETD8 was identified as the only mammaliamethyltransferase responsible fdhe
monomethylation of lysine K20 onidtone H4. H4K20mel is. methyl mark critical forthe
genomicintegrity of eukaryotic cellandSETDS, therefore, playsaucialrole in the regulation

of transcriptional activity. In addition, this unique methyltransferase also interacts with non
histore proteins such as p53 and PCNA. Over the last decadastiotson differentsubstrates,

and H4K20in particularhas been linked to a wide range of biological proceddessover a
dysregulation of the SETDS8 activity has been linked to several patéslogluding cancer,
neurological disorders, and obesity. Nonetheless, the functions of the protein, and its effect in
both normal and alteredcells, are not fully understood yet. Thus, the development of new
chemical toolsgs required to pursue the invagation of the biological role. Over the past decades,
SETD8 inhibitors emerged as potential therapeutic agents and their development has experienced
a steadily growing interesAs a result, significant progress has been nradeedicinal chemistry,

assy development, structural biology and hifinoughput screening. These advances
successfully led to the development of different classes of SETD8 inhillsitmeslimited number

have been reported so far. Moreover, only a fraction of theshowing a degee of selectivity
and/or cellular activityThe development of more potent and more sele@EEDS inhibitors is

of great importance and the recent identification of the binding to the nuclebSameyell as

the resolution of the crystal structure of SETD8 in complex with inhibtéré?could pave the

way for new generation of inhibitors.

2. HDAC inhiltion

2.1 Introduction

Lysine acetylation is the most studied epigenetic fragislational modificationin histones,
lysine acetylation decreases their affinity for DNA aelxes the nucleosome to enablegbre
transcription Conversely, HDACs act as gerapressors by removing histone acetylation marks
and prevent the recognition by bromodomains. In addition, more than 5Ristone proteins
have been identified assubstratdor one of the HDAC3S®HDACSs have a regulatory role in cell
development, cell proliferation, cell migration and|cgkath. Therefore, HDAC inhibitors

(HDACI) havevastpotential agherapeuti@gents in the treatment of a range of pathologies.
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2.2 Therapeutic applications
2.2.iTherapeutic adjrations targeting human HDACs

Oncology
HDAC inhibitors have beemhoroughly studiedas anticancer agents. In many cancers, an
increased level of expression of HDAC had been obséf¢emhd treatment with HDAC
inhibitors had a significant impatt.

Induced apoptosis

Cell death is one of the most studied anticaeéfecs of HDAC inhibitors!’>*"®Treatment with
HDACI induces tumour cell death with all the characteristics of apop&sithe therapeutic
efficacy has been observed in preclinical mod€l$’° Their therapeutic potential comes from
their ability to induce apoptosis in tumour cells selectivdlydeedin vitro studies have shown

that transformed cells could be -idld more sensitive to HDACi than normal céeffS.
Notwithstanding, as a result of the nuimes biological effects dHDACi-induced cell death is
likely mediated by multiple molecular pathways in all cell types. Indeed, both thesiotand
extrinsic apoptotic pathways have been shown to be involved. Moreover, there is growing
evidence that the effect of HDACI can be dgpedependnt.”>17

The intrinsic pathway was reported to be critiftal the potent apoptotic effect of HDACI, and

its activation resulted fromverexpressiomnd an upregulation of the activity of proapoptotic
BH3-only genes such as Bim, Bid, Bmf, Noxa and Pdfthin addition, it was reportettat over

4200 genes responded differently to treatment with an HDACi between normal and transformed
cells!® and the authorsdentified a tumoucell-selective preapoptotic genexpression
signature with th&CL2 family genes. In cancer cells, upregulation of the proapoptoticBjdire

was observed after treatment with AOi while the prosurvival gene BCL2Adncoding BFEL

was downregulatetf?> Moreover, the upregulation and downregulation of B@L2 family,
induced bytreatmentwith HDACI, werealso reported in a variety of cancer cell lines such as
chronic lymphocytdeukaemia'® breast and brain canclf, hepatocellular carcinom&® and
other haematological malignancié§Besides, the altered expression of the apoptotic genes Bmf,
Bim, Puma and Noxa, wsaproved to be linked to the histone hyperacetylation of the gene
promoters induced by the treatment with HDAC*®" 1% Finally, HDACI also indirectly regulate

the expression of proapoptosisdaantiapoptosis genes by mediating the expression of micro

RNAs *912and the activity of transcription factors such as EZEf531°* and Sp1->®

Activation of the extrinsic pathway also plays an important role in HBiAQiicedapoptosis®!

Firsty, HDACI can repress the expression €fldP, an endogenous inhibitor of casp#stnat
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inhibits the activation of the extrinsic apoptosis pathWaysecondly, HDACienhancethe
sensitivity of malignant cells to death receptors ligands and increase the expression of death
receptors?’ In addition, the induction of death receptors has been demonstrated to be tumour
cell-selective’”® and the restriction of these two pathways reduced the efficacy of HDACI in

preclinical studies!’ 17919

A third mechanism of the HDA@&nduced cell death has been identified with the generation of
reactive oxygespecies (ROS), and pimecubation with antioxidants have been shown to protect
the HDAC#Hinduced cell deatl’??®Moreover, the increase in ROS levels precedes changes in
mitochondrial membrane potential, theleaseof cytochrome ¢, and subsequent tumour cell
death?®>?%|t has recently been proposed that the regulation of ROS might underpin the-tumour

selective killing activity of these agerif8:2®

Finally, HDACiinduced cell death can also occur throughaiteumulatiorof DNA damage®?

In the first placeHDACI treatmendownregulatd critical proteins involved in the DNA damage
response and required for DNA damage sensing, lwgwndirected repair (HR) and
nonhomologous end joining (NHEX}.?* In addition, HDACi were shown to induce DNA
damage which could be repaired in normal cells but not in transformed®&lisithermore,
HDACI treatment was shown to induce hyperacetylation of Ku70 in prostate cancethcalls,
reducing Ku70 DNA binding aniticreasing the sensitivity DNA-damaging agent$® Finally,
the slowed down DNA replicationin cancercells, induced by HDACI, andhe previously

described accumulation of ROS species can also cause DNA d&ftige.

Cell cyclarrest

In the first place, HDAC inhibitors can induce cell cycle arrest at the G1/S cell cycle checkpoint
and the G2/M boundary? Treatment with HDACi is associated with ps@lependent induction

of CDKN1A transcription. This gene, located on chromosome 6 in human, is encoding the p21
WAF1/CIP1 protein, @yclin-depenént kinase CDK inhibitor acting as a regulator of cell cycle
progession at G1 and S pha8&ln addition, treatment with HDAC inhibitors was also shown to
upregulate other CDHKnhibitors'” Two genes involved in DNA synthesi§TP synthasand
thymidylate synthetase, are transcriptionally repressed by HDAC inhiBifdrsss of these
erzymes would have a similar effect to antimetabolite treatment that blgghas® progression,
thereby also contributing to the G1/S arrést.

Treatment with HDAC inhibitors also induces downrediein of cyclin D and cyclin A genes
and contributes to the loss of CDK2 and CDK4 kinase activities and hypophosphorylation of
pRb"*!"*Therefore HDAC inhibition blocks the activation of G2/M regulatory complexes and

leads to G2/M arregt!
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Finally, a biological hiesirchy has been established between the different processesderte
suggested that apoptosis induced by the treatment with HDAC inhibitor is dominant av&f$he
arrest, which itself is dominant over t&2/M arrest.”

Differentiation

Induced differentiation is another critical effect of HDAC inhibitors. Oncogenic fusion proteins,
such as PMIRARa and AMLI-ETO, are kown to initiate tumorigenesis by inhibiting cellular
differentiation?*? In acutepromyelogtic leukaemia(APL), a PML-RARa-driven acute myeloid
leukaemia HDAC inhibition can indue a differentiatiormediated antitumor respongdndeed
treatment of APL by HDAC inhibitors showedreerapeutieffect in anousemodel by reversing

the myeloid differentiation block caused by the repression of &Rg&hes.’>**The treatment
enhanced the sensitivity to retinoic acid in APL cells and restored the sensitivity in resistant APL
lines?* As a result, aeuentiaHDAC inhibitor/all-trans retinoic eid (ALTRA) treatmentwas

shown to reprogramiffierentiation inrefractory andhigh-risk AML in clinical trials 2*°

In addition, HDAC inhibitors inducélifferentiationof AML1-ETO-driven AML cells bothin
vitro andin vivo in a mouse modél® This differentiation cenccurred with tumour cell arrest
coupledwith an increase in the promyeloid differentiation geRé$l, GATA-2, SCL, and
C/EBP&**

A similar effect was observed in the treatment of NUT midline carcinoma (N @&glignant
pediatric tumour driven by the BREMUT oncogenic fusion protefit/ Squamous cell
differentiation was restored vitro after treatment with HDAC inhibitor and resulted in cancer
cell growth inhibition and increased survival of mice suffering from N¥MQrurthermore,
treatment with the FDApproved HDAC inhibitor vorinostat of a patient with NMC showed
antitumor response by positron emission tomographimilar response was observed in the
xenografted tumour from the same patient, providing priealiand clinical evidence for HDAC
inhibitor therapy for NMCGY’

More broadly, HDACinhibitors have been shown to induce differentiation ofraiy sarcoma

cell lines?*® human hepatoma cefl§ small cell lung cancer celtd and breast cancét

Senescence

In addition to the previously described increased expression of p21 WAF1/CIP1, treatment of
cancer cell lines with HDAC inhibitors induces cell senescence and staining of associated
biomarkers such asenesceneassociatedb-galactosidase (SAGal)?*? HDACI-induced
senescence was shown to be linked to a downregulation of the polycomb repressor of cytokinesis

1 (PRC1) canponent BmiZt">?** Moreover, the PRC2 component and senescémubitor
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protein EZH2 was also downregulated. Interestingly, these reduced levels of expression were not
due to a direct effect of HDAC inhibition on these proteinstead they resulted from the

upregulation of miR31, a transcriptional target of hisi® deacetylas@hibitors®*

Autophagy

Autophagy was observed in cancer cells after treatment with HDAC inhififar§. However,

the exact role of autophagy in the mediation of HDACI therapeutic effect has not been elucidated
yet. In anin vitro study of hepatocellular carcinoma cell lines, HDA@iuced cell death was
shown to require autophady.On the other hand, in glioblastoma cell lines, inhibition of
autophagy greatly increased HDA@duced apoptosi€® Although these results seem to suggest
that theeffect of autophagy on HDA&nhduced apoptosis could be tumour cell {ohependant,
opposing observations were also obtained within a single cancer cell line. In U937 cells, activation
of autophagy increased the sensitivity to vorinestdticed apoptosisMeanwhile U937 cels

with acquired resistance tmmnostatpossessed a high level of autophagmyd its inhibition
restored the sensitivity of the cells to vorinogtafThese results indicate that autophagy can

switch from a proapoptotic signal to a prosurvival function.

The link between HDAC inhibition and the activation of an autophaggpanse is not fully
understoodbutseveral pathways have been identified. HDACi where shown to induce autophagy
in cells through inhibition of mechanistic target of rapamyaii@QR) pathway??’ In addition, a
recent study demonstrated that HDA@duced autophagy was also dependenthe forkhead

box proteins (FOXOpathway?*° Finally, the previously described increasedinostatinduced
apoptosis following autophagy inhibition was shown to be linked tabiquitinatel protein

accumulatiorf®!

Immunomodulatory effects

There isgrowing evidence that HDACIi can enhance immunogenicity either by directly affecting
malignant cells to make them more attractivemune targets, or by altering immune cell
activity.!” HDACi were showed to upregulate the expression of major histocimiipat
complexMHC class | and Il molecules arbe antigenprocessing machinefy? > Moreover,
HDACI were reported to induce the expression of MHC class | related molecules MICA and
MICB on the surface of tumour cel&?*® Those molecules bind to the activating
immunoreceptor NKG2D (natural killer cell protein group 2i)the surface of natural killer
(NK)cells,ou T cell s and CD8 T imcredsé tbe.NK Teh eytotexicity r e ,
by activating the NKG2D signalling pathwa$s?*" HDACi can also induce immunogenic
tumour cell death and lead to enhanced tumour clearance by CTL killing and dendritic cell
phagocytosi$®*#*®*Besides, it was established thatiatactimmune systemvas critical foran
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HDACI-inducedanticancer response against solid and haematoldgivalirs.>**?*°Thein vivo
antitumor effects and antitumor immunity was alsovaito be enhanced by immusgmulating
antibodies increasing CTL activity®

Despite these results, it was also reported that HDACi treatment, and in particular, the knockdown
of some class | HDAC isoforms, could downregulate the exjoressf B7-H6, an Nkcell
activating ligand, and therefore decrease NK cell activation and tumour cell Kifling.

Conclusion

HDACi are exciting new anticancer agents that induce tunualir death, cyclarrest,
differentiation, senescence, autophagy @mdiunogenicity Figure 2.16). If the therapeutic
potential of HDAC inhibitors in oncology has been established, the molecular processes
underlying the effects of HDACi remain to be fully elucidated. To this end, thelafewent of

more potent and more isoform selective HDACI represents aphifte topic.
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Figure 2.16: Overview of biological response to HDACI treatment in cancer cells.
Taken from Newbold et al.*"®

Neurodegenerative diseases
Histone deacetylasespresent emerging therapeutic targets in the context of neurodegeneration.
Indeed, pharmacologic inhibition of HDACs actidin the nervous system has shown beneficial

effects in several preclinical models of neurological disorifers.
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Hunti ngtondés disease (HD) i s dsordeocheracterinetl byy i
progressive impairment in cognitive and motor functions. HD is caused by a mutation encoding
an abnormal expansion afrinucleotde (CAG)-encoded polyglutamine repeats in the huntingtin
protein (htt). Increasing evidencesuggest that mutant htt (mhtf) disrupts the normal
transcriptional regulation of susceptible neurdmg the mechanismsiy which mhtt causes
neuronal dysfunction and death remains uncle&@lobal reduction of the levels of histone
acetylatiorwasfirst identified in neuron$!?and since then the link between hypoacetylation and
neurodegeneration has been well establishi&d!

In aDrosophilamodel of HDQ treatment with vorinostat managed to stop the progressive neuronal
photoreceptodegeneratiomnd reduced the mortality rate of the flflésMoreover, inhibition of
reduced potassium dependency 3 (Rpd3, orthologue to human class | HDAC), as well as the

orthologue of human SIRT3, led to neuroprotection effect.

To evaluate the hypothesis that expanded polygimrpolyQ) domains could interfere with
the transcriptional regulation, RNA interference (RNAIi) was usedCinelegansneurons
expressing an expanded polyQ hunianhfragment (HtrRQ150)%4

knockdown of haeéB (orthologue to human HDAGQ3uppressed HiQ150 toxicity while the

This study revealed that

repression of others HDACs resulted in increased toxidibese results suggest that,n

elegans HDACS acts as an antagonist of the polyQ toxicity pathway.

In R6/2 mouse model, the most widely used mouse nfiodElD, treatment with HDACi resulted

in increased level of acetylation, protection againsitf®propionicacid neurotoxicity, improved

motor performance, delayed of the onset of the neuropathological development, and extended
survival in a doselependenmanner’*’ Besides, one of therimarychallenge in the treatment of
neurological diseases is to cross blmod-brainbarrier (BBB). Complexation of vorinostat with
cyclodextrin was proved to increase the brain permeability and significantly improved the

efficacy of the drug in th6/2 mousemodel®*®

In addition to the alterain of the transcription and the deregulation of the acetylation level, HD
toxicity also results from a defect in microtubilased transpoff? HDAC6 was reported to be

a microtubulea-tubulin deacetylase™® Therefore, its inhibition resulted in an increase of
a-tubulin acetylation and enhancewsicular transport of braiderived neurotrophic factor
(BDNF).%#*

HD pathology is also associated with impaired cognitive functions and nu=fcits.

HdhQ7/Q111 transgenic HD mice display cognitive deficits, which are associated with reduced
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hippocampal expression of tl@REB-binding protein (CBP), decreased levels of histone H3
acetylation, and lower expression of CREB/CBP target geneedétatnemory. Treatment with
HDAC:i resulted in enhanced transcriptionselectiveCREB/CBP target genes and a significant

improvement of recognition memof¥’.

In addition to thesen vitro andin vivo studies, the effects of HDAC inhibition on Hierealso
evaluated in clinical trials. HDACI treatment inyotlonic hyperkinesias in HD patients showed
beneficial effect both asnonotherapy®? and in combination with haloperidol, a typical
antipsychotié> These studies reported an improvement of maogoformance anah attenuation
of the aggressiveness in the patiértsAs a followup, several HDACi are now undergoing

clinical trials®®

&8s

(0p))
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Alzheimer's disease (AD) is one of the mastere agerelated neurodegenerative disorder
affecting thecortex and hippocampus, respectively kerning and memory centres in the brain

The disease is characterized by abnormal phosphorylation levels of the tau protein, leading to the
formation ofneurofibrillary tangles. In addition, the accumulationtBmyloid (Ab) neurotic
plagues induces meuroinflammatoryresponse by promoting the release of proinflammatory
mediators that perpetuate reactive gliosis, disrupt the Wnt pathwapagoxidative stres&>2%°

This cascade of reactions enhance the neuropathological damages and lead to neuronal death.

HDACSs, especially HDAC2 and HDACS6, have been associatedAitHn mice, overexpression
of HDAC2 demonstratedn advers effect on brain functions amsuledin reducedsynaptic
plasticity anddamagednemory formatiott>’ Conversely, a deficiency in HDAC2 resulted in the
improvement of the sanfanctions thus demonstrating crucialmodulating activity of HDAC2

in synaptic plasticity, learning and memaéPyRegarding HDACG, several studies revealed its
implication in neurodegenerative disea$€®8rains of AD patients expressed a higher level of
HDACSG, and the tau protein was found to bind to HDAC6 biottvitro and in human brain
tissues®>® This protein also acts as an HDAC6 inhibitth and treatment with more potent
HDACI resulted in alowerlevel of tau phosphorylation which mdgcrease neurofibrillary tangle
formation inAD.?!Besides, AD displayderegulatiorof mitochondrial transporandHDA6 has
been shown to playeucialrole in its mediatiorthrough an association with ytogen synthase
kinase3b GSK3k?®?

Treatment with HDACi has been shown to improve contextual memoryriausemodel and
inhibited the production of Bin cells?®* HDACI treatment haveemonstratedeneficial effects
upon AD pathology and memory performance with no signs of toxicity in AD transgenise

models?®¥ %" Increased synaptic plasticity, improveaining and memory, attenuatioispatial
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memory deficits and repressedpoptosis in stressed neuronal systethgesulted from the
restoration of acetylation of histone H4 and the clearanceboddumulation after HDACI
treatmenf®265268.29\oreover, inhibition of HDAC6, by treatment with selective HDACG6

inhibitors or siRNA, was stwn topromote neurite extension or protect neurons from oxidative

stresg?®9:270

However, as we mentionedrikear, HDACi have cellspecific effects and are wekhown fortheir
potential to induceell deathand cellcycle arrest ircancercells butsimilar effects have been

observed in neuronal cefl&

As a resli, the developmenbf more selectie or isoformspecific inhibitors could be a crucial

requirement for the treatment of AD.

t I NJAyazyQa RAaSHas

Par kinsonds di s eas edevaskihy neurcdegenerative alifeatbshtwo mo s t
typical hallmarksof PDare a progressive loss of dopaminergic neurons from the substantia nigra
pars compacta (SNpc), a n d-synudiem (a-pynelechlewy o f a
bodies, thatare expressedin many regions of the central and peripheral nervous syStems.
Although the exact mechanisms of neurodegeneratienot fully elucidated yet, thabnormal

level of Lewy bodies in PD, as well as the misfolding and oligomerizatianyfn, were shown

to bekey contributing factors to the development of Pf3.2’4

It has been demonstrated that HDACSG is localized in brain sections of PD patients and regulates

the formation of aggregates in ttesponsef misfolded protein stresé.

In cell culture, HDACG6 activated the formation ajgresomesontaining the polyubiquitinated
mutant DJ1, a protein involved in the early stages of Bxurthermore, HDAC6 also improved

the transpdrof DJ1 to the microtubule organizingente (MTOC).?"®

Several studies have shown that HDACI treatment of cellular models displayed neuroprotective
effects?”® Besides, class lla selective HDACi were reported ranwtethe growth of eural
processesand protect both dopaminergic and sympathetic neurons from -MB&ced

cytotoxicity.?”’

Summary

In addition to their potential as anticancer agents, HDAC inhibitors could be at the forefront in

the development of new therapies for neurodegenerative dis@dB@s Most ND remain
incurablesandseveral clinical trials have experienced a gruesome Aatean illustration, 244
compounds entereddinicalt r i a | in the Al zheimer6s di seasce
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andanalysisrevealed a failure rate of 99.6%8.HDAC inhibition represents a new approach for
ND,and has s hown promising results for t he t
di sease and Al zheimer 6s disease. FNDsuchasr mor e
amyotrophic lateral sclerosis (ALS), spinal muscular atrophy (SMA), ischemic stroke,
Friedreichos adgieXsyadromdE(RGPR P However, somk side effecisre

also observed with panhibitors, so the development of more selective isoformspecific

inhibitors are therefore required.

Conclusion
HDAC inhibitors have been extensively studied in cancer and neuropath@adytheir
therapeutic potential has been well established. Nevertheless, over the Igsarfgwa broader
scope of pathology has been investigated. Among others, HBHiRitbrs have been studied in

diabeteg® obesity?®* cardiac hypertroph$?? autism?®* alcohol use disordéf*®and a rangef

fibrosis 229288

In this respect, the use of HDACI is a highly promising therapeutic stradadyhe key to the
use of HDACI as therapeutic tools lie in the development of isefpecific inhibitors to

investigate further the roles of HDAC isoforms in the pathologyisdates.
2.2.ii Therapeutic apfrations targeting notmuman HDACs

While research on HDACs was mainly focused on the human enzymes, Bii2AISo expressed
in other species. Although mutations are observed between human amdman HDACSs, they
also present aignificant rate of homology which carary with species. Besides, those HDAC
orthologues can show similarities in function and can be usethadel as we mentioned earlier

with the Drosophilaflies.

As we saw, HDACs are involved in a wide range of dijidal processes and tdesruptionof
their level of expressioprofoundy affect the cells, leading to the development of important
diseases. As eesult the ideaaroseto use epigenetic modulators as a therapy against parasitic

diseases to disrupt tepigenetic machinery of the parasites.

A-ParaDDisproject
Following up with this idea, a collaborative project callegParaDDisE, for AntiParasitic Drug
Discovery in Epigenetics, was funded by the European Union. This collaboration involved
internationa universities and research centres from Australia, Brazil, France, Germany, lItaly,
Sweden, and theK. It aimed to investigate the therapeutic potential of epigenetic modulators
against several Neglected Tropical Diseases (NTDs) in particular, malaaga€lidisease,

leishmaniasignd schistosomiasis.
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These diseases, mainly affectiting populationof developing countries, infect over one billion
peoplealtogether cause hundreds of thousatehtls every year and represenirajor economic
burdenBesides, treatments for all these diseases e resistance due to the lack of alternative
drugs. Prolonged dosing schedulesd low drug availability are further issues of the current
therapiesThe development of new drugs is, thereforpriarity.

The stategy of this collaboration was to target enzymes and proteins in the different parasites.
More specifically those involved in the modification of histones via acetylation/deacetylation and
methylation/demethylation.

The project was structured around ex@} units, each dedicated to a specific aspect of the drug
discovery pipeline and the high complementarity between the different research groups allowed
going through the complete process of the developri@nire2.17). Thevariousstages included

the identification of histone modifying enzyme in the parasites and their characterization as
potential targets, the production of recombinant proteins of the selected targets, the development
of related biological assays, the generatiérerystal structure and -xay analysis to enable
modelling and virtual screening, the sgt of highthroughput screening, the synthesis of
optimized modulators, and finally the realisationimfvitro andin vivo pharmacological and

toxicological studies.
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Figure 2.17: Organization chart of the A-ParaDDisE project.
Research groups were affiliated with different units of specific functions.
Taken from A-ParaDDise website.?°

Plasmodium HDACs
Malaria is a mosquittborne infectious disease causeddby Plasmodiumspecies. To date, it
represents one of the masitical diseasswith an estimated 216 milliocases of malarie 2016

and 445 000 casualtié¥. The prevention and the treatment mainly focasnmsquito control
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and chemotherapy biRlasmodium falciparumthe principal malarial protozoan parasite, has
become increasingly resistant to chloroquine (&) artemisininthe best drugavailable?®2%

In Plasmodium falciparumfive genes were identified to encode HDACs. Two genes (PfSir2A

and PfSir2B) were class llluman HDAC orthologues while the other three encoded proteins
similar to human class | (PfHDAC1) or class Il (PfHDAC2 and PfHDAC3) HDAES” Like

its human homologue, PfHDACL is localized in the nucleus, and a study of its level of expression
at several stages of development revealedRR4DAC1 is funcionally essentiafor the paraite

in both mosgqito vector and human ho$f Thefunctional roles of PIHDAC1 have not been fully
elucidatedbutt r eat ment wi th HDACI affected the par
histone acetylation pattern Blasmodium falciparunand inhibitedP. falciparumgrowth in
erythrocytesat both theearly and late stages of thepar as i t e 6°%?®Ih addigon,c y c | e
PfHDAC2 was reported to keeglobal silencer of virulence gene expression and to play a role in

P. falciparumtranscriptional controlby regulatinghe frequency of switching from the asexual

cycle to sexual developmefif.

As a consequenceHDACSs representinterestingtargets inPlasmodium falciparumand the

development of potent and selective inhibitors is investigated as therapeutic’&téhts.

Leishmanial HDACs
Leishmaniasis is an infectious disease caused by 20 spetiesimianiaand is transmitted by
sandfly bites. The prevalence of the disease is difficult to determine but thedatitates that
4 to 12 million people are currently affected while 200 million people live in avbasethe

diseasés common. Moreover, about 2 million new cases and 25000 deaths occur evéfy¥ear.

In Leishmaniafour class I/ll HDACs orthologuesereidentified as well as three genes encoding
for the SIRT class of deacetylas€s.As with Plasmodium the functional roles o€lassl/I|
HDACSs inLeishmaniadonovanihave not been flyl elucidatedputa transient wpegulation was

observed during theromastigote¢o-amastigote differentiatiof?

Over the past few years, several HDACi have been tdnteitro andin vivo against the
Leishmaniaparasiteto evaluate the therapeutic potentfd*°® Treatment with HDACi was
shown to affect the parasite survival. Besides, in ordessesshe role ofclassl and class |l
HDACSs, L. donovaniamastigote and promastigoterihs were treated with selective human
HDACG6 and selective hHHDACS inhibitof& In promastigotes, lower cytotoxicity was observed
after treatmentwith hDACS8 inhibitors than with hHDACG6 inhibitors. In amastigotékse
cytotoxic activity of thenHDACG6-selective inhibitos was found tdoe 2-fold lower than that of

its effect on the promastigote staglile hLHDACS selective inhibitors had no cytotoxitfect.3%°
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These results suggest that Hileishmanial activity observed after treatment with HDACi is
mainly due to the inhibition othe HDACG6-like activity of L. donovanj especially in the
amastigote form. Targetinthe protozoan HDAC6 withisoformselective inhibitors could
thereforerepresent a therapeutic strategyl&shmanasis

Trypanosoma HDACS
Trypanosomdruceiis the parasite responsible for African Trypanosoma, also known as sleeping
sickness, and transmitted by aimsectvector belonging to different species tfetse fly The
disease is present subSahararAfrica with a population of 70 million in thiigh-risk region
and, in 2015, it was estimated that about 11000 people were infected with 2500 new cases of

infections®** Besides, the diseases cause 3500 dgatirly.

T.bruceipossesses four HDAC orthologues (TbDA®)] of which two share similar sequence
identity with human class | HDAC (TbDAC1 and TbDAC?2), while the other two have higher
homology with class Il HDAC (TbDAC3 and TbDAC#}:3%"3%8n addition, both TbDAC?2 and
TbDAC4 have been ported to be localized in the cytoplasm and appeaitoberequired for
viability, while TbDAC1 and TbDAC3 are nucledscalized and play a critical role for the

parasite survival®’

Following host infection, T. bruceievades t he ma mmal i an host 6s
periodically changing its variant surface glycoprotein (VSG) &8dt.was then reported that
TbDAC1 antagonizes telomeric silencing in bloodstrdarm cells, and thatbDAC3 is required

for VSG silencing in both bloodstream and inssteige cell$™°

The use of antitrypanosomal HZAInhibitors has not been extensively studied lyatireatment

with four HDACI, clinically approved for the treatment of canceras shown to have an
antitrypanosomaeffect on the bloodstream form @t brucei®! However, those compounds
induced higher cytotoxicity on mammalian cells than on the parasites. Those results were also
observed with othreclass of HDACI, withpotentcytotoxicity onT. bruceibut a lack of selectivity

which could induce severe side effetfs**Those results suggest that MOi-based therapies
represent aattractivestrategy againstrypanosomabut more selective compounds have to be
developed To this end, further studies are requiredidentify specificities of the TbDACs

structures that could be exploited.

T.cruziis arother species dfrypanosomand is responsible for the American Trypanosoma, also
called Chagas disease. This infectious disease affects 6.6 million people in Central America and
South America and iguilty for 8000 deaths every ye#. The genome off. cruzihas been

successfully sequencéjd,and four HDAC orthologues have been identifiddwever, little has
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been done to investigate timeodulation of HMEs inT. cruzi This represented aessential
objective of the AParaDDisEproject. In gene knockout studies, TcDAC1 and TcDAC2 were
found to becritical tothe parasite survival® The consortium evaluated TcDAC2 as a priority
therapeutic target. Consequently, the enzyme bwen produced in quantity and in an
enzymatically active form. An H-8ompatible assay has been developeddiffracting crystals

have beerproduced® However, no poteninhibitors of TcDAC2 have ben reported so far.
Therefore, the development of TcDAC?2i is a challenging new field of study that could pave the
way to a new therapeutic strategy for Gleagaglisease.

Schistosoma HDACs
Schistosomiasis, also called bilharzia, is an acute and padisé&se caused by several species
of parasitic wormsSchistosomaMember of the NTDs, schistosomiasis is the most devastating
parasitic disease after malaria with over 250 million people infected worldwide ramdber of
people in need of preventive chetinerapy globallyestimated a08 million, of which 112

million areschootaged childrerf®*

The infection was reported in 78 countries and is endemic in 52 of them with a moderate to high
risk of transmission. In particular, the parasite is widesprepdancountries of tropical and sub

tropical areas.

The proess of transmission and the life cycle of the Schistosoma has been fully established
(Figure2.18).3 Eggs of the parasite are found in contaminated water sources of infected areas.
Hatching releases miracidia, the primary form of the parasite, wifietts an intermediate fs.

Inside, miracidiegevolvethrough successive generation to produce a larval form caftedriae

This new form is able to survive without the host and is released in the water. Cercariae represent
the infective form of the parasite toward humansthese regions with limited resources, river

and lake haveconsiderableémportance,and people frequently use them to swim, fish or as
drinking sources. Upon contact with the human, cercaniaeableto penetrate the human skin

and infect healthy people During the penetration, cercariae lose their tails to become
schistosomula. This new form can then migrate via the blood system and reach the intestine or
the liver. There, schistosomula mature to give birth to adult worms, which are unabledite

in blood vessels and, therefore, are trappéderorgats tissuesOver their 3 to 30 yealtdespan
maturewormsmate and produce eggs. A part of them penettidesl vessaland ispassed out

of the body in the faeces or urjmegenerating the cyclelowever, he adult worraand the rest

of the eggsemaintrapped insid¢he differenttissues, causing immune reactions and dasiage

organs
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Worms mature and mate
for life (iife span, 3-30y7)
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Figure 2.18: Life cycle of the Schistosoma.
Taken from King.3!6

The WHO strategy to control the expansion of the disease mainly focusrementive

chemotherapy of that-risk population and the improvement of the access to safe water sdlrces.

This strategy rests on tiheassivause of praziquanteF{gure2.19), asafeandlow-costtreatment.
This drug iseffective at singlaloseagainst all forms of schistosomiasis and is used faaaly

and late stage of the infection. Therefore, it is registem the WHO Model List of Essential

Medicines.

OY\N

Figure 2.19: Structure of Praziquantel

However, asignificantlimitation of this strategy is the limited availability ofetdrug. According
to WHO, only 13% of gople requiring treatment wereached globallyn 2013%" Moreover,

although the treatment with praziquantel is efficient, it does not prevent reinfection and constant

access to the drug is therefore required in-higk areas.
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In addition, one of theiggestproblens is the lack of alternative drugs. Indeedaziquantels
the only treatment availablandafter decades of use some resiseggmergedn different area
of the world3!#320

With sucha critical prevalence and incidencepupled to the low availability of the drug, the
spreading ofhepraziguanteresistant parasite would havemamaticeffect and could annihilate

decades of progress in the control of the disedserefore, the neddr new drug targets and the
development of new therapies is crucial.

Schistosomiasis was a primary target of th®aaDDisE consortiunSeveralclass| HDAC
orthologues were isolated in tBehistosoma mansaspecies and were identified as SmHDAC1,
SmHDAC3 and SmHDAS?! Furthermore, the authors quantified the level of expression of these
SmHDAC at everystageof life (Figure2.20A). Those three SmMHDAC were expressed at every
stage of lifeputthe level of expression wakepenant on the form of the parasite. In particular,

their level of expression was significantly higher in miracidia, foren resultirg from egg
hatching. Moreover, the comparison of their relative expression revealed that SmMHDACS8 was the
most expressed SmMHDAC at evestageof life (Figure2.20B). These results suggested that
SmHDACS could havea vital role in the parasite and, therefore, its inhibition could have

interesting antischistosomal effects.
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Figure 2.20: Quantification of transcripts of SmMHDAC1, 3 and 8 at different S. mansoni
life-cycle stages.
(A) SmMHDAC1, SmHDAC3 and SmHDAC8 mRNA were measured by quantitative real-time PCR. S.
mansoni a-tubulin was used as a reference gene. Results are expressed as the 2-°&t ratio compared
to the expression in male worms taken arbitrarily as the baseline. (B) Relative expression of
SmHDACS8 compared respectively to SmHDACL1 (black bars) and SmHDACS3 (grey bars). Taken from
Oger et al.??!
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Following up another study was designed to evaluate the importance of SmMHDACS in the
development of the parasit@é.Using RNA interference, the transcription level of SmMHDACS
was downregulated by 50% in schistosomula and no effect on the integrity, mortality, and motility
was observed. The natural level of expression of SmMHDACS in schistosomula being significantly
lower than in other life forms, the impact of the downregulation was expected to be stronger on
adult worms. Consequentlihe mutated schistosomuleere used to infect mice. After 35 days,
mice infected wittSmHDACS8 knockeddown parages showed an overall $9redudion in the
number of recovered adult worraempared to contrah three independent experimenisgure
2.21A). In addition, the tissue egg burden was redumned5%, again compared to the control
(Figure 2.21B). Theseexperimentsconfirmed that 816HDACS is required for infection of the
definitive host and plays a signifidarole in parasite homeostasis
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Figure 2.21: Infection of mice with SmMHDACS8 knocked-down parasites for 35 days.
(A) Average number of worms is decreased by 50%. (B) The number of recovered eggs from the
livers of infected mice is decreased. Taken from Marek et al.3?2
As a result of these studies, SmMHDACS inhibition was shown to hdnghampact, andthe
development of potent SMHDACS inhibitors could offer a new strategy for the development of a

therapeuti@gent against schistosomiasis.

One of the earliedtudes of HDACI efficacy revealed that treatment with reslective HDACI
inhibited the class | SMHDAC in evefgyrm of the life-cycle 2% In addition, HDACi were shown

to induce a dosdependent increase of mortality in schistosomula via an apoptosis meckanism.
Similar results were observed using other HDAEP? Interestingly, treatment with HDACI

showsimportant toxicity against schistosomula while praziquantel is mainly potent on adult
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worms*?° Therefore, therapies based on HDACi could esat alternative to praziquantel in the
early stages of the infection and for preventive treatment.

However, there are several challenges to overcome in order to develop drugs based on SmMHDAC
inhibition. Indeed, if the use of HDACi was shown to be éffeg those inhibitors were usually

more active oMHDAC than on the parasité? ***Such inhibitors presentrisk of crossreactivity

which could cause offtarget effectsin order to minimize thespotentialsideeffects specific
SmHDAC inhibtors have to be developed.

To this end, therystalstructure of SMHDACS8 was solved and analysed to find differences with
thehHDACSsthat could be exploited to afford selectivifylt is important to note that, although
the enzyme was crystalized without inhibitors, analysis of the structure revealedranate
molecule provided by therystallizationbuffer, which was bound in then8IDACS8 active site

where it coordinated the @dytic zinc ion

Comparison of the active sites of hHHDAC8 and SmHDACS8 highlighted sesigaificant

differences Figure2.22).3%2

First, the M274 of the human enzyme is replaced by H292 in SmHDACS8. This modification
diminishes the hydrophobic character of the pocketubatlly accommodatethe aliphatic chain

of the acetylated lysine.

Secondly, a change in conformation was observetivden the SmHDACS8 Y341 and the
hHDACS8 Y306.Indeed,the hydroxyl group of 806 is turned towards the zinc ion, where it
interacts with the warhead of the inhibitors. tBe other handy341 side chain points towards

the rim of the catalytic pocket.

Thethird andmostexciting differenceis theconformationof the SmMHDAC8 F151 compared to

the hHHDACS8 F152. In the parasite enzyme, Fisstlirnedawayfrom the catalytic pocket and is
inserted into a smaller hydrophobic pocket formed by loops that surrogisdtikie siteOn the

other handfF152 is turned towards the active siaglopting a flippedn conformation in all
inhibitor- and substratbound hHDACS8 structures reported in the Protein Data Bank YPDB
Moreover, careful inspection of theHDACS structue revealed that F15€ould notadopt a
flipped-out conformation because of the presence of the L31 side chain that is locked in this

conformatiorby the surrounding residues.
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Figure 2.22: Ribbon representation of the active sites of (A) SmHDACS8 in complex L-
tartrate from the buffer, (B) hHDACS8 (PDB 1T67).
Adapted from Marek et al.3??
Interestingly, this phenylalanine is conserved in eddfDAC, and an investigation of the
available crystallized enzyme structures revealed that, due to surrounding amino acid residues,
the flippedin conformation is also conservegigure2.23).3%

C hHDAC3

f-l/

H134

S

hHDAC7

Figure 2.23: Ribbon representation of the active sites of (C) hHDAC3 (PDB 4A69) (D)
hHDAC? (PDB 3COY).
Adapted from Marek et al.3??
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Finally, hDAC8 and SmHDACS8 wereo-crystdlized in complex with two norselective
inhibitors to observe the impact of the structural differences on the biffding.

In complexewith SAHA, theconformatiorof the phenylalanine was conserved in athymea.
As expected, theliffererces inconformationaffected the rim of thenzymesand induced
modificationof the binding Figure2.24A and B).

Unexpectedly, n the case ofthe inhibitor M344, both HDACS displayed a flippedin
conformation(Figure2.24C and D) In hHDACS, the binding was similao that of vorinostat.

On the other hand, in SmHDACS the inhibitors adopted a completely different binding. However,
despite the flippedh conformation, theibding of M344 with both enzymes was not comparable.
These findings clearly demonstrate that SmMHDACS8 F15l&xible and caradopt both flipped

out and flippeein conformationsThis is likely due to the presencetbé amide group on M344,
which can interact with D100 through hydrogen bonding. Therefore, F151 could adopt the most
suitable conformation in order to optimize the bonding.

SAHA

(iif)

Figure 2.24: Close-up view of the active sites of the (A) SmMHDACS8/SAHA, (B)
hHDACS8/SAHA (PDB 1T69), (C) SmHDAC8/M344, (D) hHDAC8/M344 (PDB 1T67)
Complexes are shown as ribbon and sticks (i), surface view (ii), and side cut surface view (iii).
Taken from Marek et al.3?

In conclusion, inhibition of SMHDACS is a potent target for the development of antischistosomal

activity, but selective inhibitors are likely to be required to avoid sffects. Structural
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differences between the catalytic site of SMHDACS8 and those of hHDACs have been identified.
In particular, the phenylalanirigpped-in/flipped-out conformatiordifference modifieshe shape

of the enzyme rim and highly affect the binding of inhibitorsheTdevelopment of inhibitors
specifically targeting those differences could, therefore, be the key to future therapies.

2.3 HDAC inhibitors

Following the approval by FDA of some HDACI in maD00, the development of new classes
has experiencesteadygrowthover the last decade. Based on the structure of the natural substrate
and these first inhibitors, a pharmacophore containing three elements was establipined (
2.25).

Linker ZBG

Figure 2.25: Typical HDACi pharmacophore.

First, the zinebinding group (ZBG) is a polar functional group that form monodentate or bidentate
coordination to the zinc catn. The second element is the linker thalstituts the lysine side
chain of the natural substrate. The linker has to accommodatarttesvchannel of the enzyme
and is usually a linear moiety. The last part is the cap that is localized at the repmiftdinand

is involvedin sideinteractiors with theenzyme

Over the years, a variety of structure has methaized Several functionajroups were found

to be potent ZBGandimportantdiversity of cap group was explored to develop selective HDACI.
2.3.iHydroxamic acid HDAC inhibitors

The first hydroxamicacidbasedHDACI reported was th@atural product trichostatin 2-60
(Figure 2.26).3*” A few years later, suberoylanilide hycmic acid (SAHA,2-61) was also
reportedas a potent neselective HDACHE192SAHA later becaméhe first HDAC inhibitor to
enter clinical trials under the name of vorinostat and received FDA approval for the treatment of

cutaneous Tell lymphoma?®

H
H
\N )

| 2-60 2-61

Ir=z

Figure 2.26: Structure of trichostatin A (2-60) and SAHA (2-61).
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The strong affinity for metal ions coupled to the success of vorinostat has made hydroxamic acid
afavaurite choice of ZBG in the development of HDACI. Afterwards, several inhibitors derived
from vorinostat were developed and joined clinical trials. Itigasar, belinostat (Beloddl, 2-

62) and panobinostat (Faryddk 2-63) weresuccessfutandidate (Figure2.27).3293%

0 o
5 oAk -OH NH
H H HN Y \ 0

HN-OH
2-62 2-63
Figure 2.27: Structure of belinostat (2-62) and panobinostat (2-63).

These drugs are panhibitors and potently inhibit class | HDAC, with the exception of HDACS,
class Ilb and class IV HDACT@ble 2.13). However, tiey display no inhibition activity on
HDAC4 and HDAC?Y.

It is worth noting that differences in assay methodologyemgmepreparation are frequent in
HDACc inhibition. Therefore, thabsolute IG valuesof HDAC inhibitors should not be directly
compared between publications.

Vorinostat Belinostat ICsp  Panobinostat 1Cso

Class Isoform

IC 50 (NM) (nM) (nM)
HDAC1 76 18 3
HDAC?2 360 34 13
Class |
HDAC3 58 21 2
HDACS >1000 160 280
HDAC4 >1000 >1000 200
HDACS5 160 76 8
Class lla
HDAC7 >1000 600 530
HDAC9 78 44 6
HDACG6 27 15 11
Class lIb
HDAC10 88 31
Class IV HDAC11 110 44 3

Table 2.13: The ICso values of approved HDAC inhibitors against individual isoforms.3%

Notabl, those seconrdeneration of inhibitors both displayed a cinnamoyl group on the linker
that can also be found in two other clinical candidapescinostat(2-64) andresminostai2-
65).3*13%Besides cinnamoyl linker, several rididkers were investigatgcandsome inhibitors
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becamelinical candidatesRigure2.28). For example, a benzyl was used in givinos2e86),%*
and abexinostaR(67),**while a pyrimidine linker is employed guisinosta(2-68),>**and CHR
3996 -69).3%

0
N _OH 0
\_\_</ j©/\)\” Q\S,P NN OH
/JN - H

//N\] 2-64 d

2-65

i H
\ O)J\N
~_N H (0]
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N~ N H
)l\ H ’, N N
P f '
—N H N N N\ NS %
NN | H H
=
2-68 F

2-69

Figure 2.28: Structure of clinical candidate with rigid linkers.

Some of these compounds were shown to be highlynpetgainst the different HDACs and
displayed some selectivityf able2.13).
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2-64 2-68

Isoform
IC 50 (nM) |Cso (nM)

HDAC1 49 0.1 3

HDAC?2 96 0.3 4
Class |

HDAC3 43 4.9 7

HDACS 140 4.3 ND

HDAC4 56 0.6 ND

HDAC5 47 3.7 200
Class lla

HDAC7 137 119 ND

HDAC9 70 32.1 ND

HDAC6 >1000 76.8 2100
Class lIb

HDAC10 40 0.5 ND
Class IV HDACI11 93 0.4 ND

Figure 2.29: ICso values of HDAC inhibitors 2-64, 2-68 and 2-69 against individual
isoforms,331:335.336
Although those clinicatandidate arepromising compounds, current reseaigcfocusing on the

development ofmoreselective inhibitors.

One fundameral approach toward hydroxamic acid HDAGS6lective inhibitors was the
introduction of new cap groups such as tricyclic carbazole, pyrrolidinone, or benzimidazole
(Figure 2.30). Tubastatin A 2-70), was developed via structdnased design and homology
modeling. Tubastatin A displayed HDACS6 inhibitory activity and 50 to 2066 sdectivity
versus other HDAC isoform&’ The selectivity wagurther increased in a secegéneration by

the same group® Inhibitors derived from a tricyclpoly hydroacridine(2-71) were reported to

have a nanomolar activity on HDAC6 and a 6@ selectivity against all the othefDACs 3%

A novel class of aaminopyrrolidinonebased hydroxamic aci@+72) inhibitors was reported to
have a nanomolar lgon HDACG6, a 1€fold selectivity against HDAC8 and over 40ffd
against HDAC13 isoforms3* Besides, scientists from Daiarber Cancer Institute reported a
series of new selective HDACG6 inhibitors based on substituted benzimidazole heterd&ycles (
73) with inhibitory activity in picomolar concentration range against HDAC6 andomictar
activity against other HDAC¥! Selective HDAC6 inhibition was also achieved with
cycloheptandused tetrahydrobenzothiazepine@-74) with a 100fold selectivity against

HDACS and up to 1006old on other HDACS
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Figure 2.30: Examples of HDACG6 selective hydroxamic acid inhibitors.

Drug discovery effortsdirected toward hydroxamic acid derivatives able to interact with the
unique subpocket of HDAC8esultedn resulted in the discovery of indole derivative FB4D51
(2-75).3** This compound was reported to inhibiDACS8 with aKi value of 10 nM an@00-fold
selectivity over HDAC13, 6, and 10Selective HDACS inhibitors could be producedgstlick
chemistry 2-76) and resulted imn HDACS inhibition activity in thenanonolarrange, a 35old
selectivity against HDAC6 and over 5@fld selectivity against HDAC1/2/%! Recently, a
significant advancement in the development of potent and selective HDA(t8tans was
reported. Triazolybenzohydroxamiacid compoun@-77 was reported to inhibit HDACS8 with

a subnanomolar kg over 1006fold selectivity over HDACG6 and significantly greater selectivity
for all other HDACS*® To date, this compound is both the most potent and most selective
HDACS inhibitor reported.

@@*@

2-75 2-76 2-77
HDACS K; : 15 nM HDACS ICso: 70 nM HDACS ICso: 0.4 nM

Figure 2.31: Examples of HDACS selective hydroxamic acid inhibitors.
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Hydroxamic acids have proved to bamajor ZBG for the development of HDACand both
potent and selective inhibitors based on hydroxamic acids haveyebeasised

However, hydroxamic acids also have limitations. In particular, use of hydroxamic acid
precipitates drug clearance through glucuronidation, and cafoataonutagenic metabolites via
Lossentype rearrangement& As a result, alternative ZBG have also been investigated.

2.3.iiBenzamide

Besidehydroxamic acids, benzamide is also able to coordinate in a bidentate fashion to the zinc
cation through the amine and the carbonyl oxy&averal HDAC inhibitors using benzamide as
ZBG also became successtaindidatesKigure2.32). Two examples in clinical development are
entinostad (2-78), which was in Phase | clinical trials for the treatment of metastatic
melanona "3 and mocetinostat2¢79) in clinical trials for the treatment of myelogenous
leukaemia and advanced solitimaurs .**93% In addition, an example containingpgridine
capping group an@n N-(2-aminofluorophenyl}benzamide unibhad remarkable results and
advanced to clinical trial. Indeetljcidinostat(2-80, Epidaza™), was approveéh China for the
treatment ofrelapsed or refractory peripheratcell lymphoma®*? It also displays anticance
activity in colon, lung, breaspancreatiand liver solidtumaur cells, and in myeloideukaemia

Ce||3353’354
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Figure 2.32: Examples of benzamide HDAC inhibitors.

These clinical candidaddenzamidereprimarily class | HDAC isoform selectiva@ éble2.14).
However it is important to note that HDACS is usually poorly inhibit@the lack of inhibition
of HDACS is attributedto structural differences at the tmn of the active site tunnel arma
particular thesubstitution of leucine residibg tryptopharin HDAC8 which prevents the binding
of the bulky 2aminoanilidemoiety.>>**® Furthermoregclass Il HDACs are characterised by a
restricted space dhe corresponding region at the bottom of the active wibich alsoprevens
the binding of the bulky ZB&%

Besides by taking advantage of the structural differences between the class | HDAC isoforms,
moreselective compounds could be produced &8l being a selective inhibitor of HDAC1

and HDAC2%*® Conversely, analogu2-82 displays high activity on HDAC3 but low potency on

the other class | HDAC¥’
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Entinostat Tucidinostat 2-81

Isoform
ICs0 (nM) ICs0 (nM) ICs0 (nM)
HDAC1 260 100 10 5800
HDAC?2 310 160 72 7900
Class |

HDAC3 500 70 6180 170

HDACS >1000 730 >20000 ND

HDAC4 >1000 >1000 >50000 ND

HDAC5 >1000 >1000 >50000 ND
Class lla

HDAC7 >1000 >1000 >50000 ND

HDAC9 >1000 >1000 ND ND

HDAC6 >1000 >1000 >50000 ND
Class lIb

HDAC10 250 80 ND ND
Class IV HDAC11 650 430 ND ND

Table 2.14: ICso values of benzamide HDAC inhibitors against individual isoforms.354356.357
2.3.iii Mercaptoacetandesand a-mercaptoketone

Kozikowski andcoworkerdooked for alternativéunctional groups that could display similarities
with the hydroxamic acids. They identifiatercaptoacetamides a suitable ZBG and synthesised
a series otompoundsierived from voinostat, such a2-83, which presentdHDAC inhibition
activity in a submicromolar range of concentratiBig(re 2.33).2°® This compound was shown
to be mainly potent on HDAC6 with a 3dld selectivity against HDAC1 and over 66ld
selectivity against HDA2, HDACS8 and HDAC10 Table 2.15).%%° The secondgeneration of
inhibitors was synthesised by introducing an isoxazole &saming group and reversing the
amide®* Compound2-84 was shown to selectively inhibit HDAC6 with a nanomolar activity
and over 2Zold selectivity against HDAC1, HDAC2, HDAC3, HDAC4 and HDACS5. Besides,
the authors also investigated the impact of chiratcaptoacetamidemtroduction of a methyl
ledto twoenantiomer®-85. This chiral centre was shown to have a lingpacton the inhibition
profile as §)-2-85was mostly inactive on every HDAC while the enantionfi®r3-85 retained

its activity on HDACG6 but witrmuchhigher selectivity. Interestingly, inaducing twomethyk

led toinactivecompounds. Using a similar approach, dhmercaptoketongorinostat analogue

2-86was synthesised and was more active in HDAC inhibition compared to voriftdstat.
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Figure 2.33: Examples of mercaptoacetamide and a-mercaptoketone HDAC inhibitors.

2-83 2-84 (9-2-85 (R)-2-85
Class Isoform
ICs0 (nM) ICs0 (nM) IC 50 (nM) ICs0 (nM)
HDAC1 3220 5700 >30000 >30000
- I HDAC2 7380 28000 >30000 >30000
ass
HDAC3 ND 14000 6180 15000
HDACS 6120 ND ND ND
HDAC4 ND 10000 >30000 >30000
Class lla
HDAC5 ND 15000 >30000 >30000
HDACG6 95 260 >30000 280
Class lIb
HDAC10 10700 ND ND ND

Table 2.15: ICso values of mercaptoacetamide HDAC inhibitors against individual
isoforms. 359360

2.3.ivCycliepeptideanalogies

Cyclic peptide moietieare the most complesapping groupsf all HDAC inhibitors. In 1998,
the natural product FK228287), a bicyclic depsipeptide isolated from the bacteria
Chromobacteriunviolaceum was identified by Ydsida and coworkers as HDAC inhibitor
(Figure2.34).32Over the last decade, several other bacterial natural product Sacheaele(2-

88) andthailandepsim (2-89) were discovered and identified as HDAE} 26

Althoughthesec o mpounds donodt have apparent ZBG, Y
coordination resulted from the disulfide bridge reduction, releasing a thiol sidechain that can

interactwith the metaf®®

This rather weak ZBG benefits froms&zeabé macrocyclic cap that
offer better binding to the enzyme surface than the phenyl ring presegtiioxamic acid
inhibitors such as vorinostat® Those natural products aee highly paent class | HDAC
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inhibitors and moderate HDACG6 inhibitors. FK228 was later approved for the treatment of
cutaneous Tcell lymphoma as romidepsin (Istodd.3®
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Figure 2.34: Examples of depsipeptide natural product HDAC inhibitors.
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Romidepsin  Largazole Thailandepsin A

Isoform
ICs0 (nM) ICs0 (nM) ICs0 (nM)

HDAC1 0.8 0.4 14

HDAC?2 1.0 0.9 3.5
Class |

HDAC3 1.3 0.7 4.8

HDACS 26 100 >1000

HDAC4 470 >1000 >1000

HDAC5 >1000 >1000 ND
Class lla

HDAC7 >1000 >1000 >1000

HDAC9 >1000 >1000 >1000

HDAC6 330 42 380
Class lIb

HDAC10 0.9 0.5 ND
Class IV HDAC11 0.3 >1000 ND

Table 2.16: ICsp values of the active forms of depsipeptide HDAC inhibitors against
individual isoforms.3%7

Following the successful total synthesis lafgazole numerous research groups reported
derivatives with variations in potency and selectivity. Those analogues mainly explored the role
of the amino side chains the cyclic peptides. The-dethylthiazolineresidue has hydrophobic
interactions with the side chains F150 of the HDACL1, and these interactions may be crucial for
HDAC class | isoform selectivity ofargazole'® Therefore, several groups focused on the
alteration of the methyl group dfie 4methylthiazolinemoiety at theC7 position to increase
these interactions. A des of newlargazolederivatives with different substituents at 1G&
position was reported2{90a-c) with low nanomolar inhibition activity on HDACY¥?
Alternatively, the residue was replaced in a romidepkirgazole hybrid (2-91),*° and in
bipyridyl analogue Z-92).3"* Finally, the ring was also expanded with the introduction bf a

alanire (2-93).37
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Figure 2.35: Examples of synthetic depsipeptide HDAC inhibitors.
2.3.vMultitarget compound

Combination therapy, the use of multiple drtgsreat ssinglediseaseis commonly used for the
treatment of aggressivasgases such as cancer or AIDS. Nonethethssiyse of a singldrug

that modulates several targets might be therapeutically advantageous over the use of drugs in
combination Polypharmacology refer® the ability of drugs to interact simultaneousiyd
specifically with multipletargets In cancer researchhe desigrand synthesis of new molecules

that simultaneously modulateultiple oncogenic targetseof current interest’

Multitarget drugs offer several advantages compared to combination therapy with more
predictable pharmacokinetic (PK) and pharmacadagic (PD) relationship of the drug, lower
toxicity, and greater efficacy against advanstahe diseaséé Besides, it can produce a better
synergy as one motif might improve the bioavailability of the secanitlyeleading to the

simultaneous presence of the chematitiesin multiple tissues’

HDAC inhibition activity is mainly due to the presence of strong ZB@&d the simple
pharma&ophore of HDACswvas shown tdolerae a large varietyof cap groups. As this region

interacts with the enzyme surfatiee idea emerged to uaesecongbharmacophoras cap group.
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In other words, the introduction of an alkyl linker, bearing a potent ZBG, on a biologically active
compound could potentially confer some additional HDAC inhibition effect to the molecule.

This approactmas gained significant interest over the last decadedseveral multitarget drugs
have been reported® ="

To begin with, tie dual inhibition of protein kinases and HDACs basome the most popular
choice for epigenetic multitarget dru@@Sgure2.36). Introduction of hydroxaic acid @-94) or
benzamideZ-95) on the approved ABL kinase inhibitor imatin®96) successfully led to potent
duattarget inhibitors Both compounds were micromolar inhibitors of the ABL, PD&-&nd
VEGFR2 kinasesBesides, they featurehtiproliferative activity HeLa and K562 cell lings
the micromolar rang&® Interestingly,no difference in activity was observed betweenwid-
type ABL and thématinib-resistant mutant315I. Similarly, the substitution of an ether group
on the approved kinase inhibitatainib (2-97) by a heptanoic hydroxamic acid lechinomolar
inhibitors (2-98) of HDACs, EGFR and HERZ' This compound becanapromisingPhase |
clinical candiate againstintermediate ohigh-risk head and neckquamous cell carcinom&
Several series were then reported, both for hydroxamic acid and benzamide nwvatbrayid
linker 2 substitutiors of the quinazoliné® or attachmet of the zinc binding group onto the aryl

ring of erlotinib rather than the quinazoline moi&ty.

In addition b protein kinases, the dual inhibition of HDACs and phosphatidylinosikih@se
(PI3K) was also investigatedhis led to the candidate CUDED7 @-99), a potent nanomolar
dual HDAC and pa#13K inhibitor which waseffectivein cell lines and a tumour xenograft

model®? The compound is currently in phase | clinical trials for lymphoma and solid tumours.
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HDAC1 77 nM ABL 9200 nM
HDACG6 36 nM PDFGFR-B 4600 nM

VEGF-R2 9200 nM

Imatinib 2-96

2-95

ABL 2000 nM

PDFGFR-$ 2700 nM
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Erlotinib 2-97 2-98
HDAC 4 nM
EGFR 2 nM
HER2 16 nM
2-99

HDAC1 2nM HDAC4409nM PI3Ka 19 nM
HDAC2 2nM HDACS5674nM PI3KB 54 nM
HDAC3 2nM HDAC7 426 nM PI3KS 39 nM
HDAC8 191 nM HDAC9 554 nM PI3Ky 311 nM

HDAC6 27 nM

HDAC10 3 nM

HDAC11 5nM

Figure 2.36: Example of dual HDAC and kinase inhibitors.
ICso values are indicated.®”

In addition to these compoundariousdual inhibitors of HDACs and on-kinase ezymeshave
been synthaized (Figure 2.37).°**"®* Compound 2-100 was developd as HDAGinosine
monophaosphate dehyaenase (IMDPH) dual inhibitdor the treatment of chronic myelogenous
leukaemia®® The statin inhibitors of -Biydroxy-3-methylglutaryl coenzyme A reductase
(HMGCR) lovastatinhave abeneficid effect in cancerland, coupled with a hydroxamic agid
lovastatinderivative 2-101 inhibited both HDAC and HMGCR and waeactive in colitis-
associatectolorectal cancein a mousemodel®* Epigenetic response was also coupled to
receptor ligand to bind tthe nuclear viamin D receptor (VDR (2-102),%® or theretinoid X
(RXR) (2-103).*¢ Finally, this approach can also be useddoal epigenetidarges like a dual
active HDAGbromodomain andxtraterminal(BET) inhibitor 2-104).%"
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Figure 2.37: Example of dual inhibitors of HDAC and non-kinase enzyme.
ICso values are indicated.3™

To sum up, the HDAC pharmacophore was shown to be highly versatidgotent HDAC
inhibition can be obtained as long as a strong ZBG and a linker are available. Multitarget drugs
are pomising and offer significant advantages over the more common combination tHesapy.
date,HDAC inhibition has been combined with the following targétBL, EGFR, HER2, JAK,
PDGFR, P13K, PLK, PKC and VEGFR kinas@&sgsine5 -fnonophosphateehydrogenase;
HMG-CoA reductase;phosphodiesterase type 5; DNA criisking; DNA alkylation;
topoisomeraseyitamin D receptor;retinoid X receptor;estrogenreceptor; tubulinjand RAS
localization®” In addition, it is possible to inhibitvo epigenetic targetsimultaneously by dual
inhibition of HDACs and DNA methytansferases, sirtuins, Jumonji dzmethylases and
bromodomains” Therefore, the multitarget approach kasellert and exciting future prospects

for the development of more efficient drug with reduced-sitiects.
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2.4 SmMHDACS inhibitors

Over the last few years, and followirtgetidentification of SmMHDACS aspotental target against
schistosomiasis, several academic groups have investigated the development of selective
inhibitors.

As part of their study on the crystal structure of SmMHDAC, Marek and coworkenseafeored
avirtual screening to search for inhibitor scaffolds that wditlitito the enlarged catalytic pocket

of SMHDAC83* They identified several linketess aromatic hydroxamate derivatives, which
fitted in the enzyme channel ahdd little interaction with the enzyme rim but where predicted
to be highly potent inhibitord-{gure2.38). Those compounds105, 2-106and2-107 were then
tested on SmMHDAS8 as well as on a panel of hHDAG®SE novel inhibitors showegimilar
activity onSmHDACS asthe two references, vorinostatd M344 with anlCso of 2-4 pM.320n
hHDACS, those inhibitors were merselective than theeference compoundsith a 37 fold
selectivity against h(HDAC1 and hHDAC3. However, they were not selective against hLHDAC6
and hHDACS8 and featured higher potency on these HDAC than on SmHDACS. Although the
selectivity remained a poteat issue, those compounds were a significant improvement to the
reference patiDACI. Besides, treatment of schistosomula wati07 was shown to induce
100% mortality at 5@M within 3 days anéhduced apoptosis even 10uM. Treatmenbf worm
pairscaugdacompleteseparation ofmale and femaleouples within 3 days at 5QM and 5 days

at 20pM 3%

-OH _OH .OH

y HN o 1 M HN
S

S S Cl
2-105 2-106 2107

Figure 2.38: Structure of SMHDACS inhibitors 2-105, 2-106 and 2-107.3?

Recently, a series of-8minobenzohydroxamatierivativeswas reportedRigure 2.39).%%° The
inhibitors were evaluated for their inhibitory activity agaiBstHDAC8, hHDAC1, hHDACS,

and hHDACS In in vitro assay, 27 compounds, li&108 exhibited a nanomolar inhibition
activity and @monstrated high selectiyifor SmMHDACS8 over the major human HDAC isoforms
HDAC1 andHDACSG6 (Table 2.17). Some compoundssuch as2-109 and 2-110, were also
reported to have a preference for SMHDACS8 olBiDACS8. Furthermore, SmHDA8wvas
crystdlized in complex with2-109 anddocking studies resaled the formation of a hydrogen
bond between the amide and H292 in SmHDACS. As mentioned earlier, in hHDACS this histidine

is replaced by M274 and, therefore, cannot form a similar bond. In addition, the difference of
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conformationof the phenylalanine sédue was observed with F151 adopting a flippat
conformation in SmMHDACS8 while the corresponding F152, F150 and E&f#0a flippedin
conformation in hHDACS8, hHDAC1 and hHDACG respectivERThis caild partlyexplainthe
observedselectivity,

o]
2 108 2-109 2-110

Figure 2.39: Example of 3-aminobenzohydroxamate inhibitors of SmMHDACS.

In phenotypicassays2-109 had amoderatesffect on the viability of the schistosomula at 10 uM
and 20 pM*?® On the other hand, bot®108 and 2-110 showedsignificant dosedependent
toxicity. Treatmentof worm pairs with2-110 caugd 90% sepaation of male and femaleairs
within 5 days at 2QuM, anda correspondingeduction in egg laying by thesgorm pairs was

also induced, reaching 80% for the2WM do s e .

SmHDAC8  hHDACS hHDAC1 hHDAC6 % viability

compound o (M) ICs(M)  ICso(M)  ICso(nM) 20uM
2-108 75 26 6300 390 33.4
2-109 468 582 34000 3000 75.6
2-110 92 149 2800 600 35.8

Table 2.17: ICso values for 3-aminobenzohydroxamate derivatives. The results of toxicity
assay on schistosomula are also shown.3?®
Inspired by these results, a series of isophthalic-laasdd HDAC inhibitors were reported in
2017 Figure2.40).3% Compound®-111and2-112were the most prorriisg compound and were
more potent on SmMHDACS8 than on hHDAC1, hHDAC6 and hHDAT&b({e 2.18). However,
in similar phenotypic assay;111showed moderatexity toward schistosomula ab2iM in
adoseindependentashion 2-112 showed alosedependeneffect but wanly slighty active
Moreover,none of thensignificantly affected adult worm pairing during 5 days of culture

vitro.
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Figure 2.40: Structure of isophthalic acid SmMHDACS inhibitors.

SmHDAC8  hHDACS hHDAC1 hHDAC6 % viability

Compound
- IC 50 (NM) IC 50 (NM) ICs0 (NM) IC 50 (NM) 20 uM
2-111 400 630 > 10000 5120 75
2-112 750 1310 > 10000 7110 79

Table 2.18: ICso values for isophthalic acid derivatives. The results of toxicity assay on
schistosomula are also shown .38

Finally, a novel class of inhibitor was recently identified by struebased virtual screeningnd
a series ofN-(2,5-dioxopyrrolidin-3-yl)-n-alkylhydroxamatewas reported Rigure 2.41).3%
Compound2-113was the most potent inhibitor of SmMHDACS8 and was slightly selective against
hHDAC1 and hHDACS6 but was more active on hHDAC8. Removal of the chl@ih&4) highly
impacted the potency, while the extension of the alkyl chzihlf) reduced thectivity on
SmHDACS8 and hHDACS but increased hHDACS6 inhibitory activity making it fenaurite
target. Furthermore2-113 induced doselependent apoptosis in the infective larval stage of
S.mansonj affecting 67 % of the larvae after 3 days at a dod®0fuM. This is comparable to
the effect achievedith the parHDAC inhibitor vorinostai{43% at 100 pMy®°

Although this class of inhibitor was found to be lessepband less selective than those previously
reported, this series offers an interesting new perspective. So far, hydroxamic acid has been used
as a terminal moiety while the cap group was linked through the carbonyl. This scaffold reversed
the use ohydroxamicacid with a cap linked directly to the nitrogen of the ZBG. Besides, the
crystal structure of SMHDACS in complex witHL13revealed thathe rpentylmoiety is buried
beneaththe zinc cation in the MHDACS8 footpocket, where it makes nepolar catacts with
SmMHDACS residues FL, T140 and C15%° This specificity could be further explored with the
introduction of different cap groups providing more interactigth the enzyme rim and could

lead to new class of more potent SmHDACS inhibitors.

96



Cl Cl

2-113 2-114 2-115
SmHDACS 4.40 uM SmHDACS 20.30 uM SmHDACS 5.50 uM
hHDAC8 0.49 uM hHDAC8  3.99 uM hHDAC8 7.69 uM
hHDAC1 6.76 uM hHDAC1 25.96 uM hHDAC1 3.98 uM
hHDAC6 5.02 uM hHDAC6  6.20 uM hHDAC6 2.65 uM

Figure 2.41: Structure and ICso value of N-(2,5-dioxopyrrolidin-3-yl)-n-alkylhydroxamate
inhibitors.38
In conclusion, several classes of inhibitor were reported to have strong inhibitory activity on
SmHDACS. Besides, they induced apoptosis in schistoloand were able to affect the pairing
of adult worms. Those inhibitors also reported selectivity against hHDACsgaiticulat
hHDAC1 and hHDACS6. Although some compounds were also selective against h(HDACS8, most

are still more active on hHDACS than on the parasite.

However, 1 has been reported tHatiDACS inhibitionshowed onlylimited effects on many cell
types®® In addition, HDACS inhibitor had the most limite@mpact on the human acetylome

among a panel obelectiveinhibitors of HDACs®**®

Cytotoxicity studies ofthe different
SmHDACS inhibitorshave alsshown arelatively loweffecton cell proliferation, indicating that

the inhibition of human HDAC8 does not result in intrinsic toxicity.

Hence although future investigation could lead to new classeSmHDACS inhibitor with
greater selectivity on hHDACS, it is believed tihégh selectivityagainst otheclassl and class
Il HDAC, especiallyhHDAC1 andhHDACS, will be moreimportantfor a pdential therapeutic

setting.
2.5 Summary

HDACSs are a class of enzymes invedvin a wide range of biological processaxjderegulation

of their activity has been linked to a large panel of pathology. Therefore, their inhibition was
regarded as aatractivestrategy for the development of new therapies. The discovery of several
nonselective HDAC inhibitors confirmed their therapeutic potential a decade ago, FDA
approved the first inhibitors. This became the launching ramp for the development of new classes
of HDACI, anda variety of compounds were reported. More selectifiditors helped to better

investigate the role of the differeatassand isoform of HDACs and to identify new functions.
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The field has experiencedeadygrowthin popularity over the last decadmdit will, without
doubt, lead to exciting findings the coming years. To this end, current research mainigto
develop highly selective compounds targeting a limited number of HDAC isoforms.
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Chapter 3Synthesis of new classes of HDAC inhibitors

1. Introduction

Thecentralpart of this thesiss focusel on thesynthesiof newclassef HDAC inhibitors. As
we saw in the previous chapteraage variety of structures hagen investigate@ndstructure
activity relationshipstudiesof HDAC inhibitors demonstrated thahportantvariations on the
scaffoldare blerated Several series of compounasrereportedwith diversestructureglaying
the role ofthe cgp group without compromisingiological activity. To investigate further this
flexibility of skeleton we designed several scaffolds that could leaddgaldvelopment afiew
classes of HDAC inhibitors. Synthetic pathways for these structueee establishedand
examples of compounds wesgnthesisedn orderto evaluate their potency arselectivity on
HDAC inhibition.

2. Synthetic approach

As a startingpoint in our search of new scaffolds, we identified a series of specific fedtirsts

we decided to focus dhe synthesisof low molecular weight compoundgth limited numbers

of H-bond donors and acceptors. Those factoosnply with the ruleof-five, also known as
Lipinski6s r ul es3théarbldsdepiti a stt obnyledular propertiek that are

of importance in pharmacokinetif oral biavailability. Although therearemultiple successful
exceptions in drug development, these rules are still commonly used as a general guideline in
drug discovery to increase the chances of developing actsagound withappealing

pharmacokineticproperties.

Secondly introducing a centre of chirality was also of higher importance. Iralebdal centre
in the scaffoldvould secure anonflat topology As the enzyme rim is made of numerous chiral
amino acidsthis trait in the inhibitors could cae isoformdependent interactions and, therefore,

provide a selectivity.
A third factor was the accessibiliof commercial building blocks with high diversity.

Finally, we opted for the sole use of hydroxamic acid as zinc binding group. Thus, it wis cru
to have at our disposal a carbopyécursoror to have the ability to introduce qrte form the

hydroxamic acid.

Based on these facto@mino acids emerged asessentiatlass of building block that fulfilled

all the above criteriaTo begin with they naturally possess a chiregénte, allowing the

investigation ofenantiomeric effectiandtheycanalsobe easily coupled teynthesisenolecules
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with severalchiral centres Secondly, they have a high diversity with a variety ebdthd
acceptor/donor side chajrmacid/base properties and a range of lipophilicity. Moreover, @Gieir
terminal carbonyl group, eitharcarboxylicacid oranestercanbe convertedo hydroxamic acid.
Finally, they are commercially available with a varietyNoterminal,C-terminal and side chain
protective groups hence being able to adapiversesynthetic pathways.

As results we decided to design and develop new classes of HDAC inhibitddsaround the

use ofamino acids
2.1 First scaffoldimidazolebasedinhibitors
The imidazeketopiperazine structure appeared as an interesting scaffold.

The first engaging trait of the structure was the similarity @jfdiketopiperazinesHigure3.1),
a privileged scaffold in drug discovei$**® Ganesan group has been interested in
diketopiperazine for yearsnd several libraries of compounds were produced by giimse

synthesis and reported in thiterature34 3%

Another influential factor was the presence of two chiral centres in the structure of imidazo
ketopiperazine. Schematicaltijs scaffold is a fusion between a diketopiperazine, which derived
from the cyclization of a dipeptide, and an imidazole. For ritasonthe configuration of the
stereecentres originate from the amino acid starting materials and can thus be controlled

efficiently.

Figure 3.1: Structure of 2,5-diketopiperazine (3-1) and imidazo-ketopiperazine (3-2).

The synthesis of an imidaZe@topiperazine has been reported by Bisclawifl coworkers in
2010%" Based on conditis developed by Hopkin§® imidazole 3-4 was synthesised by
intramolecular cyclization of thH-glycinyl thioamidesubstituteddipeptides3-3 (Scheme3.1).

The N-terminal protection of3-4 was removed in acidic conditions and then neutralized to
generate a free amin€he pontaneousntramolecular reaction of the deprotected intermediate

resulted in the second cyclizatitmafford the imidazeketopiperazin&-5.
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We foresaw thathe imidazoketgiperazinecore could serve asaappinggroup in a new class
of HDAC inhibitor. In additon, a linker, and by extension the zibinding group, could be

introduced on the scaffoltiroughthe reactivity of the formed thiol.

SH
5 s O /g SH
H TMSOTf NTN N/g
/N\)J\ j/ Et:N H\)I\ | N
Cbz Y N i =8N o _N N _ . N
- Cbz < (]
: NH, : \\(
HN
O—
(6]
3-3 3-4 3-5

Scheme 3.1: Synthetic pathway to imidazo-ketopiperazine.

Bertrand Lecointre, a PhD student in Bischoff group, started the investigation of this scaffold as
part of a visiting mission in Ganesan group prior to my arrival. He developed a first synthetic
route featuring an-PheL-Ala analogie of 3-3 and successfully synthesised a series of
inhibitors 3% My PhD work followed orfrom his preliminary resultsand my first assignment
consisted of optimisinghe developed synthetic pathway lntroducing improvements in this
sequence. This would then be applied to the synthesis of known inhibitors as well as new

analogues with this scaffald

In a onepot sequence of three reactior&clieme3.2), L-Ala methyl ester3-6 was initially
alkylated by reaction with iodoacetamiibethe presence oDIPEA to give theglycidyl amide3-
7. Following addition ofCbzL-PheOH, propanephosphonicacid anhydride (T3P) was used as
a couplingagent to form the dipeptid&@8 by condensatianin the same pot, the solvent was
removed by evaporatioandthe residue redissolved in igimethoxyethane. Then, treatment
with Lawessonods seleetwahiemtion andihe thibamield-9 was isoktedn

a44% overall yield over the three reactions.
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Reagents & Conditions: a. lodoacetamide (1.2 eq), DIPEA (2.5 eq), MeCN, rt, 6 h;
b. Cbz-L-Phe-OH (2.5 eq), T3P (4.5 eq), DIPEA (4.5 eq), rt, 16 h; c. Lawesson's reagent
(0.6 eq), DME, rt, 6 h

Scheme 3.2: Synthesis of the dipeptide thioamide L-Phe-L-Ala.

In this sequenceT 3P was preferredo more common coupling reagent based on carbodiimide,
uronium or phosphonium such as EDC, HATU or PyBOP. Although thaditioral classes of
reagenthavebeen extensively uséa peptide synthesis, T3P displays severaitingproperties

and is becoming a prominent reag@ftAmong other assets, T3P is highly solubieorganic
solvent, norhazardous and promotes the amide bond formation in mild conditions. More
importantly, it was identified as a first choice coupling reagent to avoid epimeriZ&tiandthe

by-product of the reaction cdre easily removely agueous workip.

The mechanism of the reactiandetailedbelow Scheme3.3). At first, carboxylic acid3-10is
deprotonatedandthe resulting carboxylate attacks the cyclic phosphonic acid anhydrida-T3P
11 The activated carboxylic acRi12 then undergoes raucleophilicattack of the amine to form
the desired peptide bond, releasing at the same time the phosphepabeumt3-13. Finally,
the amide3-14 is deprotonated to afford the desired pro@itb.
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Scheme 3.3: T3P coupling mechanism.

In a second onpot sequence of fouractiors (Scheme 3t), thioamide3-9 was treatedwvith
trimethylsilyl triflate and EfN. After completion, the volatilewereevaporatedandthe residue
was keptat reflux in toluene. This resulted in the dehydrative cyclization of thioaB@e
affording thedisuffide 3-16. Next, thedisuffide bond was reduced with.-dithiothreitol, andthe
regenerated thiol then performed a nucleophilic substitution-balo-esters3-17 leading to the

formation of thioetheB-18.

Thestructure of vorinostat motivated the initial choice ofearbon alkyl chaims mimicking its

linker, in size and functionalityt shouldfavour the synthesis of an active compound.

Clsgy COzMe CO,Me
o S 6 s+t
H 317 6
/N\)J\ H N 2 N I\
Cbz” Y N7 COMe a_ CbzN_{ b N AL
- —_— : —_— e
NH, : N 31% overall CPZ H N

\ I\
T e
3-9 3-16 3-18

Reagents & Conditions: a. i) TMSOTf (5 eq), Et3N (8 eq), Toluene/DCM 9/1, -78 °C -> rt, 6 h; ii)
Toluene, reflux, 16 h; b. i) DTT (4 eq) , DCM, rt, 16 h; ii) 3-17(1.4 eq), Nal (4.2 eq), EtsN (2.5 eq), rt, 1h

Scheme 3.4: Synthesis of thioester 3-18 from thioamide 3-9.

The mechanism of theyclizationwas reportedy Bischoff(Schemes.5).3 In the first step, the
L-PheL-Ala peptidic carbonyl of3-9 was activatedby reaction with trimethylsilyl triflate.
Secondly, intramolecular nucleophilic attack, by the thioamide, led to the cyclisaBetBaind
to the formation of a more stable intermed@20. Finally, reflux in toluene eliminated TMSOH

andto the imidazole ring. In addition, the reactioeingcarriedout in the presence oéir, the
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thiol intermediate3-21 wasoxidized by O, and reacted with a second molecule to create a more
stabledisulfide bridge and form the dim&-16.

/_\\‘L Qv _cF, T™MS. ®

O S

H /L /Sl\ N CO’/\“
O ™S, Cj
Cbz/N\:)J\N CO,Me © CbZ/N\)\N NH;

KH/NHz : )\ g
COOMe
s
319

3-9

oH TMSO.)
S
N TMS, \(HN
cbz-N /ﬁ Toluene Cbz’h@
B Nk reflux : N
T Aow T A
3-21 3-20

Scheme 3.5: Mechanism of the imidazole cyclization.

Removal of theN-terminal Cbz protecting group 8f18in strondy acidic conditions resulted in

the protonatedmine, whichwasthen neutralizesith NaHCG; to afford the free aminésgheme

3.6). The amine then spontaneously cyclized through nucleophilic attack on the methyl ester to
afford the imidazeketopiperazing-22. The ester sidehain was thehydrolysedto providethe
carboxylic acid. In the lasstep we tried to couple the carboxylic acid witQ-(tert

butyldimethylsilyl) hydroxylamingbut no desired produatas recoveredfter purification.
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Reagents & Conditions: a. i) anisole (8 eq), HBr (33% in AcOH) (15 eq), rt, 2.5 h; ii) NaHCO3 (1M),
rt, 30 min; b. i) HCI (6M), THF, rt, 6h; ii) PyBOP (1.2 eq), DIPEA (2.2 eq), NH,OTBDMS (1.2 eq),
MeCN, rt, 6 h

Scheme 3.6: Attempt to synthesise 3-23.

Despite an unfortunatattempt we managed to familiarize with the general route previously
developed. From there, several nielas arise to modify the synthetic pathway and to optimize
it.

One of thesolutiors was to look at the first steps of the sequence. On thbammgthe ability to

run onepot reaction was highly beneficial. This process removed the fioeedolation and
purification of intermediate compounds, thsgeededup the sythesis. On the othdnand

successive reactions could lead to lower yield, increased number of side prodwetsemdre

difficult to monitor due to the presence of numerous chemical entities.

Therefore, we decided to check if we could improve the dwasdd of formation of thioamide

3-9 by cutting the ongot three reactions sequence. However, although we could have run each
reactionseparatelywe decidednly toisolate the glycidyl amide intermedié8e8. This decision

was a compromise between our will to improve the yield and the convenience afethet
sequenceAdditionally, isolation of highly polar intermediaB7 would have beedifficult and

could have lessened thield.

This modification reslied in a significant improvement of the overall yielchble3.1).
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Entry Overall yield

Onepot 3 reactions sequence 44%

Isolation ofintermediate3-8 followed by conversion t8-9 89%

Table 3.1: Comparison of synthetic methods to form thioamide 3-9.

Thisled usto also reconsider the second gra# sequencdndeed, we noticetthat the divergence
betweeranaloguesnly occurred over the last step of HeguenceT herefore, we decided to split
again thesequencento separated reactions isolate the disulphid&-16, which is the last
common intermediatéccordingly, we were able teynthesse andisolate 3-16in 62% yield.

Turning to the developed route, wealisedthat this synthetic pathway could also be used to form
a linearanaloguelerived from our imidaz&etopiperazine. Using the intermedidt&8, we could
skip the ring closure steps and ditgatonvert the ester to hydroxamic acidsynthesse 3-25
(Schemes.7).

This fAopend v er sasedrscaffofd had mere flexibilitg ia theochpepart of the
mol ecul e compar e tketopipenaginefAs & resile tthedinteraationd betwveen
the inhibitors and the enzyme rim could fr@foundy affected This could lead to a different
profile of activity, and the assessment of the evolution in potency and selectivity between these

two structures could then be of great interest for furdipgimisation of the scaffolds.

However,to comply with this new objective, some adaptations of the synthesis were required.
Indeed, the presence of two methyl estar the intermediat8-18 would render the conversion

to hydroxamic acid more difficult. It was likely that getting a proper seligctbetween the
methyl ester on the side chain and the second from-#enine would have been challenging,
andseveral side products would haween formedHence,methyl ester on the side chain had to

be avoided.
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Scheme 3.7: Modi fication of the synthetdoc amatl mway st o

Taking this idea a step further, and combining it with the other modifications we envisaged led
us to perform the ring closg, and so formation of the imidaketopiperazine, from the disulfide
3-16, giving us a new synthetic pathwa§chemes.8). Starting from the isolated disulfig16,
N-terminal Cbz protective groupras removedunder strongly acidic condition followed by
neutralgationwith NaHCQ (1M) to afford the imidazeketopiperazine disulfida-26.

S S%
s )
- / a N
3 L 71%
©/ " NCo,Me HN%—
3-16 326 O

Reagents & Conditions: a. i) anisole (8 eq), HBr (33% in AcOH) (15 eq), rt, 2.5 h;
i) NaHCO3 (1M), rt, 30 min

Scheme 3.8: Synthesis of disulfide 3-26.
21i{ LR G AT Ryl tiDBH@8 S

Focusing on the imidazketopiperazine scaffold, the disulfide intermediz€®6 was reducedto
thiol with tris(2-carboxyethyl)phosphine (TCEP) followed the addtion of w-bromao-estersin
thepresence oOEt:N to give thealkylated imidazeketopiperazinethyl estei3-27 (Schemes.9).
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Reagents & Conditions: a. i) TCEP (3 eq), Et3N (3 eq), MeOH/THF/H,0, rt, 16 h
;i) 3-28 (3 eq), Et3N (3 eq), DCM, rt, 6 h

Scheme 3.9: Synthesis of ethyl ester 3-27.

TCEP is a powerful reducing reagent commonly used in biochemistry to break disulfide bonds in
a protein andit offers several advantagesmpare to DTT. First, it is odourless and highly
soluble in waterMoreover, despite having diffant reactivity, both reagents could react during

the alkylation step leading to the formation of side products. Thanks to its high solubility in water,
TCEP can be removed from the reaction mixture with a quick extraction before adding the halide
reagentd prevent the side reactiodowever asshown by the mechanisnSchemes.10) water

is requiredn the reaction mixture for the reduction of the disulfide, antbaof solventshas to

be used. Therefore, either DTT or TC®Rsused as reducing agent dependinghe solubility

of the reactants.
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Scheme 3.10: Mechanism of disulfide reduction by DTT (A) and TCEP (B).

In the last step the ethyl esteB-27 reacted with hydroxylaminén the presence of catalytic
amount of potassium cyanide, to give the final compoBi2@ (Scheme3.11) in 29% vyield.
Although the conversion of ester to hydroxamic acid could occur without it, the additeon of
catalyticamount of potassium cyanide in the reaction was reported to favour and accelerate the

reaction by cyanide catalysed nucleophilic displacerffént.

il %j o

N m%

HN?//K
O

3-27 3-29
Reagents & Conditions: a. KCN (0.2 eq), ag. NH,OH/MeOH/THF 0.5/1/1, rt, 16 h

Scheme 3.11: Synthesis of final compound 3-29.
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Following the synthesis of this compound, we decided to modify the linker length and make
analoguse with six and eight carbons. Bertrand Lecointre had previously studied the impact of the
linker size and six to eight carbons chain were shown to be the most suitable IéMgths.
Furthermorejn accordance with our will toptimise the synthesiswe decided to introduce side

chains that were already containing the hydroxamic acid.

Ethyl 7-bromoheptanoatd-28 was hydrolysedo the corresponding carboiylacid 3-31 with
lithium hydroxidein 96% yield as reported in the literatd?and then converted to hydroxamic
acid3-34in 62% yield followingactivaton with CDI (Scheme8.12).%%* Similarly, canmercially
available 6-bromohexanoicacid 3-30 and 8-bromooctannoicacid 3-32 were activated and
converted to afford the hydroxamic ac@&83 and3-35in 79% and 84% vyields respectively

(0] (0]
Br f OEt —a> Br g OH #} BrMﬁJ\N/OH
96 % H
3-28 n=5, 3-30 n=5, 3-33, 79%
n=6, 3-31 n=6, 3-34, 62%
n=7, 3-32 n=7, 3-35, 84%

Reagents & Condition: a. LiOH.H,0 (1.3 eq), THF/EtOH/H,0 1/1/1, rt, 3 h; b. CDI (1.5 eq),
NH,OH.HCI (2 eq), THF, rt, 16 h

Scheme 3.12: Synthesis of alkyl linkers.

After that, disulfide 3-26 was reduced, with either TCEP or DTandthe regenerated thiol was
then alkylatedby hydroxamic acid8-33 and3-35, to providethe final compound8-36 and3-
37, respectively in 60% and 51% yiel8¢hemes.13).
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Reagents & Conditions: a: i) TCEP (3 eq), MeOH/THF/H,0, rt, 16 h; ii) 3-33 (3 eq), DIPEA
(3 eq), CHCl3, rt, 16 h; b. i) DTT (8 eq) , Et3N (2.5 eq) , DCM, rt, 16 h; ii) 3-35 (2.4 eq), EtzN
(5eq), rt,4h

Scheme 3.13: Synthesis of compounds 3-36 and 3-37.

Those three compounds had been synthesised and evaluated on HDAC enzymatic assay as part
of Bertrand Lecointre work® However, this modied synthesis is more convergemd reduced

the number of step#\s a resultthe yield of the synthesis was greatly improved with a 36% to

43% vyield from disulfide3-16 to 3-37 and 3-36, respectively, compared to 3% to 11% with the

previous synthetic pathway.
2.10i{ LI2Gf A IKanalgge G 2 LISy ¢

In respect to the previously developed synthesis, and to evaluate the impact of the cap group, we

then focused on the formation of analogues with aayatized imidazole core.

Starting from isolated disulfid@-16, and following its reduction tohiol with either DTT or
TCEP, the imidazole core was coupled with therf6and8-carbon alkyl side chair33, 3-34
and3-35to retrieve respectively the final compour&i88, 3-39 and3-40 (Schemes.14).
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Reagents & Conditions: a. i) TCEP (3 eq), MeOH/THF/H,0, rt, 16 h; ii) 3-34 (4 eq),
DIPEA (4 eq), CHCl3, rt, 16 h; b. i) DTT (8 eq) , EtsN (5 eq) , DCM, rt, 16 h; ii) 3-33 or 3-
35(24eq), 1t,6h

Scheme 3.14: Synthesis of "open" analogues 3-38 to 3-40.

With regard tothis synthesiswe decided to change the nature of the linker. On thehand,
alkyl linkers offer great flexibility and can adapt to the enzyme chanogitimisethe interaction
with the zinc cation, resulting in high potency. On the ollaerd this plasticityflattensthe impact
of amino acid differences between HDAC isoforms and thus can hamper the selectivity.

Thereforewe decided to introducelaulkier and less flexible spacer containing a benzyl ring.

Starting with the preparation of the linket-(bromomethylbenzoic acidwas activated with
thionyl chloride and converted to hydroxamic agidil in 90% yield Scheme3.15), in agreement
with reportedprocedure$®®4°® The 4-(bromomethyAN-hydroxybenzamidénker 3-41 was then
coupledwith the disulfide3-16, following its reduction with DTT, to afford the final compound
3-42in 24% vyield.

O

COOH
a _OH
N
90% Br

Br 3-41

\\“‘\'//N - .
S

. N\;F—X 24% <:i>/’ “wk

2 COOM
[ 2 © ~NH

COOMe o’ N
3-16 3-42 OH

Cbz Fhz S
HN” HN Nj
©\ b \*/< \
N N

Reagents & Conditions: a. i) SOCI,, reflux, 4.5 h; ii) NH,OH.HCI (2.2 eq), NaOH
(2M), Et,0, rt, 30 min; b. i) DTT (8 eq) , Et3N (4 eq) , DCM, rt, 16 h; i) 3-41 (10 eq), rt,
6 h

Scheme 3.15: Synthesis of linker 3-41 and compound 3-42.
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Wishing to keep investigating rigid and bulky linkers, we decided to turcintmamic acid
derivatives. This choice oflinker derived from the structure of the two HDAC inhibitors
panobinostat and belinostat, approved by FDA and both containing a cinnamic grdinkers a
(Figure3.2).

(0]
JOH
~ N
H
HN 0.2 o
/S X N,OH
O™
74
N
H
Panobinostat Belinostat

Figure 3.2: Structure of panobinostat and belinostat.

Based on the largscale synthetic route of belinostat published by Reisch and cowdtkars,

first pathwaywas investigate@Schemes.16).

Disulfide 3-16 was reduced to thiol by DTT, and coupled withroma3-(bromomethyl)benzene
3-43 to afford the thioether intermediaBe44 in 6% yield. The followingstep consistedf a
palladiumcatalysed coupling reaction withtert-butyl acrylate tosynthesie 3-45. Several
conditions were tested &ble 3.2)*°®*®put none showed a positive outcome, and only starting

materialwas recovered

Q ! 7?/ L
g 3-43 S

N\ N S
Cbz \)\ /g Heck reaction
N a N
W JL\ N)%
H

. McooMme 64%

N Cbz \)\_
N \ N
@ ~—COOMe HN—" "\_cooMe

- <

3-16 3-44 @ 3-45

Reagents & Conditions: a. i) DTT (8 eq) ,DCM, rt, 16 h; ii) 3-43 (2.4 eq), EtsN (5eq), rt, 3 h

Scheme 3.16: Attempt to make cinnamic analogue 3-45.
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Entry Conditions Yield

EtN (5 ), t-Butylacrylate (1.2 eq), P (0.5 eq), Starting
Pd(OAc) (0.5 eq), DMF, 80C, 16 h material
EtN (1.7 eq),t-Butylacrylate (1.2 eq), PRKO.5 eq), Starting
Pd(OAc} (0.5 eq), kCOs (1 eq),DMF, 80°C, 16 h material
Et:N (1.7 eq), tButylacrylate (1.2 eq), PRKO.5 eq), Starting
*Pd(OAc) (0.5 eq)NaHCG; (1 eq),DMF, 80°C, 16 h  material
EtN (1.7 eqg), t-Butylacrylate (1.2 eq), P (0.5 eq), Starting
*Pd(OAc} (0.5 eq), kCOs (1 eq),DMF, 80°C, 16 h material
*another batch of Pd(OAg)vas used

Table 3.2: Heck reaction conditions.

In order tounderstand thesesults we turned to the Heck reaction mechanisgoheme3.17).
The first step of Heck reaction is an oxidativeitidd whichinsers the palladium(0) in the aryl
bromide bond to give the palladiyi) intermediate3-46. In a secondtep the palladium(ll)
forms a p complex 3-47 with the alkene bond, followed by a swddition of aryl and
palladium(ll) to afford3-48. The complex then undergoes an internal rotation to the-isanger
3-49, anda b-hydride elimination stepeads to the complex3-50. Finally, the complex releases

the desired alken&51 and palladium(O)s regeneratelly reductive elimination 03-52.

As only starting materialaere recovereth our reactions, it suggedtst one of thestefsin the
catalytic cycle could be blocked or tremendously slowed down, thus preventing the required high

catalytic turnover.

Thefirst difference between our compound and belinostat is the absence of-eligiath@wing
group on the aryl ring which is known to accelerate the reatfisfowever, although this factor
may have some influence, théxturewas kept at aightemperature overnight and should have
overcome a lower rate ofaction Moreover, aryl bromideremairs a common substrate for Heck

reactions whichwas successfullyeportedwith a large variety of substituents.
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Scheme 3.17: Heck mechanism.*!

We then checked the literature to find examples of Heciplewy between acrylate ester and
(bromobenryl)(methyl)sulfane derivative to havebatter comparisonf structurebut none were
found. The closest and only similagactioninvolved a sulfone instead &ulfane (Scheme
3.18).*2Interestingly theeactiorwas reported to last three days at 100&Clow reactivity was

also observed, a side effect inherent to the structure could be affecting the cyolesturn

OO
Br P
||//O
A 2.0
NO,
NO,
3-53 3-54

Reagents & Conditions: a. methyl acrylate (2 eq), DIPA (1.75 eq), PPh5 (0.04 eq),
Pd(OAc), (0.02 eq), DMF, 100°C, 3 d

Scheme 3.18: Heck reaction example between sulfone 3-53 and methyl acrylate.

A hypothesis was a side interaction between palladiumsalidnésulfone, hamperingroper
catalysis.To check thishypothesiswe went back to the literature aextended the search to any

Heck reaction on this kind of structure. Once more onilyimal materialwasfound Scheme
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3.19).*2In the onlyexamplethe producB-56 was obtainedt only 12% yield under microwave
irradiation, suggsting once again low reactivity of the structure in Heck couplings.

12%

HO

HO

3-55 3-56

Reagents & Conditions: a. Pd,(dba); (0.02 eq), Pd(P(t-Butyl)3), (0.04 eq), Cyo,NMe (1.14 eq),
styrene (1.14 eq), THF, rt, 3 d or uW (110 °C, 300 sec)

Scheme 3.19: Heck reaction example on sulfone 3-55.

Interestingly, when the searetas extendedo anycoupling reaction catalysed by palladium,
several examples of Suzuki reaction were found with both sulfone and sulfane dex VAt
However, the Suzuki coupling mechanism differs from the Heck rea@uiree3.20). Thus,

we examined the different steps to find a potential explanation iitbkegentreactivity.

Although oxidative additionare similar in both cycles, th@atroductionof the vinyl groupis
distinct. In Heckreaction,the vinyl directly interactswith the palladium and undergoes a
migratory insertion. On the other hand, in Suzekictionthevinyl is initially bonded to a boron
nucleus, forming a boronic es@&567. After reaction with a ke tobuild 3-58, the reactive species

then goes through a transmetalation step with the palladium(ll) corg#iexThis step results

in 3-61, astrans and cis isomers, that then undergoes reductive elimination to regenerate
palladium(0) and releases ttesired compoun&62. To my knowledge, the mechanism of this
transmetalatiorhas notbeen fully elucidatedet, but a different insertion process of the vinyl

could affect the reaction speed.
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Scheme 3.20: Suzuki coupling mechanism.*

Moreover,a keystep in theHeck reaction mechanism is the internal rotation allowing the syn
b-H elimination and the formation of the alkene baviganwhile,in Suzukireaction this step is

not necessary as the double bond is not affected by the transmetalagitwypothetiénteraction
between the palladium and thelfanésulfone after the migitory insertion of the acrylate could,

thereforejmpedethe internal rotation anklighly hamper the catalytic cycle.

In spite ofthese hypotheseno further work was done to study this reactiamgdwe decided to
change the synthetic rout8ghemes.21).

Disulfide 3-16 was reducedwith DTT, and the newly formed thiol coupled with-
(bromomethyl)benzaldehyd&-63, which resulted from the reduction & (bromomethyl)
benzonitrile with DIBAI-H,*'® to give the benzaldehyd®-64 in 54% yield. Afterwards
Knoevenagel condensation with malonic &€ich pyridine led to the successful procurement of
cinnamic acid derivativ8-65in 97% yield However attempts to coupl®-tritylhydroxylamine

with EDC/HOBt/NMM**°was unsuccessfudndno productvas recovered

Although we are confident thtte last step could be successful under other conditions, due to the
time constraints and the |l ack of starting ma

of future work.
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Reagents & Conditions: a. i) DTT (4 eq), EtsN (2.5 eq), DCM, rt, 16 h; ii) 3-63 (2 eq), rt, 6
h; b. malonic acid (3 eq), piperidine (0.5 eq), pyridine, 100 °C, 2 h; ¢. EDC (1.3 eq), HOBt
(1.3 eq), NH,OTrt (1.5 eq), NMM (1.5 eq), THF, rt, 16 h

Scheme 3.21: Alternative route to cinnamic hydroxamate compound 3-66.
2.2 Second Scaffold: From Lysine to Aspartic acid

A common andstraightforwardidea to design a class of inhibitors is to use the structure of the
natural substrate. Severalidies have been made to take advantage of the substrate acetyllysine
side chain in a peptidomimetic approach. This strategy led to the discoveryanfitresuberoyl
hydroxamic acid class of inhibitorandextensive work has been done to investigateicysid

linear peptide and nepeptide cap groupg8? 4

In contrast with these studies, little work has been done to investigate the use of amino acids with
nonalkyl sidechains. In 2004, Fairlie published the results of a new class of HDACI, derived
from cysteine, as antitumor agéfThis led us to consider the synthesis of a new class derived

from a different amino acid.
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Several parameters were used to select a candidate. Firstly, we rasggectessibility from a
commerciakourcesowe opted irfavour of naturalaminoacids Secondlythehighreactivity of

the sidechain was required to be able to introduce a hydroxamic acid as zinc binding group.
Finally, we wanted to maintain a fivetom length, between the machain and the carbonyl, to
mimic the acetylated lysine. The above factors led us to choose aspartic acid@ tighe
scaffold, and t@oupleit to b-alanine on the side chain to introduce the hydroxamic &cidgme

3.22).
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Scheme 3.22: Overview of our scaffold and reported related structure.

Our first synthetic approach consistefia solid phase synthesis commonly used in peptide
synthesis. The principle consists in using polymer beads as a support for the reaction. This resin
is usually madef polystyrene with a small percentage2¥) of a second polymer bearing a
specificreactve group. Depending on the nature of these groups different resins can be obtained,

andtheir reactivitythusconditions the choice of resin
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In peptidesynthesisthe first step consists in attachingdsprotected amino acid to the polymer

by its C-terminal side to give3-67 (Scheme.23). As the polymer bead is insoluble in the solvent,

the reaction mixture cape filtered andthe resin washed several times withraallamount of
solventto remove any traces of reagents. In the same manner, washing is consistently done
following every stepSecondlytheN-protection is removed to give a free ani@8, which can

thenbe coupledo a second aminacid bearing theameN-protection tosynthesse a dipeptide

3-69. To avoid the formation of side producthis step is usually followed by a capping reaction

to convert the potential remaining free amines, winehenot successfully coupled, to unreactive
species such as acetyl amide group. The rest of the synthesis will then consist in repeating the
sequenceaeprotectiorgouplingtappinguntil the desired peptide sequerge&0 is synthessed

In thelaststep the peptide is cleaved from the resamdthe desiral peptide3-71is recovered

) Qo
O——CI ] C)——o}/_i//r;l1 Fmoc O——o}/_A//l;l:ﬁz ¢ d o}—A\A1
0 0

AA,
HN .
3-67 3-68 3-69 moc
b, c, dl n times
HO JFmoc O_o Fmoc
) AA© AR, AAgAALNH L J—AA; ARy AAyAANH
o) o)

3-7 3-70

Reagents: a. Fmoc-NH-AA-OH, DIPEA, DMF; b. piperidine, DMF; ¢. Fmoc-AA,-OH, HATU, DIPEA,
DMF; d. Ac,0, piperidine; e. TFA, DMF

Scheme 3.23: General Solid Phase Peptide Synthesis using a Fmoc strategy.

This type of synthesisffers several advantages over solution phase syntihasimentioned, no
purification is needed after coupling as washing remove unreacted reagemeswatidg by
products.Moreover,there is a repetition of simple steps. Therefore the synthetic proaashe
automatedandlong peptide sequences daamobtainedapidly. On the other hand, teacces®f
intermediary steps is difficult to controAdditionally, resinshavea limited loading permitted
(usually 0.81.8 mmol/g). Inextendedbeptide synthas of high molecular weight this limitation
has a low impact but for tremallmoleculesamore significanamount of resitis required,andthe

synthesian be more expensive than solution phase.

Turning to our synthesisve decided to use a hydroxylamine resin and attach it to the side chain

to directly obtain the desired hydroxamic acid after cleav8ghdmes.24).
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Scheme 3.24: Retrosynthesis of the Aspartic acid scaffold.

Firstly, we had to prepare the resin we were going to use. Our idea was to use a Fmoc strategy,
meaning theN-terminal part of théntermediate would be Fmoc protected. As Fmoc protecting
group are removed imasicconditions §chemes.25) this approach required to use a resin which
would be stable in these conditions and could be selectively cleaved in the last stage of the

synthesis.

~ O
R. + CO, + N HL "
O’O

Scheme 3.25: Mechanism of Fmoc deprotection with piperidine.

We chose a-2hlorotrityl chloride polymer which could be rapidly cleaved by TFA in DCM and
presented a high loading (1.3 mmol/g). Followingeportedproceduré?® hydroxylaminewas
protected using Fmoc chloride the presence ofa carbonatebase in 86% vyield. Then
2-chlorotrityl chloride polystyrene resig+73 was swelled in DCM. Afterwards, Fmoc protected

hydroxylamine3-72, andDIPEA were addedand the mixturevasshakerfor 48 hours to form a
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Fmochydroxylamine resin3-74. The resin was finally capped by washing with MeOH to
eliminate unreacted chloride.

Fmoc—NH
Fmoc\ o ‘
HZN\OH a HN\OH b, c Cl
86% 3-72 O
3-74

Reagents & Conditions: a. Fmoc-Cl (1 eq), NaHCO3 ( 2.2 eq), EtOAc, rt, 4 h; b. 2-Chlorotrityl chloride
polystirene resin 3-73, DIPEA (2 eq), DCM, rt, 48 h; c. MeOH, rt, 15 min

Scheme 3.26: Preparation of Fmoc-hydroxylamine resin 3-74.

In paralle] we worked on the aspartic acid synthoSsheme3.27). Starting from FocL-
Asp(OtBu}OH, activation by HATU followed by addition of benzylamine led to the argidg

in 98% vield. Theert-butyl ester was then rapidly hydrolysed with TFA to afford carboxylic acid
3-76in 98% vyield

H O
Fmoc’N\/ZQ Fmoc—NH O Fmoc—NH O
T on 3 5~“/<HN _ b \f/<HN

S 0]
o, 0,
»ﬁOtB“ 98% OtBu 98% OH
o O 3.75 0 3.76
Reagents & Conditions: a. Benzylamine (1.1 eq), HATU (1.1 eq), DIPEA (4 eq), DCM, rt, 4
h; b. TFA, DCM, rt, 2 h

Scheme 3.27: Synthesis of 3-76.

This paragrapltpreserg the results obtained by Ludmilla Sturm and Karolina Sliwa, two
undergraduate students that | supervised during their placement in Ganesan greepinBhe

74 was first deprotected with piperidine in DMF, and then coupled to Fav@anine with
HBTU and HOBt additive to ge2-77 (Scheme3.28). To improve the couplingthis stepwas
repeatedefore reacting with acetic anhydride to cappbtentially remaining free amine. Then
the resin was once again deprotected, coupled twice with aspart® &idtill with HBTU and
HOBt, and capped to g8&t78. Following the same sequence, reaction with cinnamoyl chloride
led to dipeptide3-79. Finally, the resin was cleaved with TFEAlowever residue from the
cleavage was a mixturendafter purification by flashchromatographyno desired compound

was recovered
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Reagents & Conditions: a. Piperidine, DMF, rt, 20 min; b. Fmoc-p-Ala-OH (3 eq), HBTU (3 eq), HOBt
(3 eq), DIPEA (6 eq), DMF, rt, 4 h; c. Acy,O / pyridine 1:9, rt, 20 min; d. 3-76 (3 eq), HBTU (3 eq), HOBt

(3 eq), DIPEA (6 eq), DMF, rt, 4 h; e. cinnamoyl chloride (3 eq), DIPEA (4 eq), DMF, rt, 16 h; f. TFA,
DCM, rt, 2 h

Scheme 3.28: Solid phase synthesis of 3-80.

As mentioned earlier, one of tldifficulties of solid phase synthesis is to monitor the success of
each step. Qualitative methods were developed to check the coupling remudionparticular,
theKaisertest became the most commonly used procedure. At the end of a coupling step, a small
numberof beads was recovered, washed with solvent and placed in a test tube. Then a drop of
three solutions were added: 5% (wt/vol) ninhydrin in ethgrteénol (80% wt/vol) in ethanol and

2% (vol/vol) agueous KCN (0.001 M) in pyridine. The tubas then heatedt 100 °C for 5
minutes. Incomplete coupling resulted in the b&edouration of the polymer beads while
complete coupling showed no changecofour. This difference is due to the reaction between
ninhydrin and primary amin&sCheme3.29). Ninhydrin firstly loses water molecule to form the
ketone3-81 which thenundergoes nucleophilic substitution witpr@maryamine to give a Schiff

base3-82. Isomerisationo 3-83 followed by hydrolysis led to the amiBe85 which then reacted
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with a second molecule 8t81 to afford the imine8-86al s o known a spleRlaeh e man
observation obluecolaur in theKaisertest thus indicates the formation386and, by extension,

confirms the presence of remaining free amine.

e oo % o — o

N|nhydr|n

Scheme 3.29: Kaiser test mechanism.

Although this procedurevas usedn our synthesisijt is only a qualitative test that monitors the
coupling step. Insufficient loading during theynthesisof the resin, incomplete Fmoc
deprotectionanddefective capping can all weasons for reduced yield and formation cide
product. An alternative for monitoring tisgnthesisvould be to take a sample of tresinafter

each coupling, cleave it arghalysethe residue by LCMSHowever,t hi s appr oach
practicaldue to aechnicalissue on our instrument. Besidas,only dimited amountof material

can be loadedon the resin,it is usually necessary toptimise each step teensurealmost
guantitative coupling. After ew attempts that gave unsatisfactory and irregusults,we opted

for another approach.

Since parallel work was alreadwolving solution phaseeactionswe decided to switch to a full
solution synthesidvioreover one drawback of this pathway was the early formation of agide

75 from aspartic acid. This position was important as it could lzdsosedhs adivergingstep in

the elaboration of the future library. Thus, we decided to modify the synthetic route to perform

this reaction at a later stage.

Starting from the same FmaeAsp(OtBu}OH, we opted to convert the-t@rminal carboxylic
acid to allyl ester. The allyl groupas chosems a protectingroupof the carboxylic acido be
selectively deprotected onlater stage of the synthesis in orthogonal conditions to basic Fmoc
deprotection and aciditertbutyl cleavage. Compoun&-87 was isolatedn 97% vyield after

reaction with allyl bromide§cheme3.30).
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Reagents & Conditions: a. Allyl bromide (10 eq), DIPEA (2 eq), reflux, 1 h
Scheme 3.30: Synthesis of allyl ester 3-87.

Similarly to the previousoute tert-butyl ester on the side chain was themrolysed with TFA
to afford3-88in 79% yield Scheme3.31). The newlysynthesiedcarboxylic acid side chaivas
then couptd with b-alanine ethyl ester with HATU and DIPEA to get compod&D in 81%
yield.

o—/=

0]

RN
S " a S o~ b Fmoc—NH >:o
— — HN
OtBu 79% OH 81%
o o

3-87 3-88

Fmoc—NH O Fmoc—NH O

(0]
EtO
3-89
Reagents & Conditions: a. TFA (10 eq), DCM, rt, 2 h; b. HATU (1.1 eq), DIPEA (4 eq),
B-Ala-OEt.HCI (1.1 eq), DCM, rt, 4 h
Scheme 3.31: Synthesis of 3-89.

The rest of the synthesis, unBi94, was irvestigated with the help of Angus Yuen, another
undergraduate student that | supervised duringdsisarch projedn the Ganesan group. The
allyl group was firstly removedwith palladium(0). This reaction could be carried in mild
conditions with Pd(Pf as asourceof palladium, and additiongdhenylsilaneis acting as a
scavengemf the reaction*?’ Free carboxylic aci®-90 was obtained in 58%ield and then

coupled to benzylamine to gid91 in 76% yield Scheme3.32).

125



o—/: OH
0 (0]
G v HN
Fmoc—NH >:o Fmoc—NH >:o Oj/

I
—_— —>  Fmoc—NH >:O
QS ) 58% O>\ ) 76% HN
Et0 Et0 o )

EtO
3-89 3-90 3-91

Reagents & Conditions: a. Phenylsilane (1 eq), Pd(PPhs), (0.05 eq), DCM, rt, 16 h: b. EDC (1.2 eq),
HOBt.H,0 (1.2 eq), DIPEA (1.1 eq), Benzylamine (1.1 eq), DCM, rt, 16 h

Scheme 3.32. Synthesis of 3-91.

Following this step, thBl-terminal Fmoc protecting group was cleaved with diethylamine to give
the free amin&-92 in 44% yield Scheme3.33). Then reaction with cinnamoyl chloride, the

presence oOEBN, led to the isolation of cinnamgbompound3-93in 26% yield.
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Fmoc—NH %O 44% H,N %O 26% NH >:O

HN HN HN

O>_) Oy_) g O>_)

EtO EtO EtO
3-91 3-92 3-93

Reagents & Conditions: a. Diethylamine (22 eq), DCM, rt, 16 h; b. Cinnamoyl chloride (1 eq),
Et3N (5 eq), DCM, rt, 1h

Scheme 3.33: Synthesis of 3-93.

In the laststep we tried to convert the ethyl ester to hydroxamic acid with hydroxylamine and a
catalyticamount of potassium cyanid8dhemes.34). However this reactiondid not work as
expected. After several hours refaction a TLC control showed a mixture of starting material
and a second product. As treactionwas maden a smalkcale we tried to push the reaction
toward completion. Keeping the stirring longer showedapparent evolution so more reagent
was addedo the mixture and theeactionmixture wadeft stirring overnight New monitoring by

TLC indicatdthe formation of several new compounds and no desired compound was isolated.
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3-93 3.94 ©OH

Reagents & Conditions: a. KCN (0.5 eq), aqueous NH,OH/THF/MeOH 0.5:1:1, rt, 16 h

Scheme 3.34: Attempt to synthesise 3-94.

Due to the lack of remaining intermedi&®3 and timeconstraintsthe reactiorcould notbe
repeatedDespite this unsuccessful last step conversion, we still believe that this synthetic route

is viable with propepptimisationof the reaction conditions.

Although this could prove to be fruitful, we looked fopeatentialalternative. Firstly, we could
opt for an indirect conversion with a primary ethyl ester hydrolysis followed by activation of
carboxylic acid and reaction with hydroxylaminBaturally, the main drawback of this

adjustment would be to addstepto the synthesis.

Another possibility wald be to switch thetepsin order to introduce the hydroxamic acid earlier
in the synthesis such as on intermed&f. Notwithstandingoptimisation of reactions mape
neededIndeed, hydroxylamine is a weak baasegChangand coworker¥® reported that Fmoc

deprotection of amino acid coulbé slowly achieved

Alternatively, the mostinteresting modification could be to directly couple b-alanine
hydroxamic acid with thentermediat&-88. This side chain was successfudiynthesiedstarting
from commercially available Bek-alanine §chame 3.35). According to a published
proceduré?® the free carboxylic acidwas first activatedwith CDI and a solutio of
hydroxylamine was added to give the Bwalanine hydroxamic aci@-95. Low vyield of the
reaction could be due to the high solubility of the product in aqueous solatidthe reaction

would neecdbptimisation

127



H H
Boc/N a Boc H b N,
OH ..~ \ — OH
21% OH 97% 0
3-95 3-96

Reagents & Conditions: a. CDI (1 eq), NH,OH.HCI (1 eq), THF, rt, 16 h; b. HCI 1M in EtOAc, rt, 16 h

Scheme 3.35: Synthesis of b-alanine hydroxamic acid 3-96.

By using*H NMR a shifting of proton signal on the-position from carbonyl confirmed the

successful conversion from carboxylic acid to hydroxamic &tgl(e3.3).

| ,2

! Shift '

T T T T T T T T T L T ¥ T ¥ T T T ¥ T L T T T T T X T ¥ T i T 1) T L T L) T T T T T T T 3 T T T T
54 52 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 34 3.2 3.0 2.8
f1 (pom)

Figure 3.3: 'H NMR spectrum of formation of Boc-b-Ala-NH,OH 3-95.
Starting material (red), incomplete reaction (green), product 3-105 (blue)

In the second step, tine(tert-butoxycarbony)l group of3-95was cleaved under acidic conditions
using a solution of HCI iEtOActo give theb-alanine hydroxamic acid hydrochloric sa36in
97% yield.

2.3 Third scaffold: triazotbased inhibitors

The coppercatalyzed azidalkyne cycloaddition, also known as ICAAAC or clickchemistry

is a powerful reaction developed by Sharpless and Fdkinhich allows the formation of a
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triazole from azide and alkyn8¢heme3.36). Improving the 1,3lipolar cycloaddition previously
developed by Huisgefi; this process hasnormousscope and has been extensively used.

R
~N

R R a N
W
R,

Reagents & Conditions: a. Cu(ll), sodium ascorbate, tBuOH/H50, rt

Scheme 3.36: General 1,4-CuAAC reaction.

The main advantage of this reactibesidesompatibilitywith mostfunctional groups, is the fast
synthesis of a regioselective dréazole in mild conditionsThis selectivity is explained by the
mechanism of the reactioNonethelessit is worth noting that severatechanismsanbe found

in the literature.

A standardrersion refers to the one proposed by Sharples§akid and involvesnonanuclear
copper(l) intermediateSchemes.37). In a first step, thanteraction between the copper and the
acetylene leads to the formation of copper(l) acety®¥. Then, coordinatiorbetween the
copper and the azide forms the intermedsa®8, which undergoestramolecular cyclization to
give a Bmembered coppeaontainingcompound3-99. The cycle then proceeds via internal
rearrangement to form the triaz&e.00and is finally protonated to afford the idisubstituted
triazole3-101
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Scheme 3.37: CUAAC mechanism proposed by Sharpless and Fokin.*%

Although this mechanism can stié found Fokin and coworkers proposedadternative version

in 2013 that was more consistent with the latest re§tltésing several sources of copper, with
different isotopiccomposition, they showed thainuclear copper(l) intermediate had to be
involved to fit their experimental results and the mechanism was then modified as shown below
(Scheme3.38). Notably, the previously proposedn@embered ring intermediat&99 was
replacedby a new transitional compou@dl05involving two copper atoms.
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Scheme 3.38: CUAAC mechanism revised by Fokin.*32

To t he aut hpothednsst recand studiesdshypwed that both mechanisnaciaadly
involved in the CUAAC reactionScheme3.39). Indeed, Bertrand reported in 2015 the successful
isolation of key intermediates3-97 and 3-100 (R; = phenyl, R = benzyl, L = cyclic
(alkyl)(amino)carbengs showing that mononuclear copper catalysis was happé&fing.
Additionally, intermediate8-106 and3-107 were isolated (X = TfO), proving the reaction was
also proceeding through thdinuclear copper cycle.However the latter catalytic cycle was
kinetically favoured and therefore matched Witk i meSudts.
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HX ® O
LCu X
1 \
LCuX LN
R—=——CuL = R—=——CuL
3-97 3-106
R
Slow N= Fast
< N7R2 o
C L \N X /R2
R u 3-101 ® N-N
1% LCu--N__
- /N_Rz CUL
3-100 R—=——H R—=——H 3-107

Scheme 3.39: CUAAC mechanism revised by Bertrand.*3

With a simple and efficient method $gnthesse triazoles with regioselective contranedicinal
chemists naturally becaniiteresed in taking benefits of this reaction. In the field of HDAC
inhibitors, several groups studied the possibility to design dual target compounds. Indeed, by
introducing an acetylene or azide group on the etyenfia molecule of interest, biologically
active and potent against any target, it became possible to quickly couple this compound with a
chain bearing a hydroxamic acid to add a potential effect on HDAC. This stratagy
successfully appliedto conjugée HDAC inhibition with a variety of targets such as
topoisomeras&***® antibiotics?*® cyclooxygenasé&’ protein kinasé®® or estrogen receptor

modulators*®

Although exciting resultswere obtainedthis approach generally considered triazole as a linker
between a complex compound ansimplealkyl zinc binding group. Iecompaison, limited work

has been done to design, specifically, HDAC inhibitors and exploit the powerful potential of click
chemistry to make a library combining triazole and hydroxamic acid. Thus, we became interested

in designinga scaffold based on the triazole.

First and foremost, the synthetic route was depending on the position of the zinc binding group
on the triazole. Indeed, linkage to the nitrogen onlthgosition of the triazole would require a
precursor bearing theide group 8chemes.40). Converselylinkageto the carbon on™position

would needan acetylene group, thus completely changing the synthesis of the precursor.

N;—R—ZBG =——R-ZBG
s ZBGR,_ z86-R1 !
-\ —>
+ &—— A \§ R2 " /N_RZ +
=R NN N N3 R
i 2 3 M2

Scheme 3.40: Two possible 1,4-triazole configurations.
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Our choice inclined toward the first option with an azide precuBsmreral factors motivated this
decision To begin with the latter option has been more investigatedpdrticular seweral
inhibitors were successfully discovered by Wat§* Jiang?*® and Suzuk***4*4**Thus, we
decided that exploring the other configuration would baafe significantnterest. In the second
place Suzuki also showed that renging the triazole from @4-bonded zinc binding group &m
N1-bondedwas slightly improving the potency against HDAC8 but greatly enhancing the
selectivity toward class | and class 1| HDAGSdure 3.4).**° Moreover a library of N-bonded
triazolebased HDAC inhibitors was reported to have antimalarial and antileishmanial atfivity.
This work was of particular interest us aghe parasitic diseasewere one of thearges at the
origin of this project

HN HN
3-108 OH 3109 OH
Compound IC 50 (MV)
~ HDAC1 HDAC2 HDAC3 HDAC8 HDAC4  HDAC6
3-108 38 >100 68 0.070 44 2.4
3-109 >100 >100 >100 0.053 >100 2.2

Figure 3.4: Reported HDAC inhibition of C-bonded and N-bonded triazole.*

In accordance withhe global chemistry of this thesiae desiredo use amino acids in our
designed structure, as they are commercially available witbuaceof chirality and carbe

convertedo hydroxamic aid.

Combining these ideas, we designed our scaffold and a first general synthetic route in which an
amino acid would be converted to azide to form the triazole and then the hydroxamic acid
(Schemes.41).

(0] (0]
R R _OH
. . How Ay
R R
leHJ\OMe > 1“\)J\OMe > N/N — N/N
NH, N3 }\‘ll }\‘IJZ
R, Ry

Scheme 3.41: General synthetic pathway to triazole compounds.
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In the literature only one example of theloselyrelated structurevas found(Scheme3.42).
Indeed, a series based on a Higubstituted triazole had been patented in 281%his library,
with an alkyne on the"™5position, was reported to inhibit HDAC®Isctively.

R _OH

%k”

R

N ="
N -

A\

N

R>

Scheme 3.42: Patented structure of 1,4,5-trisubstituted triazole HDAC inhibitors.**’

Although limited datavere publishedpnecrucial piece of informatiorwas extractedrom this
patent. To build their SAR four different amiagid were used on thé' position of the triazole.
Natural phenylalanine, tryptophan and valine, as well as thenatumal phenyglycine were

investigatedand the authors suggested that best resutte obtainedvith phenylalanine.

These results, also limited, validated our decision to investigate this scdffoidover we
decided to use phenylalanine astartingmaterial.Finally, this also led us to ewsider a future

modification of thestructureto study a 1,4 Srisubstituted triazole.

Turning our attention to the synthesthe first step consisted in converting the commercial
L-phenylalanine methyl ester to the corresponding gzigmylalanine meth ester. In 1972
Cavender and coworkers published the first method to convert alkyl amine to alkyl azide using
trifluoromethanesulfonyl azide (T#\**® This method presented two main drawbacks. Firstly, the
preparation of triflyl azide from sodium azide and triflic anhydride required a $iphaxture of

water and DCMbuttriflic anhydride tends tbe hydrolwed Thus,alargeexcess of reagent was
necessarySecondlythe use of DCM, containing the freshly formed T,fibuld face aolubility
problem with primary amine during the azide transfetditionally, it is important to note that
isolated triflic azide, as many azidalts, is known to be energetic materials that are sensitive to

shockand friction and potentially explosiV&’ Therefore, they have to be kept in solution.

The Wong groupmproved this metholdy usinga mixture of HO/MeOH/DCM as aolvent for

the diazatransferreaction and by adding a metal catalyst such as copper(ll) sulfate or zinc(ll)
chloride?*®**!| nterestingly theeactionwith chiral amine occurs with retention of configuration.
The mechanisrwas proposelly Wong and has been recently confirm8dhiemes.43).%?In the

first step, copper(ll) interacts witlhé amine to giv8-110. Nucleophilic attack of the amine on
the electrophilic terminal nitrogen of the azldads to the formation of the tetrazéagl1lwhich

then cyclized to a more stablve-member copper containing compled-112 Internal

rearrangement then releases the product of diazo tré$fe3and coppeimido complex3-114.
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Finally, complex3-110is regenerated. As the-l€ bond from theprimary amine remains intact
during the diazo transferycle the reaction is not sydxrt to epimerization.

CUX2 + R1_NH2 @ @
N=N=N-Tf
HX /
Tf—NH @
2 /\ NEN-N=S-CF,
XCu—NH - 0
Ry—NH, \R1 ©
3-110
Tf
3-115
HN—CuX F§1
H@N—CUX
N—r‘\ﬁ\i 3-111
B\ -0
@O/S\/
-2 CF,
HX
Tf
3-114 N
- R
N=Cu N c XH
A
‘% \\Nj Tf
3-112
® ©
_N=N=N
13113

Scheme 3.43: Plausible mechanism of copper-catalysed diazo transfer reaction.*?

Based on this work, Yan and coworkers furtbptimised the reaction by switching to a single
solvent of reaction, with either acetonitrile or pyridine, thus preventing hydrolysis of triflic

anhydride, reducing the amount of reagent needed and avoiding solubility*fSsues.

2.3.1Focus on 1:dlisubstituted triazole

With this establishednethodology we could focus on the synthesis. Accordingly, triflic azide
was preparedby reaction of sodium azide and triflic anhydride &in acetonitrilefor two
hours Scheme3.44). The freshly prepared solutiomas then addetb L-phenylalanine methyl
ester,in thepresence oEt:N and acatalyticamount of CuS@ to form thecorresponding azide
3-116in 50% vyield. Following this step, reaction with phenylacetylene under CUAAC conditions
led to the formation of the triazoB117in 98% yield.
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0 o OMe
a b N
OMe  ~ .~ OMe  ———> N
50% N 98%,
3

NH, N
3-116
3-117

Reagents & Conditions: a. NaN; (1.4 eq), Tf,O (1.2 eq), CuSOy, (0.01 eq), Et3N (2 eq), MeCN,
0°C ->rt, 16 h; b. Phenylacetylene (1.2 eq), CuS0,4.5 H,0 (0.01 eq), sodium ascorbate (0.1 eq),
H,O/t-BuOH 2:1, rt, 16 h

Scheme 3.44: Synthesis of 1,4 disubstituted triazole 3-117.

Subsequently, the methyl ester was hydrolysed to carboxylic3elcl® with hydrochloric acid
at 70 °C in 97% yield, followed by activation with CDI and conversion to hydraxaod3-119
(Schemes.45).

a b

0 0 0
_OH
OMe OH H
N N N
N\\ p 97% N\\ ) 30% N\\ )
N N N

3117 3-118 3-119
Reagents & Conditions: a. HCI (6M), 70 °C, 16 h; b. CDI (1.2 eq), NH,OH.HCI (2 eq), THF, rt, 2 d

Scheme 3.45: Synthesis of 3-119.

This synthetic pathay successfullyled to the procurement of the final compoufBell9
However,the last step was incomplete even after two dagdihe purification was difficult.

Thus, we decided to change the order of the steps and introduce a protected hydroxamic acid
earlier in the synthesis. We also decided to start shwthesisdirectly from unprotected

L-phenylalanine to avoid the additional hydrolysis.

Consequently L-phenylalaninewas convertedto azidb-L-phenylalanine under the same
conditions in 79% yield§chemes.46).
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(0] a
79% OH
OH
NH Ns
2 3-120

Reagents & Conditions: a. NaN3 (1.4 eq), Tf,O (1.2 eq), CuSO, (0.01 eq), EtsN (2 eq), MeCN,
0°C->rt, 16 h

Scheme 3.46: Synthesis of azido-L-Phe-OH 3-120.

Alternatively, synthess of somea-azido acids had been recently reported using different
conditions**We decided to compare the metho@lalfle3.3), butsimilar resultsvere obtained
Importantly the control of the temperature during the preparation of the triflyl azide was found to
be crucial for the reaction. When the temperatuae not properly maintaineat 0 T duringthe
additionof triflic anhydride on sodium azide or duriftetreaction decompositionvas observed

with the reaction mixture turning dark browand resulted in low yield or unsuccessful amine

azide conversion.

‘ Try Methods
TfN3 1.2 eq, CuS@%H.0 1% eq,

TfN3 1.2 eq, CuS®©1% eq, BN 2 eq,
K2CO; 2.7 eq, MeOH/MeCN/BD

MecN 5/2/1
Try 1 7% 81%
Try 2 79% 70%
Try 3 87%

Table 3.3: Isolated yield of diazo transfer reaction in two conditions.

Intermediate3-120 wasactivated with CDI andhencoupled withO-benzylhydroxylamine to
give 3-121 in 71% yield. Then, the azide underwent the CuAAC reaction to afford
1,4-disubstituted triazoleSchemes.47).

Severalgroups wereintroducedo the 4" position. Firstly, we decided to evaluate the impact of
thesubstituenbn the phenyl ring angnaloguesvere synthesisedith a modification on the para
position. The hydrogen on the para positiwas respectively substitutday fluorine 3-122),
highly electronegative atom of similar size, a methoxy gr@&ip2@) possessing an electron
donating mesomeric effect and a trifluoromethyl group havingeatronwithdrawingeffect @-
124). Secondlywe also decided to look at the roletloé aromatic ring in the structure. We chose

to substitute it with a smallevonaromaticcycle andsynthessed the cyclopropylanalogue3-
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125 This part was explored with the help of Alex Chan, an undergraduate student that |
supervisedluring his reseah project in the Ganesan growgho synthesised compoufelL22,
3-123and3-124

Reagents & Conditions: a. CDI (1.2 eq), NH,OBn.HCI (2 eq), THF, rt, 16 h; b. CuSO4.5 H,0O
(0.01 eq), sodium ascorbate (0.1 eq), acetylene (1.2 eq), H,O/t-BuOH 2:1, rt, 16 h

‘ R group Compound Yield
4-fluorophenyl 3-122 65%
4-methoxyphenyl 3-123 76%
4-(trifluoromethyl)phenyl 3-124 64%
cyclopropyl 3-125 59%

Scheme 3.47: Synthesis of 1,4 disubstituted triazole compound.

The final step of the synthesis consistefdthe O-benzyl deprotection to obtain the free
hydroxamic acid. A typical procedure involves the ulsgadladium on charcoal under hydrogen
atmosphere to reduce the oxygmrbon bondHowever this hydrogenation turned out to be
substrate dependergndthe method was unsatisfyin@¢heme3.48). Indeed, the cyclopropyl
analogue was only partially reduced after 16 hours of reaction while the other compounds were
not reacting. In oupbpinion the primary explanation for the unsuccessful reduction came from
the conditions ofeactionthat involvedlow and uncontrolled pressure of hydrogen in the flask.
Due to the lack o hydrogemtionlab and specifiequipmentit was impossibleo perform the
reaction at higher pressure safedp we looked for anothedeprotectivemethod. Our choice
inclined bward the use of bordrichloridecommonly used method for ether debenzylation which

had also been reported to be successfubibenzylhydroxamicacid deprotectiof®®>4®
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3-XXX 3-YYY

Reagents & Conditions: a. H, (1 atm), Pd/C (0.01 eq), MeOH, rt, 16 h

R group Compound Product Yield
4-fluorophenyl - 3122 3126 -
4-methoxyphenyl 3-123 3-127 -
4-(trifluoromethyl)phenyl 3124 3-128 =

cyclopropyl 3-125 3129 35%

Scheme 3.48: Hydrogenation of protected triazole.

A proposed mechanism frequently found inliteratureis shown below$chemes.49). In a first

step interaction between the lone pair of the oxygen and the boron forms the zwgt&gan

Halide migration releases benzyl halide and forms difseomo(rgangborane3-131 Over
aqueousworkup, the intermediate is then hydrolysed to afford the hydroxyl group. However,
recent computational studies suggest that this mechanism, and especially the migration of
halogen, is too thermodynamically unfavourable to occur, and a bimolecular pathwayyis like

involved with an interaction between two molecules of comBl&g0.4>"4%8
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Unimolecular mechanism

3131 BOH:s
3-130
Bimolecular mechanism @
®
X R‘o
.o X\ | /X é@ @
R/o BX3 ! ‘) X/ | \X R/O\B/X
/O X R @ I\X
_ R @ —_— \(I) X
/B\
X X X 3-132
3-131

3-130
Scheme 3.49: Proposed unimolecular and bimolecular mechanism for BXs-ether
cleavage.*®

Ergo, slow addition of BGlat-78 °C in DCM proved to be a fast and successful method for the
deprotection of our triazole§Scheme3.50). Compounds3-126, 3-127 and 3-128 were also

synthesised by Alex Chan.

(0] (0]
.OBn _OH
, I N,N
(L i
R R
3-XXX 3-XXX

Reagents & Conditions: a. BCl; (1 M in DCM, 3 eq), DCM, -78 °C, 45 min

R group Compound Product Yield
4-fluorophenyl 3-122 3126 53%
4-methoxyphenyl 3-123 3127 53%
4-(trifluoromethyl)phenyl 3-124 3128 58%
cyclopropyl 3-125 3129 49%

Scheme 3.50: Deprotection of triazole with BClsto get final compounds.
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Alternatively, we also tried to form the triazoile thepresence afionprotectechydroxamic acid.
Azide-L-PheNH-OBnN intermediate3-121 was deprotected using BGh 89% yield and the
resulting azidephenylalanine hydroxamic ac133 was putin reaction with phenylacetylene
under CUAAC conditionghut no reactionwas observedSchemes.51).

o 0
0 a b _OH

.0Bn > ~OH = N

N 89% H N
NS H N N’
W
3-121 3-133 N

3-119

Reagents & Conditions: a. BCl; (1 M in DCM, 3 eq), DCM, -78 °C, 45 min; b. CuS0O4.5 H,0O
(0.01 eq), sodium ascorbate (0.1 eq), phenylacetylene (1.2 eq), H,O/t-BuOH 2:1, rt, 16 h

Scheme 3.51: Attempt to form triazole from unprotected hydroxamic acid 3-133.

Checking the literature, we found no examplasfimilar reactionAl t hough wae di dn
further thispathway we tried to understand what could prevémreactionas click chemistry is

usually very versatile and reliable. An explanation could come from the high affinity of
hydroxamic acid for metal. Indeed, interaction with the copper catalyst could block the catalytic
cycle necessary for the CUAAC react Moreovet suchcoordinationcould be favoured by the
possibility to form astabilised6-member ring due to the presence of the azide gféigpre3.5).
Meanwhile, protected hydroxamic acid coaltequatky react in the click reaction as theesence

of the benzyl would decrease the nucleophilicity of the oxygen and impose steric hinbednce

could prevent the interaction with the copper.

r 7 S0,
0
TH
®
N//?N/N\Cu/ OH

Figure 3.5: Structure of potential copper interaction with 3-133.
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2.3.liFocus on 1,4:&isubstituted triazole

Following this frst generation of compounds, we decided to investigate a second generation based
on 1,4,5trisubstituted triazole. Several synthgtathwayscould be used to form a trisubstituted
triazole. A first possibility would be to use a disubstituted alkynestct ngith the azidédowever,

this method has numerous drawbacks. In the CUAAC reaction, region selectivity and rate of
reactiondependon the formation of the complex between the copper and the highly reacting
terminal alkynyl. However, internal alkynese less reactiveandthe regioselectivity is more

challengingo control. Thus, this method was not considered.

A second method would be to introduce the substitution ontpesition directly from our 14
disubstituted triazoles. The main advantagenisfmethod would be to directly use the previously
established synthetic route as it would simply add a divergingtdtepever this required a €4
activation on the B position of the triazole whictends to be difficult. Progress has been made
over the last decade tactivate this bond with copper or palladiubut these methods usually
require high temperature or microwave irradiafiorf® More recently, Wei and coworkers
reported aonepot strategy tosynthesse trisubstituted triazole, in mild condbins, from azido
compoundaterminalalkyne,andanaryl halide by using a mixture of copper and palladium as a
catalyst’® To explain the higher reactivitychieved with their method they proposed the
following mechanism$chemes.52). The reaction starts with a copper catalytic cycle similar to
the CUAAC reaction to forma 1,4 disubstituted triazolsopper complexd-100. In parallel, in a
second catalytic cycle, oxidative addition of aryl halide on palladium(0) afiBA Then,
complex3-100undergoes a transmetalation with the aryl hafidbiadium complexs-134to get

an arylpalladiumtriazole complex 3-136 and regenerate the copper halide. Reductive
elimination then renews palladium(0) species and leads to the formation of the desired 1,4,5
trisubstituted triazole3-137. Notably, two side products cahe producediuring the reaction.
Complex3-100 can be protonated to afford the -Hibulbstituted triazole 3-101 of the CUAAC
reaction. Additionally transmetalation between palladium(ll) com@ek34 and copper(l)
acetylide3-97 can form the internal alkyri@135.
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Scheme 3.52: Mechanism of Cu/Pd catalysed triazole formation.*6?

This method wasdnterestingas a large variety of terminal alkynend an aryl halide, are

commercially available. Therefore baoadscope ofsubstituentn both 4 and %" position of
the triazole couldbe explored

Wedecided to try thenethodandset up the reaction between azidphenylalanine methyl ester
3-116 phenylacetylene, and bromobenzenethe presence ofpalladium(0) and copper(l)
(Schemes.53). However only the 1,4disubstitutedtriazolewasrecoveredThis suggested that
the transmetalation step did not work, due to eikiregtic or potential issues with the palladium.

The reactiorwas repeatedith a secondatch of palladiumbut similar resultsvere observed
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OMe —

3-116

Reagents & Conditions: a.Bromobenzene (1.5 eq), phenylacetylene (1.5 eq),
Pd(dba); (0.025 eq), K,CO3 (2 eq), CuCl (1 eq), XPhos (0.1 eq), DMF, 70 °C, 16 h

Scheme 3.53: Attempt to form 1,4,5-trisubstituted triazole 3-138.

Thus, we decided to reproduce one of the publisbechpound. Following a eported
proceduré® we synthetized benzyl azi®139 from benzyl bromide and sodium agith 86%

yield (Scheme8.54) and then carried out its reaction with phenylacetylene and bromobenzene.

Br

3-140
Reagents & Conditions: a. NaN; (2 eq), H,O/Acetone 1:6, rt, 16 h; b. Bromobenzene (1.5 eq),
phenylacetylene (1.5 eq), Pd(dba); (0.025 eq), K,CO3 (2 eq), CuCl (1 eq), XPhos (0.1 eq),
DMF, 70 °C, 16 h

Scheme 3.54: Attempt to synthesise 3-140.

As showed in the following NMR spectrum, once again only disubstituted triazole was obtained
(Figure3.6).
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Figure 3.6: *H NMR spectrum of the recovered compound from 3-140 synthesis.

It was unclear to us why the transmetalation with the palladium cycle seemed to be problematic

but facingunsuccessfulyet consistent, results we decided to look for an alternative pathway.

Instead of forming a precursor to our desired tria3dl87 containing eithehydrogeron the &'
position or a transition metal, a third possibility would bsytiothesie anintermediatecontaining
iodine on the sameosition(Scheme3.55). This intermediat&-141 would be stable and isolable
and the @ bond, much more reactive than aHCbond, could then be usedtime palladium

catalysedcoupling reaction.

R2
Optlon 1and 2 R, Optlon 3 I N
N
// // \ 1
R4
Y=H,M 3137 3141

Scheme 3.55: Tri-substituted triazole precursors.

This procedure was also reported by Sharpless and ¥9kind consists of a cycloaddition of
organic azide and-ibdoalkyne catalysed by copper(l). Similar to @®@AAC mechanism, two
mechanisms are plausible and ik coexist Echeme 3.56). In a firstcatalytic cycle copper(l)
interacts with theiodoalkyneto afford acetylide complex3-97. Following the previously

described mechanism copgeazole complex3-100 is formed and final copper exchange
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throughs-bond metathesis, with a second molecul®dbalkyne regenerate8-97 and releases
the 5iodotriazole3-141 Alternatively,alikethe dinuclear CUAAC cycleépdoalkyneis activated
by p-complexation with copper and then proceeds to-raefnber cyclization3-143 Final

interaction withiodoalkyneaffords3-141and regenerates142

[Cu]
N3 R, Ri—=—| Ns~Ro
o ’< / \ [cul
Ri Y [Cul R—=—ICu] R—=—1 R—=—1
3-98 N,,N/N\R2 3.97 | 3-142 N/ [Cu]
R1Y< \\‘N\@/R2 3-142
= ®N
- /N_Rz
[Cu] B /
u -
R, 3-141 Rz\’I\I,N\\N
NP [Cu~" g,
|
3-100 Ri——1I R——1I 3143

Scheme 3.56: Mechanism of formation of 5-iodotriazole.*®®

The intermediat iodo-triazole 3-141 was reported to be reactive under a variety of coupling
conditions such as Heck, Suzuki and Sonogaéif&® Although this method offered wast
scope of reaction and was of great potenttiedrationale behind the investigation of the previous
pathway was due to the previously mentioned trisubstituted triazolatfHténdeed, their
synthetic route was based on this procedumdywe wanted to get a maximumadaibtanceoetween

our work and theirs. Importantly the patented structumetairs an alkynyl group on the's
position. Therefore, dedpi using a similamtermediatewe could still diverge from the patent

by avoiding the Sonogashira reaction and focus othan coupling

Our interest in trisubstituted triazole, as well as our decision to switch to this synthetic pathway,
was soon suppted by an eminent publicatioindeed, simultaneousty our work, the authors

of the patent disclosed thwological results of their scaffoléf” Several crucial factorsere
highlightedby their SARstudies(Scheme3.57). First of all,the (S-stereochemistry of thaitial

amino acid seemed to be essential for potency, as switchiRjytorifiguration resulted in a loss

of activity. Secondly the group orthe 4" position had limited impact on thmotency andthe
position was therefore toleratt modifications. On the othdrand the size of the group attached

to the alkynyl had greateffect on theactivity, and groups bigger than phenyl should be ashid
Finally, the alkynyl group was crucial for the scaffold aseductionto alkene and alkane led

from subnanomolar HDACS activity to inactive compounds.
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Scheme 3.57: Selection of important SAR of 5-alkynyl trisubstituted triazole scaffold.*¢’

This last informatiorprofoundlyinfluenced the design of our molecule. To omderstanding,
the alkynyl fts in an enzyme groove and acts as a linker to place the R group in a hydrophobic
pocket. Increasing the size of the group tends to decrease the potency likely bechinskafiee
with the pocket size. Moreover, reduction of the linker changes theidirée which the R group
is pointing. Thus, fitting in the hydrophobic pocket becomes impossibigthe disturbance

results in a loss of potency.

Consequentlyto substitute the alkynyl linker of this patentezhffold we looked for asmalland

flat gructure that could keep a comparable alignment, irctmtinuity of the triazole bond, to
bring a hydrophobi c g Wecwregkonédrthattah @aomatin dnyg coald s p
match those factors aight for a 2,5disubstituted thiophene linker.

Turning our attention to the synthesis and following Sharpless proc&diNépdomorpholine
hydrogen iodine sals-144 was synthessed in 88% yield by reaction of iodine on morpholine
(Scheme3.58). Phenylacetylenwas then treated with copper(l) iodine atxibdomorpholingo
give Ziodo-phenylacetylen8-145in 98% yield.Similarly, 1-fluoro-4-(iodoethyny)benzenes-
146was synthesiseith 70% vyield.

147



88% N

3-XXX

Reagents & Conditions: a. |, (1 eq), MeOH, rt, 1 h; b. Cul (0.05 eq), 3-144 (1.1 eq), THF, rt, 1 h

R group Compound number Yield
H 3-145 98%
F 3-146 70%

Scheme 3.58: Synthesis of lodoalkyne.

Following the synthesis of these compounds, we could focus on the formation of the triazole. In
the same Sharpless publication, 1;#isubstituted triazolesere successfullgreparedn a two

steps ongot synthesis. Bodotriazoleswere primarily formedy copper(l)cataysis. Then, in a
SuzukiMiyaura coupling, palladium(0) and boronic acid were added to afford the desired 1,4,5
trisubstituted triazole. This procedure waseissting as several thiophene boronic acids are

commercially available and ot reaction speeds up the synthesis.

Accordingly, azide intermediat® 121 underwentcoppercatalysed cyclisation by reaction with
iodoalkyne and copper(lipdide in the preence oftriethylamine. Following consumption of
starting material, monitored by TLC, palladium(0) acetdiiephene2-boronic acidandexcess
of trimethylaminewere added(Scheme3.59). Several couplingsvere attemptedbut each
reaction resulted in the isolation of the correspondinedisdbstituted triazoleandno desired

compoundsvereobtained
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N I N~ Ry~ N+
H N N
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3-121 Ry Ry
— - 3-XXX

Reagents & Conditions: a. Cul (0.05 eq), 3-144 or 3-146 (1 eq), Et3N (2 eq), THF, rt, 2 h; b. Pd(OAc),
(0.01 eq), Et3N (1 eq), Boronic ester (2 eq), THF, 65 °C, 16 h

R1 R2 Product number Isolated Compound
S L . Pho
3-147
| Y/ KHJ\N,OBn
H
N
: b
3-148
L/

%N
B Yy

N

h 7\ 3-149 )

F 3-122

Scheme 3.59: Attempt of synthesis of 5-thiophenyl triazole.

These results were surprisirapdthe formation of the disubstituted triazole could come from
reductivedehalogenation of the-ibdotriazole intermediate, which has been shown to decur

thepresence ofopper salf®

Consequentlywe decided to opt ifiavour of a distinct twestep synthesis and to isolate the
intermediate Sodotriazole.Thiswould not only allow us a proper control of the formation of this
crucialintermediateébut would also remove the copper salt from the media. Following the same

procedure, Sodotriazole weresynthessedand successfully isolate&¢heme3.60).
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N3 ) N
3-121 R4
3-XXX

Reagents & Conditions: a. Cul (0.05 eq), 3-145 or 3-146 (1 eq), EtsN (2 eq), THF, rt, 2 h

R1 group Compound number Yield
Phenyl 3-151 64%
4-Fluorophenyl 3-152 34%

Scheme 3.60: Synthesis of 5-iodotriazole.

SubsequentlySuzuki couplingsveretried again $cheme3.61). This was investigated with the

help of Faustin Falissard, a visiting undergraduate student that | supervised, who performed the
reaction in entry 4. Orce more, several conditions were u$8d®“®*put no desired products

were obtained Instead, mixtures of starting material and -digubstituted triazolewere

recovered
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Suzuki coupling
N B N
H H

Coupling conditions

io PdCL(PPh). 0.04 eq, KCOs 1 eq,
1 b v S Organoborane 1.5 eq,

B

"

THF, 70°C,16 h

o Pd(OAc)» 0.04 eq, EN 1 eq,
2 b O,\B\Q/\D Organoborane 1.5 eq,

THF, 65 °C, 16 h

7\4\,0 PdChL(PPh). 0.04 eq, KOH 2 eq,
' S

B

3 wb » @/\ O Organoborane 1.5 eq,

THF, 75 °C, 16 h

HO Pd(PPH)4 0.06 eq, KsPO4 2 eq
‘ S
B Organoborane 2q,
h HO \@/ g q

4
F Dioxane, 90 °C, 16 h
9o Pd(OAc) 0.04 eq, KPO4 5 eq
5 Z ] ,iB S Organoboran@ eq,
. " @/ Dl\g/JIF, 100°C, 16qh
HO PdCL(PPh). 0.04 eq, KOH 2 eq
6 h HO/\B\@/ Organoborane 1.5 eq,
F THF, 60 °C, 16 h

Scheme 3.61: Suzuki coupling conditions.

We could then conclude th#te resultsof the onepot sequence were not solely due to the
presence of copper salt in the reaction mixture. Another example of reductive dehalogenation
with palladium catalyst has als®en reportetf® According to theauthors this could be due to

steric hindrance at the®land 4" position of the triazoleThis could inded prevent the
transmetalation process with the boronic acid. Assalt the palladium catalytic cycle woulik
blockedin the oxidative addition intermediate state. Thelewould, therefore, proceed tama

H elimination/reductive elimination, with agiand being the source of theH atom, to form the

dehalogenatet,4-disubstituted triazole.
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Future optimisation of conditions of reaction could potentially overcome this Sltematively,
as the # position seems tolerant to a variety of substittgduction of the size of the group on
the 4" position could also help the reaction. Those will be part of future work for this scaffold.

2.4 Scaffold 4: hydantotbased inhibitors

Hydantoins, or glycolylureas are interesting heterocyclic structures, whicaveh been
successfully used in drug development, amdently form animportantclass of anticonvulsant.

In regards totheir achievementwe became interested in the structure and its use in the
development of HDAC inhibitors. Besides, hydantoin structure can be seen aslassical
isoterism of the diketopiperazine derivative scaffold and the triazole scaffold previously
described. Inwduced by Langmuir in 1918 and later extended by Friedm&Athe concept of
bioisoterismrefers to the replacement of a group in a moleculadyther group of similar
electronic or steric arrangement. As shown beBeheéme.62) hydantoin does share similarities

with bothdiketopiperazingand, to some eght, triazoles.

R R4 o R4 R4
Ro N o OYN HO___ N-
O —OH —R
OI R — HN D \ j— ( 3
N Ry R R R
H 2 2 2

Scheme 3.62: Hydantoin isoterism.

Checking thditerature we found that severalydantoirs bearing hydroxamic acid as zinc binding
group hadbeen reporteds matrix metalloproteinase inhibitdfs*’® Surprisingly this structure
has not been investigated for HDAC inhibition. Besides only one publicagjmmted theuse of

a hydantoinin virtual screening, orschistosomanansoniHDACS inhibition3?* This validated

our decision to explore hydantdirased structures as HDAC inhibitors.

Over the years, several synthetic pathways wexeloped tsynthesse hydartoins*’” but two
arehistoricalof greatinterest.The ' method was reported byrech in 187378 Mixing an amino
acid and potassium cyanatgchemes.63), the amineproceed to a nucleophilic attack on the
cyanate to form an intermediate carbamB#53 Internal condensation of theea and the
carboxylic acid then leadto the formation of the cyclic intermedi&d55. Finally, loss of water
affords hydantoir8-156.
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Scheme 3.63: Urech hydantoin synthesis.

The second method is known as the BuchBergs reaction and consists in the reaction between
a carbony) potassium cyanide and ammomi carbonate Scheme3.64).*” In a first step,
cyanohydrin 3-157 is formed by the nucleophilic addition of cyanide on thearbonyl
Nucleophilic substitution, byeaction with ammonium ion, then leads to the formation of an
aminonitrile intermediat8-158 Next, nucleophilic additiomn carbon dioxide leads to cyano
carbamic aci®-159 whichthenundergos an intermolecular cyclization teigino-oxazolidir
2-0ne3-160. Subsequently, rearrangement briefly opens the cycle to form ayaisate3-161,
which spontaneouslgyclisesto afford the hydantoir8-162
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Scheme 3.64: Bucherer-Bergs reaction.

As previously mentioned, hydantoin was seen as a bioisostere of triakbles, ourmain
objective was to develop a class of inhibitaralogie to the triazole scaffoldAccordingly, we
wanted to keep an amino acid core, especjdinylalaningon the hydroxamic acid part of the
molecule. Thus, we chose to form the hydantoin from the amine grttenf/lalanineAlthough

the previously described synthetic pathwhaggebeen successfully usédthe past, a more recent
publication became of greatterest to us. Liu and coworkers published in 2014 a new method
for the synthesis of 3;8lisubstii t e d o trisulitituted chitdjl hydantoins from Bpcotected
dipeptides(Schemed.65).%8° Activation of the peptide bond with triflic anhydrideads to the
formation of an intermediate sa@163 that then undergoes an intramolecular cyclisation to
release both triflic acid and intermedi&t&64. Two possible mechanisms are tlikaly to afford

the hydantoir8-167. In a firstpathway thetert-butyl protecting group is then expelled to form
an oazolidone 3-165 which then goes through Mumm rearrangement to dveG7.
Alternatively, a second pathway forces ring opening to give the isocya&a66 that then

cyclizes to hydantoin.
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Scheme 3.65: Synthesis of hydantoin from Boc-dipeptide.*®

This procedure fitted perfectly with our will to build the hydantoin structure from amino acids.

Moreover, it also easily introduces a second clueake in the moleculejn the 8" position.

We decided to introduce a protected hydroxamic @cior to the hydantoin formation. Thus,
starting from Boeprotected.-phenylalaninewe used CDI to activate the carboxylic acid and
converted it tdD-benzylhydroxami@cid 3-168in 86% yield Scheme3.66). Bocprotectionwas
then hydrolysedh acidic conditionsandthe free amin@-169was obtainedh 99% vyield.

0] a ] b (0]
—_— —_—
86% -OBn 99% _OBn
OH o ” H
HN. HN .
Boc Boc NH;
3-168 3-169

Reagents & Conditions: a. CDI (1.5 eq), NH,OBn.HCI (2 eq), THF, rt,16 h; b. TFA (10 eq), DCM, rt, 3 h

Scheme 3.66: Synthesis of NH,-L-Phe-NHOBnN 3-169.

Amine 3-169 was then coupled to several Bpmtected amino acids to form the corresponding
dipeptides using EDC/HOBt or HBT{$cheme3.67).
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aorb Boc—NH HN

_OBn y
N AA_ﬂo o) NgB
NH, n
3-169 3-XXX

Reagents & Conditions: a. Boc-AA-OH (1 eq), EDC (1.1 eq), HOBt (1.1 eq), NMM (3.3 eq), DMF,
rt, 16 h; b. Boc-AA-OH (1.2 eq), HBTU (1.2 eq), DIPEA (3.5 eq), DCM, rt, 16 h

Boc-AA-OH Compound number Product Yield
/Boc
HN HN 0
Boc-L-PheOH 3-170 \\s g NH 63%
©7\ O O OBn

BoGL-ProOH 3171 35%
E NH

Boc-b-Ala-OH 3-172 18%
NH

OBn

Scheme 3.67: Synthesis of Boc-dipeptide-O-benzyl hydroxamic acid.

Following thissynthesiswe applied the previous protocol for the cyclisation. The dipeptake
dissolvedin dry acetonitrile and a base, either pyridine orl@tdline was added followed by
dropwise addition at &C of triflic anhydride Scheme3.68). The reaction mixtureas then stirred
at room temperature. Colour change of the reaction mixta® observedand the reaction
progression, checked by TLC, showed no remaining startingiedatefter two hoursdowever
no desired productsiere recovered afteworkup and purification by flash chromatography.

Instead NMR showed that only starting material was recovered.
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Scheme 3.68: Attempt of hydantoin cyclization.

We thought that it could be due to a kinetic issue. A rapid reaction with triflic anhydride and
activation of amide bond could explain the visual changes we obsbuték ring closure could

then be slower than expectet)d aqueousvorkup could quenchthe activated intermediate to

give back the starting material. Thus, we repeated the reaction and let the mixture stir overnight,

instead of two hourdyut we obtained tb same result.

Another potential explanation could be a competition between the amide and the hydroxamic acid
during the activation steS¢heme3.69). The ractionbetween the triflic anhydride and the
hydroxamic acid, instead of amide, would prevent the formation of the hydantoin. Besides, only
starting material was recovered and no appiaside productvas formed Applying the same
intramolecular pathway to activated hydroxamic acid would giw®mplex8-membered ring.

This structure has nbeen reportecndits formation under these conditions is therefore unlikely.
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