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Introduction

L'ADN eucaryote est compacté sous forme d’une structure dynamique connue sous le
nom de chromatine et dont la sous-unité minimale est le nucléosome (147 paires de bases
d’ADN enroulées par les protéines histone). La structure de la chromatine module
I'accessibilité a l'information génétique et régule ainsi les autres processus nucléaires. Fait
important, la structure de la chromatine peut étre modifiée par les mécanismes épigénétiques,
permettant la régulation fine des processus nucléaires. En conséquence, les mécanismes
épigénétiques ont un impact majeur sur I'homéostasie cellulaire, le type cellulaire et le
développement. La dérégulation des mécanismes épigénétiques est de ce fait impliquée dans
de nombreuses maladies telles que le cancer, mais aussi les maladies neurologiques et
inflammatoires. 1l est donc essentiel de comprendre les bases fondamentales des mécanismes
épigénétiques. Mais les effecteurs épigénétiques représentent également des cibles
importantes pour les interventions thérapeutiques dans de nombreuses maladies.

Parmi les mécanismes épigénétiques, « l'écriture » et « l'effacement », par des
enzymes épigénétiques dédiées, des marques epigénétiques covalentes sur les histones et sur
d'autres effecteurs nucléaires ont un effet majeur sur la structure de la chromatine et sa
modification en réponse a divers stimuli. Plus précisément, I'addition covalente réversible de
petits groupes chimiques (par exemple acétyle, méthyle, phosphate) ou macromolécules (par
exemple ubiquitine, SUMO) a des résidus spécifiques des histones peut faciliter ou empécher
I'accessibilité de I'ADN par les mécanismes nucléaires.

L'acétylation est I'une des principales marques epigénétiques et est souvent associée a
une structure de chromatine permissive aux processus nucléaires. L'acétylation des histones
et d'autres effecteurs nucléaires est contrdlée par I'action opposée des HAT (transférases
d’acétyle d’histone — histone acetyl transferases) et HDAC (desacétylases d’histone — histone
deacetylases). Fait intéressant, les enzymes HDAC représentent les principales cibles des
médicaments épigenétiques (épimédicaments) actuellement approuvés. Ces épimédicaments
sont cependant restreints au traitement de quelques cancers car ils inhibent presque tous les
membres de la famille HDAC qui ont des fonctions tres différentes chez I’homme. Par
conséquent, un axe de recherche majeur dans la découverte d'épimédicaments est de
développer de nouvelles molécules qui montrent une sélectivité élevée pour un membre
précis de la famille HDAC.

Il est important de noter que, malgré des années d'études des HDAC, la fagon dont les

différents membres de cette famille reconnaissent spécifiqguement leurs cibles et comment ils



agissent sur ces cibles reste tres obscurs. En outre, les HDAC font souvent partie de
complexes macromoléculaires, et d'autres sous-unités de ces complexes peuvent affecter leur
activité, la reconnaissance de leurs cibles, mais aussi I'inhibition par les épimédicaments. Il
est donc essentiel de combiner a la fois des recherches fondamentales et applicatives sur les
HDACSs pour développer des épimédicaments plus puissants et plus sélectifs qui puissent étre
utilisés plus largement pour traiter un plus grand panel de maladies.

L'importance des mécanismes épigénétiques n'est pas limitée a I’homme, mais aussi a
tous les organismes eucaryotes. Cela ouvre la porte a la lutte contre les parasites eucaryotes
qui provoquent des millions de déces chaque année dans le monde entier. De tels parasites
(par exemple le plasmodium, les trypanosomes, les schistosomes) ont souvent des cycles de
vie trés complexes ou les mécanismes épigénétiques sont censés jouer des roles essentiels.
D’ailleurs, le traitement de parasites avec des epimédicaments approuvés ciblant les HDAC a
révélé une forte sensibilité des parasites a ces épimédicaments.

Cela ouvre clairement la voie au développement de nouveaux médicaments
antiparasitaires pour lutter contre des maladies pour lesquelles il n'existe que trés peu de
médicaments contre lesquels les phénomeénes de résistance augmentent. Etant donné que le
processus de découverte de médicaments nécessite beaucoup de temps et colte cher, une
stratégie de «portage» consistant & modifier les médicaments actuellement approuvés pour les
rendre plus puissants contre les parasites devrait accélérer la recherche de nouveaux
médicaments antiparasitaires. Encore une fois, un important goulet d'étranglement est de
modifier les médicaments initiaux afin qu'ils puissent étre selectifs pour les enzymes
parasitaires, mais plus pour les enzymes humaines.

Au cours du projet SEtTReND (Schistosoma Epigenetics: Targets, Regulation, New
Drugs - 2010-2012) financé par I'Union Européenne, mon laboratoire a fourni la preuve de
concept de cette stratégie de portage épigénétique en ciblant notamment HDACS8 du parasite
Schistosoma mansoni (SmHDACS). En résolvant la structure de smHDACS sous forme apo et
en complexe avec des inhibiteurs non sélectifs de HDACs, y compris le médicament déja
approuvé Vorinostat, I'equipe a fourni des informations inestimables et inattendues qui ont
été utilisées pour trouver des premiers inhibiteurs présentant une bonne sélectivité mais une
puissance moyenne. Les structures de smHDACS8 avec ces molécules ont par la suite été
utilisées pour développer une nouvelle série d'inhibiteurs a forte puissance (dans la gamme du

nM) et de sélectivité forte a excellente (Fig i).



smHDACS "4 hHDACS

Fig i: Comparaison entre les poches du site actif smHDAC8 et hHDACS :

Représentation des structures cristallographiques de smHDAC8 (a) et hHDAC8 (b). Les acides aminés
importants de la poche catalytique sont représentés sous forme des batons et sont numérotés
respectivement. Le zinc catalytique est représenté par une sphere orange. Deux différences structurales sont
notées au niveau de la poche catalytique, la présence de H292 contre M274 et la conformation de la
phénylalanine dans les structures flipped-in vs flipped-out dans smHDAC8 et hHDAC8 respectivement. Ces
différences de poche catalytique sont importantes dans la conception des inhibiteurs sélectifs de SmMHDACS.

Au cours de ma thése et dans le cadre du plus grand projet financé par I'Union
Européenne, A-ParaDDisE (Anti-Parasitic Drug Discovery in Epigenetics - 2014-2017), j'ai
travaillé sur la caractérisation structurale des complexes entre SMHDACS et cette nouvelle
série d’inhibiteurs pour mieux comprendre les bases moléculaires de leur plus grande
puissance et de leur plus grande sélectivité. J'ai complété ce travail par I'analyse biochimique,
biophysique et structurale des complexes entre SmMHDACS, mais aussi la HDAC8 humaine
(hHDACS), avec des inhibiteurs hautement sélectifs de hHDACS. Ce travail m'a amené a
étudier par analyse mutationnelle I'importance de I'architecture du site actif de HDACS8 pour
I’activité et I’inhibition de cette enzyme. Enfin, dans une derniére partie de ma thése, j'ai
étudié des aspects plus fondamentaux de la biologie de HDACS, en considérant notamment

son interaction avec I'une de ses principales cibles, le complexe Cohésine.

Résultats

Au cours de ma these, j'ai résolu des dizaines de structures de SmMHDACS8 complexée
avec divers inhibiteurs de nos collaborateurs. La structure de smHDACS avec la molécule la
plus simple de cette série, TH31, a révélé un nouveau mécanisme de fixation de ces

inhibiteurs sur smHDACS (Fig ii). Plus précisément, en plus de la coordination connue du



zinc catalytique de HDACS8 par un groupement hydroxamate, la liaison de TH31 dans la
poche du site actif est stabilisée par Il'interaction de son amide interne avec deux résidus de
smHDACS, K20 et H292. La liaison est encore plus stabilisée par des contacts hydrophobes
établis entre la coiffe de TH31 et la boucle L6 de smHDACS.

Cette liaison permet d'obtenir une sélectivité plus grande pour smHDACS par rapport
aux autres HDAC humaines. Seule hHDACS est encore fortement inhibé par TH31. Par
conséquent, nous avons sélectionné plusieurs autres inhibiteurs de cette série qui ont montré
une puissance accrue pour sSmHDACS, mais aussi une sélectivité accrue pour le smHDACS
par rapport a hHDACS. Ces inhibiteurs possedent des groupes substituants supplémentaires
ainsi que différentes coiffes par rapport a TH31. La structure de smHDACS8 avec ces
différents inhibiteurs a fourni une foule d'informations sur la fagcon dont la puissance et la
sélectivité peuvent étre obtenues en améliorant et en étendant les interactions observées
initialement entre TH31 et smHDACS.

Poche sélective de
HDACS8

‘D186 |
. .

Fig ii Structure cristallographique de smHDAC8-TH31 :

a) Représentation en ruban de la structure cristallographique de smHADC8-TH31. TH31 (représenté par des
batons de couleur cyan) est en coordination avec le zinc catalytique (sphére jaune) et d’autres résidus
(représentés sous forme des batons et numérotés respectivement). K20 et H292 contiennent l'inhibiteur TH31
dans la poche du site actif de smHDACS. b) Représentation structurale cristallographique de smHDAC8-TH31
montrant la poche sélective HDACS.

La HDACS8 humaine est I'une des HDACs pour lesquelles des inhibiteurs hautement

sélectifs (par exemple PCI-34051) ont été trouvés. Mais les bases moléculaires de cette



sélectivité restent inconnues. J'ai étudié la base moléculaire de la sélectivité de HDACS8 par
ces inhibiteurs par détermination de la structure de hHDACS et de sSmHDACS avec plusieurs
de ces inhibiteurs. Ces structures ont montré que ces inhibiteurs se lient de maniére similaire
aux inhibiteurs sélectifs de sSmHDACS8 dans une poche spécifique de HDACS8 que nous avons
appelée poche sélective de HDACS (Fig ii). Une fois de plus, toutes nos données structurales
fournissent des informations trés précises sur la base moléculaire de I'inhibition sélective de
HDACS, ouvrant la voie a la conception d'inhibiteurs plus puissants et plus sélectifs.

Ce travail sur l'inhibition sélective de HDACS a révélé I'importance de la taille et de
la conformation de certaines boucles impliquées dans la formation du site actif de HDACS.
J'ai donc complété mon analyse d'inhibition par une analyse mutationnelle des boucles du site
actif de HDACS8. Mes résultats montrent que la conformation de ces boucles est fortement
contrainte, ce qui explique comment l'inhibition sélective peut étre obtenue. Ces résultats
ouvrent également la question de I'importance de ces boucles dans I’activité de HDACS et de
sa reconnaissance de ses cibles, notamment en raison de la faible spécificité communément
supposée des HDACSs pour leurs cibles.

La cible la plus connue de HDACS est la Cohésine, un complexe qui joue un réle
important dans la cohésion des chromatides soeurs, la régulation transcriptionnelle et la
réparation de I'ADN par recombinaison homologue. HDACS et la Cohésine sont impliquées
dans de nombreux cancers, et des mutations dans HDACS et différentes sous-unités de la
Cohésine conduisent a la méme maladie, le syndrome de Cornelia de Lange, caractérisé par
un nanisme et un handicap intellectuel.

Dans la derniére partie de ma these, j'ai commencé a étudier l'interaction entre la
Cohésine et HDACS8 qui a eté montrée comme désacétylant spécifiquement la sous-unité
Smc3 de la Cohésine. La Cohésine est un complexe large et tres flexible qu’il est difficile a
caractériser structuralement. La plupart des structures actuellement publiées sont celles de
petits domaines, généralement d'eucaryotes inférieurs. En utilisant la technique de co-
expression développée dans I'équipe, j'ai pu reconstituer différents sous-complexes de la
Cohésine humaine et, pour certains d'entre eux, j'ai déja pu obtenir des cristaux. Ce travail
ouvre la voie a la caractérisation structurale de la Cohésine humaine, mais aussi a son
interaction avec HDACS, pour mieux comprendre comment ces deux effecteurs nucléaires
interagissent, avec des implications pour la maladie et I'inhibition sélective.

Conclusions

Une grande quantité de travail a été réalisée et continue d’étre entreprise sur les

HDACs qui représentent des cibles thérapeutiques importantes pour le développement



d’épimédicaments. En dépit de tout ce travail, des questions majeures subsistent sur les
HDACSs qui concernent des aspects fondamentaux tels que la reconnaissance spécifique de
leurs cibles et leur mode d'action au sein de complexes, mais aussi des aspects plus
applicatifs comme le développement d'inhibiteurs seélectifs pour étendre [l'utilisation
d’épimédicaments ciblant les HDACs.

Au cours de mon doctorat, j'ai abordé la plupart de ces problemes en utilisant la
HDACS8 humaine et du parasite Schistosoma mansoni. Plus précisément, mon travail sur
I'inhibition sélective de HDACS8 a fourni des informations détaillées sur les bases
moléculaires de cette inhibition sélective, ouvrant ainsi la voie au développement
d'inhibiteurs plus puissants et plus sélectifs. Il est important de souligner que, & un moment
ou la recherche de nouveaux médicaments par des stratégies de screening a haut débit de
chimiotheques et des méthodes de screening in silico sont favorisées par de nombreux
chimistes médicinaux, mon travail montre comment les données structurales peuvent apporter
des informations hautement complémentaires et essentielles dans le processus de découverte
de nouveaux médicaments. De plus, ce travail m'a amené a étudier plus précisément
I'importance de I'architecture globale du site actif des HDACs. Ce travail remet en question le
dogme actuel qui considere que les enzymes HDACS sont peu sélectives en termes de cibles.
Pour adresser ce probléme, j'ai commencé a caractériser l'interaction entre HDACS et sa cible
principale, le complexe Cohésine. Ce travail a déja apporté des résultats essentiels qui
permettront d'étudier finement cette interaction. Ainsi, le travail effectué lors de mon doctorat
combine des recherches fondamentales et applicatives avec des implications pour des

interventions thérapeutiques vers le cancer, et les maladies neurologiques et parasitaires.



Summary



The eukaryotic genomic DNA is packaged into a compact dynamic structure known as
chromatin whose minimal subunit is the nucleosome (147 base pairs of DNA wrapped by histone
proteins). Chromatin structure modulates the accessibility to the genomic information and thereby
regulates the other nuclear processes. Importantly, chromatin structure can be modified by
epigenetic mechanisms, enabling the fine tuning of nuclear processes. Accordingly, epigenetic
mechanisms have a major impact on cell homeostasis, cell type and development, and deregulation
of epigenetic mechanisms has been shown to be implicated in many diseases such as cancer, but
also neurological and inflammatory diseases. It is therefore essential to understand the fundamental
basis of epigenetic mechanisms. But epigenetic effectors also represent important targets for

therapeutic interventions in many diseases.

Among the epigenetic mechanisms, the “writing” and “erasing” by dedicated epigenetic
enzymes of covalent epigenetic marks on histones and other nuclear effectors has a major effect
on chromatin structure and its modification in response to various stimuli. Specifically, the
reversible covalent addition of either small chemical groups (e.g. acetyl, methyl, phosphate) or
macromolecules (e.g. ubiquitin, SUMO) to specific residues of histone can facilitate or prevent

DNA accessibility by the nuclear machineries.

Acetylation is one of the major epigenetic mark and is often associated with a chromatin
structure that is permissive to nuclear processes. Acetylation of histones and other nuclear effectors
is controlled by the opposing action of HATs (Histone acetyl transferases) and HDACs (histone
deacetylases). Interestingly, HDAC enzymes represent the major targets of currently approved
epigenetic drugs (epidrugs). These epidrugs are however restricted to the treatment of the few
cancers since they inhibit almost all members of the HDAC family that have very different
functions. Therefore, a major research axis in epidrug discovery is to develop new molecules that

will show high selectivity for given members of the HDAC family.

Importantly, despite years of study of HDACS, it remains very obscure how the different
members recognize specifically their targets and how they act on these targets. In addition, HDACs
are quite often part of macromolecular complexes and other subunits of these complexes can affect
activity, substrate recognition, but also inhibition by epidrugs. It is therefore essential to combine
both basic and applicative research on HDACSs to develop future more potent and more selective

epidrugs that can be used more extensively to treat a large panel of diseases.



Interestingly, the importance of epigenetic mechanisms is not restricted to human but also
to all eukaryotic organisms. This opens the door to the fight against eukaryotic parasites that causes
yearly millions of deaths worldwide. Such parasites (e.g. plasmodium, trypanosomes,
schistosomes) often have very intricate life cycles where epigenetic mechanisms are expected to
play essential roles. Accordingly, treatment of parasites with approved epidrugs targeting HDACs
have revealed a strong sensitivity of the parasites to these epidrugs.

This clearly opens the way for the development of new anti-parasitic drugs to fight diseases
for which there are no to very few drugs available, with increasing report of resistance. Owing to
the fact that the drug discovery process is extremely time-consuming and expensive, a “piggyback”
strategy consisting in modifying currently approved drugs to make them highly potent against
parasites is expected to speed up the search for new anti-parasitic drugs. Here again, a major
bottleneck is to modify the drugs so that they can be selective for the parasitic enzymes but not

anymore for the human ones.

During the course of the European-funded project SEtTReND (Schistosoma Epigenetics:
Targets, Regulation, New Drugs — 2010-2012), my laboratory has provided the proof of concept
of this epigenetic piggyback strategy by targeting notably HDACS8 from the parasitic flatworm
Schistosoma mansoni (sSmHDACS). By solving the structure of SmMHDACS in apo form and in
complex with pan-HDAC inhibitors, including the approved Vorinostat drug, the team provided
invaluable specific and unexpected information that has been used for finding initial inhibitors
showing good selectivity but medium potency. Structures of smHDACS8 with these molecules were
further used to develop a new series of inhibitors with high potency (nM range) and good to

excellent selectivity.

During my PhD thesis and within the frame of the larger European-funded project A-
ParaDDisE (Anti-Parasitic Drug Discovery in Epigenetics — 2014-2017), | have worked on the
structural characterization of the complexes between smHDACS8 and the new series on inhibitors
to better understand the molecular basis of high potency and selectivity. | have complemented this
work by the biochemical, biophysical and structural analysis of the complex between smHDACS,
and also human HDACS8 (hHDACS), with known highly selective hHHDACS inhibitors. This work
led me to look by mutational analysis at the importance of HDACS active site architecture for

activity and inhibition. Finally, in a last part of my PhD thesis, | have investigated more



fundamental aspects of HDACS biology, by notably looking at its interaction with one of its main
target, the Cohesin complex.

During my PhD thesis | solved tens of structures of SmHDAC8 complexed with various
inhibitors made by our collaborators based on our initial structures. The crystal structure of
smHDACS8 with the simplest molecule of this series, TH31, revealed a novel mechanism of
inhibition of these inhibitors for snHDACS. Specifically, in addition to the common coordination
of the HDAC catalytic zinc by a hydroxamate moiety, binding of TH31 in SmMHDACS active site
pocket is stabilized by the interaction of its internal amide with two smHDACS residues, K20 and
H292. Inhibitor binding is further stabilized by hydrophobic contacts made between its capping
group and the L6 loop of smHDACS.

This binding enables to gain selectivity for snHDACS8 over other human HDACs by
several folds. Only hHDACS was still strongly inhibited by TH31. Therefore, we selected several
other inhibitors of this series that showed increased potency for smHDACS but also increased
selectivity for smHDACS8 over hHDACS. These inhibitors had additional substitutions and
different capping groups compared to TH31. The structure of smHDACS8 with these different
inhibitors has provided a wealth of information how potency and selectivity can be gained by

improving and extending the interactions observed initially between TH31 and smHDACS.

Interestingly, human HDACS is one of the HDACSs for which highly selective inhibitors
(e.g. PCI-34051) have been found but the structural basis for this selectivity has remained
unknown. | have investigated the molecular basis of HDACS selectivity with these inhibitors by
determination of the structure of hHDAC8 and smHDACS8 with several of these inhibitors.
Importantly, these structures showed that these inhibitors bind similarly to the smHDACS-
selective inhibitors to these enzymes in a HDACS8-specific pocket that we have termed HDACS-
selective pocket. Again, all our structural data provide precise information on the structural basis

for selective inhibition, paving the way for the design of more potent and more selective inhibitors.

This work on the selective inhibition of HDACS8 has revealed the importance of the size
and conformation of some of the loops building HDACS8 active site. |1 have therefore
complemented our inhibition analysis by a mutational analysis of the active site loops of HDACS.
Our results show that the conformation of these loops is highly restricted, which further explains

how selective inhibition can be achieved. This also opens the question of the importance of these



loops for activity and substrate recognition, notably arguing against the commonly accepted poor
substrate specificity of HDACs.

HDACS best characterized target is Cohesin, a complex that plays an important role in
sister chromatid cohesion, transcriptional regulation and DNA repair via homologous
recombination. Specifically, HDAC8 and Cohesin are involved in a wide range of cancers, and
mutations in both HDACS and different subunits of Cohesin lead to the same disease, the Cornelia

de Lange syndrome, characterized by dwarfism and intellectual disability.

In the last part of my thesis, | have started to study the interaction between Cohesin and
HDACS that has been shown to deacetylate specifically the Smc3 subunit of Cohesin. Cohesin is
a large, highly flexible complex that is difficult to characterize structurally. Most currently
published structures are of small domains, generally from lower eukaryotes. By using the
technique of co-expression developed in the team, | have been able to reconstitute different sub-
complexes of the human Cohesin and, for some of them, | have already obtained crystals. This
work opens the way to the structural characterization of human Cohesin but also of its interaction
with HDACS to better understand how these two nuclear effectors interact, with implication in

disease and selective inhibition.

A large amount of work has been performed and continues to be carried out on HDACs
that represent important therapeutic targets in epidrug discovery. Despite all this work, major
issues remain that concern fundamental aspects such as the specific recognition of their targets by
HDACs and their mode of action within complexes, but also the development of selective

inhibitors against the different HDACs to extend the use of epidrugs targeting these enzymes.

During my PhD, I have addressed most of these issues using HDACS8 from human and the
from parasite Schistosoma mansoni. Specifically, my work on the selective inhibition of HDACS8
has provided detailed information on the molecular basis of this selective inhibition and is paving
the way for the development of more potent and more selective inhibitors. Importantly, at a time
where high-throughput screening and in silico screening methods appear favoured by many
medicinal chemists, my work is showing how structural data can bring highly complementary and

essential data in the drug discovery process.

Importantly, this work has brought me to investigate more specifically the importance of

the overall architecture of the active site of HDACs. This work questions the actual dogma that
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implies that HDAC enzymes are poorly selective in term of substrate. To address this issue, | have
started the characterization of the interaction between HDACS and its main target, the Cohesin
complex. This work has already brought essential results that will enable from now on to
investigate finely this interaction. Thus, the work done during my PhD is combining fundamental
and applicative research with implication for therapeutic interventions towards cancer,

neurological and parasitic diseases.
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Introduction




1. Introduction

1.1.Chromatin and epigenetic mechanisms: impact on nuclear processes in

health and diseases

In order to fit within the 6 microns large nucleus, the 2 meters long eukaryotic genomic
DNA is packaged into a highly ordered compacted structure called chromatin. The chromatin can
have several levels of compaction, from a weakly condensed state to a highly condensed state as
observed in the chromosomes (Figure 1). Compaction of the eukaryotic DNA into chromatin has
a major effect on the nuclear processes (e.g. replication, transcription, DNA repair) as it restricts

access to the underlying genetic material.
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Figure 1: Chromatin organization:
Picture adapted from apsubiology.org
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The current view is that, depending on the chromatin compaction state, the genetic material
is more or less accessible to the nuclear effectors. Actually, several major forms of chromatin are
distinguished. The euchromatin is generally weakly compacted and is permissive to nuclear
processes. In contrast, heterochromatin is generally densely packed and is associated with reduced
nuclear activity. Finally, facultative heterochromatin is a less densely compacted chromatin than
heterochromatin that displays little nuclear activity but is poised for transformation into

euchromatin.

Depending on the gene expression patterns required, the chromatin state of a particular
region of the genome can be different between different cell types and can be modified during
development and in response to internal and external stimuli. This modulation of the chromatin
structure is carried out by the so-called epigenetic mechanisms that enable the chromatin structure

to be finely tuned and adapted to the cell’s requirements.

Importantly, epigenetic mechanisms, by acting on the chromatin structure, have a strong
influence on the various nuclear processes and are directly involved in their regulation. Thus,
chromatin structure and epigenetic mechanisms are key to regulate genomic imprinting, X-
chromosome inactivation, transcriptional regulation, DNA replication, DNA damage repair and
DNA recombination (Sadakierska-Chudy, Kostrzewa et al. 2015). In addition, epigenetic
mechanisms ensure that heritable changes are carried through mitosis and meiosis without altering
the DNA sequence to maintain the tissue specific pattern of gene expression (Sadakierska-Chudy,
Kostrzewa et al. 2015).

The consequence of the importance of chromatin structure and epigenetic mechanisms on
the regulation of nuclear processes is of course that deregulation of these mechanisms has a broad
impact on the cellular activity. It comes therefore as no surprise that an increasing number of
epigenetic effectors are shown to be involved in the onset and progression of many different
diseases. Importantly, the flexibility of epigenetic mechanisms and their capacity to modulate the

chromatin structure open the way to epigenetic therapeutic interventions.

It is therefore essential that epigenetic mechanisms and their interplay with other cellular
processes are finely characterized towards the development of therapeutic strategies. This process

has already begun, but much more knowledge is required to progress further towards this goal.
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1.1.1. The chromatin

1.1.1.1. The nucleosome: basic unit of the chromatin

The nucleosome is the smallest structural and functional unit of the chromatin that provides
a platform on which epigenetic effectors can act (Cutter and Hayes 2015). Each nucleosome
consists of a nucleosome core particle (NCP), linker DNA and a linker histone. The NCP consists
of 145-147 bp of DNA wrapped in a 1.7 super helical turn around the histone octamer. The histone
octamer disk is made up of two copies of the four histones H2A, H2B, H3 and H4. Histones possess
a conserved histone fold and an N-terminal tail domain (Figure 2). H2A contains an additional C-
terminal tail that protrudes from the nucleosome towards linker DNA and interacts with histone
H1 which is the linker histone (Davey, Sargent et al. 2002, Vogler, Huber et al. 2010). Tail domains
are sensitive to proteases and protrude through the nucleosome minor grooves and are solvent
exposed (Iwasaki, Miya et al. 2013). Most importantly tail domains participate in inter

nucleosomal interactions which are important for maintaining higher order chromatin structure.

H2A specifically dimerize with H2B and H3 with H4. Two H3-H4 dimers are self-
associated via H3-H3 interface to form a tetramer. Two H2A-H2B dimers bind on either side of
the H4-H3-H3-H4 tetramer. The arrangement generates an octameric disk-like structure on which
121 bp of DNA wraps around histone folds and the sides of the octameric disk are aligned to major
and minor grooves of DNA. The remaining 13bp of DNA from both sides are covered by the
extensions of histone folds which completes the 147 bp nucleosome (Figure 2).
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Figure 2: Structure of the nucleosome:

a. Tetramer formation of H3:H4 dimers, showing histone fold in inset and histone tails by arrow
marks (pdb: 1KX5). b. Histone octamer formation with four histones. c,d. ribbon representations of the
nucleosome in two perpendicular views. The disk form of the nucleosome is shown in d.

The interactions between positively charged histones and negatively charged DNA are keys
for NCP assembly, and for nucleosome compaction. DNA makes 14 contacts with the histone
octameric disk in the nucleosome where highly conserved arginine residue at each site interacts
with the minor groove to help precisely position the DNA around the octameric disk and to

facilitate the overall super helical shape (Gottesfeld and Luger 2001, Davey, Sargent et al. 2002,

Cairns 2007, Wang, Ulyanov et al. 2010).

The linker histone, or H1, binds to the nucleosome with a weaker tendency than of core

histones and it is also less conserved compared to core histones. Unlike core histones, the
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organization of linker histone is completely different. In mammals 11 isoforms of H1 have been
identified, which maintain a general domain organization with a N-terminal protease sensitive tail
domain, a central folded globular domain, and highly basic, protease sensitive C-terminal domain
(CTD). H1 CTD is essentially basic to neutralize the negative charge of the linker DNA. The
globular domain binds at the interface near entry and exit of DNA in the nucleosome where it
draws the two linker DNA together and reduce their flexibility (Bednar, Garcia-Saez et al. 2017).

The globular domain of H1 is enough to increase the compaction of nucleosome.

Adjacent nucleosomes are connected by a segment of linker DNA which determines the
space between nucleosomes. This arrangement generates a nucleosomal array in a diameter of
11nm which represents the known *“beads on a string” organization of nucleosomes (Olins and
Olins 1974). The flexibility of linker DNA is reduced by the H1 binding. The H1 binds the
nucleosome in an asymmetric manner. The CTD of H1 binds one linker DNA initially and the
globular domain binds asymmetrically on the dyad axis of nucleosome, this asymmetric H1
binding causes asymmetry in electrostatic and mass distribution. This asymmetry helps in the
formation of higher order chromatin structure in case of nucleosomal arrays. The head to head and
head to tail orientations of H1 proteins in the nucleosomal arrays result in the two different types
of repeating structural units, dinucleosomes and tetra nucleosomes (Figure 3) (Bednar, Garcia-
Saez et al. 2017).
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Figure 3: Influence of H1 binding on nucleosomal arrays.
Pictures are modified from (Schalch, Duda et al. 2005, Bednar, Garcia-Saez et al. 2017).

A crystal structure of an oligonucleosome with four nucleosomes has revealed the
arrangement of a tetranucleosome in which nucleosomes are arranged in two stacks connected by
three linker DNAs (LB, LB’and LS) (Figure 3). The nucleosome pairs N1, N2 and N1’, N2’ are
rotated with respect to each other along two-fold axis and the two nucleosomes of each stack are

interacting with each other through their octameric histone surface. (Schalch, Duda et al. 2005).

1.1.1.2. Higher order chromatin organization

The compact 11 nm nucleosomal arrays are further organized into more compact 30 nm
chromatin fibers which are considered as the secondary structure of chromatin. The 30 nm fiber

shows different conformations such as solenoid helix, twisted ribbon and cross linker
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conformations, and is observed in two types of arrangements in the chromatin structure (McGhee,
Nickol et al. 1983, Woodcock, Frado et al. 1984, Zhu and Li 2016). In the one start solenoid
structure, consecutive nucleosomes are next to each other and the linker DNA is bent towards the
fiber center. In the two start solenoid structures, the consecutive nucleosomes are arranged in a zig
zag manner to form two rows of nucleosomes, and the linker DNA is linear (Figure 4). In this latter
case, the alternate nucleosomes are the interacting partners. This model further produce coiling

and twisting to generate variants of zig zag model (Tremethick 2007).

Solenoid Zigzag
One-start helix Two-start helix

|
NucleosomeI 1 (N1)

Figure 4: Models of higher order nucleosome organizations.
Adapted from (Tremethick 2007).

Recent advancements in chromatin structure research suggests that the existence of 30 nm
chromatin fibers is however controversial. Biophysical and structural (cryo EM, SAXS and ultra
SAXS) approaches did not find evidence for the classical 30 nm chromatin scaffolds, and no
structural repeating unit that was larger than the 11 nm nucleosome fibers was observed (Nishino,
Eltsov et al. 2012).

Yet, at the intersections of 11 nm structures, the condensin complex was observed that has
been known to help in chromatin compaction. Condensin is a multi-protein complex that plays an
important role in the chromatin assembly and segregation during cell cycle (Hirano 2016). This
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led to the alternative model that condensin organize chromatin into an arrangement of 11 nm fibres.
Condensin is majorly concentrated around centromeres and along the arms of chromosomes.
Condensin provides stability to the centromeric chromatin; condensin inactivation leads to loss of

sister chromatid separation during anaphase and loss of chromatin compaction (Figure 5).

Nucleosome fibre

Condensin

&= Condensin Nucleosome
-0~ A single nucleosome fibre loop

Figure 5: Condensin in chromosome condensation - The beads on a string model:

Irregularly folded nucleosome fibres (Hu, Chen et al.), held by condensin (blue) resembles ‘beads on
a string’. On right representation of chromosome, held by condensin. Pictures adapted from (Nishino, Eltsov
et al. 2012, Uhlmann 2016).

1.1.2. Epigenetic mechanisms

1.1.2.1. Chromatin structure modulation through epigenetic
mechanisms

The nucleosome and its higher order organizations are highly dynamic structures that can
be manipulated by different means (Figure 6). Epigenetic mechanisms are responsible for
modifying the chromatin structure in a coordinated manner to help the cell fulfil its nuclear
functions. Chromatin modulation mechanisms can be grouped into five major classes: (i) reversible
post-translational histone modifications (Suzuki, Muto et al.), (ii) ATP-dependent chromatin
remodeling, (iii) replacement of canonical histones by histone variants, (iv) long non-coding RNAs
(IncRNAs) and (v) DNA methylation.
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Figure 6: Dynamic properties of nucleosomes.

a) exchange of core histones with histone variants; b) chemical modifications of nucleosome — PTMs
of histone; c) repositioning of nucleosomes — sliding over DNA to uncover DNA; Reg — any regulatory proteins;
Ac — acetyl group attached to histone tails. Picture adapted from (Saha, Wittmeyer et al. 2006).

1.1.2.2. The histone epigenetic marks

1.1.2.2.1. Post-translational modifications

Histones harbor specific residues that are the target of different reversible post-translational
modifications (PTMs). So far, these include methylation, acetylation, phosphorylation,
glycosylation, carbonylation, ubiquitylation, biotinylation, sumoylation, citrullination, ADP-
ribosylation, N-formylation, crotonylation, propionylation, butyrylation and proline isomerization.
According to the Brno nomenclature of European laboratories, the histone modifications are
represented with the histone name, followed by the amino acid, followed by the position of the

amino acid, followed by the modification type, and finally followed by the degree of modification
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(for example H3K4me2 represents a dimethylation of lysine 4 from histone H3) (Sadakierska-
Chudy and Filip 2015).

Interestingly, a few sites can undergo different modifications such as H3K4 that can be
acetylated or methylated, which enables the use of methyl-acetyl switches (Guillemette, Drogaris
et al. 2011). In addition, not only single PTMs but also combinations of different PTMs can exert
different regulatory functions, as described in the histone code hypothesis (Turner 2000, Jenuwein
and Allis 2001). Some of the best characterized histone PTMs that have been identified so far are
listed in (Table 1).

The PTMs can change the interaction affinity of histones for DNA and of nucleosomes for
other nucleosomes, hence helping reversibly change the chromatin organization between compact
and open conformations. But PTMs can also be recognized by epigenetic and nuclear effectors,
helping to recruit these effectors at specific loci. This has of course a direct effect on the kind of

nuclear activity that will be performed at the PTM-marked genomic locations.
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Table 1: Table showing important histone modifications and their function

Histone Amino acid PTM Function
position
H1 S27 Phosphorylation Transcriptional activation
K26 Methylation Transcriptional silencing
H2A S1 Phosphorylation Mitosis, chromatin assembly,
transcriptional repression
K4, K5, K7, K36, | Acetylation Transcriptional activation
K119
K119 Phosphorylation Spermatogenesis
K119 Ubiquitination Transcriptional repression
K99 Methylation Chromatin remodeling
Q105 Methylation Chromatin remodeling
H2B S14, S33 Phosphorylation Apoptosis, Transcription activation
K5, K11, K12, K15, | Acetylation Transcriptional activation
K16, K20, K82, K105,
K113, K117
K120 Ubiquitination Spermatogenesis, meiosis, Transcriptional
activation
K40 Methylation Unknown
R96 Methylation Unknown
H3 K79 Mono methylation Telomeric silencing, cellular development,
cell-cycle checkpoint, DNA repair, and
regulation of transcription
K4 Di methylation Euchromatin formation
K4, K9, K17, K27, | Tri methylation Transcription regulation, active
K36, K56, K64 euchromatin, X-chromosome inactivation
R17, R42, R53 Methylation Transcriptional activation
K4, K9, K14, K18, | Acetylation DNA repair, transcriptional activation,
K23, K27, K56, K64, histone deposition
K115, K122
T3, T11, T45,T118 Phosphorylation Mitosis
S10, S28 Phosphorylation Mitosis, meiosis, transcriptional activation
Y41 Phosphorylation Transcription activation
H4 R3, R92 Mono methylation Transcription activation
K20, K59 Mono methylation Transcription silencing
K20 Tri methylation heterochromatin
K5, K8, K12, K16, 31, | Acetylation Histone deposition, DNA repair, telomere
K77, K79, K91 silencing, transcriptional activation
S1, s47 Phosphorylation Mitosis
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Importantly, the effect of PTMs on histones often varies depending on the type of
chemical group added and on the residue modified. For instance, some modifications are
associated with transcription repression, whereas others are associated with transcription
activation. In the case of acetylation, all four histones can be modified. Acetylation removes the
charge from the modified lysine side chain. This has for effect to decrease histone/DNA and
histone/histone interactions between neighboring nucleosomes, leading in general to a
decompaction of the chromatin into active euchromatin (Zentner and Henikoff 2013, Ma and
Zhang 2016). Yet, the acetylation mark can also be specifically recognized. Acetylation of histones
is typically carried out by Histone Acetyltransferases (HATS) whereas deacetylation is performed
by Histone Deacetylases.

Methylation takes place on lysine and arginine side chains. In the case of lysine, these can
be mono-, di-, or tri-methylated, whereas arginines can be mono- and symmetrically or
asymmetrically di-methylated. Unlike acetylation, methylation does not change the charge of the
side chain but increases its hydrophobic character. Methylation is therefore more associated with
the recruitments of nuclear effectors, which explains that methylation, depending on the side chain
modified and the level of methylation, can be associated with either repression or activation of
different nuclear processes (Ng, Yue et al. 2009). Methylation of histones is carried out by histone
methyltransferases which use S-adenosyl methionine as a methyl donor, and demethylation is
performed by histone demethylases.

Histone phosphorylation is also a major PTM and is set by kinases and removed by
phosphatases. Phosphate groups are generally added to the hydroxyl group of amino acids like
serines, threonines and tyrosines. Phosphorylation alters the charge status of histones and hence
modifies protein-DNA and protein-protein contacts between nucleosomes (North, Javaid et al.

2011). But phosphorylation also helps recruit different nuclear effectors.

Many other PTM have been characterized, including small proteins such as ubiquitin and
SUMO. These PTMs also affect the chromatin structure and the recruitment of nuclear effectors.
Actually, the list of histone modifications and histone modifying enzymes is continuously

increasing, highlighting the complexity of chromatin structure and nuclear regulations.
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1.1.2.2.2. Modification of non-histone proteins

Post-translational modifications can be deposited on histones not only in the nucleus but
also in the cytoplasm, where they for instance serve to mark specifically new synthetized histones
with specific marks. PTMs are in fact not only restricted to histones but are also deposited on
various nuclear effectors, even epigenetic players. These modifications can also be deposited in
the various cellular compartments. Modification of these different effectors can also alter their

function, their recruitment, with direct or indirect effect on chromatin structure modulation.

Therefore, modifications of non-histone proteins are probably as important as the
modifications of histone and actually participate to the same regulatory process of chromatin
modulation. Yet these modifications and their effect on chromatin remain less understood, but
pinpoint once again the levels of complexity that underlie chromatin structure regulation (Wu,
Connolly et al. 2017).

Importantly, homologous enzymes that are responsible for setting or removing
PTMs can act either on histones or on non-histone proteins. In some cases, these enzymes may
target both histones and non-histone proteins (Glozak, Sengupta et al. 2005). As discussed later,
this might be a problem for the design of drugs targeting these enzymes since these drugs can non-
selectively inhibit a whole range of enzymes that not only act on histones but may also act on other

cellular processes.

1.1.2.2.3.  Writers, readers and erasers of the epigenetic marks

Epigenetic enzymes that add and remove post-translational modifications are designed as
writers and erasers, respectively. Specific domains that recognize the post-translational
modifications are designed as readers. As mentioned above, writers, readers and eraser have a
whole range of targets. In addition, the list of histone modifying enzymes and of readers is very
large. Therefore, in the following sections, only important and well characterized classes of
enzymes are discussed: histone acetyltransferases and deacetylases, histone methyltransferases
and demethylases, and kinases and phosphatases. Readers recognizing the acetylation and

methylations marks will also be described.
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1.1.2.2.4. Histone acetyltransferases and histone deacetylases

Histone acetyltransferases (HATS) are important epigenetic enzymes that catalyze the
addition of acetyl group to the lysine residues of histones (and non-histone proteins) using acetyl-
CoA as cofactor. HATSs are found in almost all organisms and they are usually part of large protein
complexes. And in some cases, catalytic domains of HATs are shared among different protein
complexes. HATs can be broadly classified into GCN5, MYST, SRC, p300/CBP families.
Acetylation of histone tails decreases compaction of nucleosomes by decreasing the interaction
between lysine and DNA, and result in the increased expression levels. The opposite mechanism
of HATS is carried out by histone deacetylases i.e. removal of acetyl group. A detail explanation
of HATs and HADCs is given in the section (1.2 & 1.3).

1.1.2.2.5. Histone methyltransferases and histone demethylases

A large number of epigenetic enzymes participate in either addition or removal of methyl
group from DNA, RNA and from proteins. The huge number of targets of protein methyl
transferases (PMTSs), including non-histone proteins, makes them the largest class of epigenetic
modifying enzymes. Lysine and Arginine, two basic amino acids that can form hydrogen bonds
with the DNA backbone and bases, can be methylated. In arginine, the guanidino group can
contribute five hydrogen bonds and the lysine € amino group can contribute two hydrogen bonds.
Each added methyl group can replace a hydrogen bond and increases the residue hydrophobicity,

which can alter the nucleosome structure (Bedford and Clarke 2009, Jahan and Davie 2015).

Based upon target amino acid, PMTs can be divided as lysine methyl transferases and
arginine methyltransferases. Lysine methyltransferases can add mono, di and trimethyl groups to
lysine side chains, whereas arginine methyltransferases add mono and symmetric or asymmetric
dimethyl groups to arginine side chains. All methyltransferases transfer a methyl group from the
S-adenosyl methionine (Lahm, Paolini et al.) cofactor, and release S-adenosyl homocysteine
(SAH) as by-product.

A group of lysine methyl transferases contain a catalytic SET [SU(VAR)3-9, E(Z) and
Trithorax] domain, and additionally Immunoglobulin SET (I-SET) domain and post-SET domains
are present which contribute to substrate binding. Another group are non-SET domain methyl

transferases which use a DOT1L domain for the methyl transferase activity. SET domain-
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containing enzymes participate in the methylation reactions of histone tails whereas DOTI1L
domains methylates core histones (Wood and Shilatifard 2004, Boriack-Sjodin and Swinger 2016).

So far eleven PRMTs have been identified which are grouped into four different classes.
Type I PRMTs (1,2,3,4,6,8) participate in ®-NG-mono- and asymmetric di-methylation reactions,
the type Il (PRMT5) enzyme participate in mono- and symmetric di-methylation, and the type Il
(PRMT7) enzyme only participates in the mono methylation. Recently a type IV PRMT has been
found in yeast, which has a functional role in the catalysis of 6-N-methyl arginine. PRMTS possess
a conserved methyltransferase catalytic domain, which is accompanied by additional modulatory
domains like SH3, zinc finger and TRP2 domains. PRMTs contain a conserved MTase domain
which is a Rossmann fold and helps in the SAM binding, followed by a PRMT unique B-barrel
domain and a dimerization domain (Boriack-Sjodin and Swinger 2016). PRMTs are found in
association with protein partners like Blimp1, RioK1, pICLn, MEP50 and MBD/NuRD.

Protein demethylation occurs in two different pathways. In one set, the enzymes use FAD
dependent amine oxidation and are known as FAD amine oxidases. The second group of enzymes

depends on the Fe(Suzuki, Muto et al.) and a-ketoglutarate and those are known as dioxygenases.

Histone methylation is a thermodynamically very stable post-translational modification
which is removed by different enzymatic mechanisms viz.: oxidative cleavage, dioxygenase
activity and demethylimination of methyl arginine etc. Lysine demethylases have been classified
into seven groups KDM1-7. Except for KDML, all other KDM2-7 contains a Jumonji-C (jmjC)
domain. KDML1 contains an amine oxidase domain that requires FAD for the enzymatic activity.
KDML1 can only demethylate mono- and di-methyl lysines, because it requires a protonated
nitrogen. KDM1 associates with Co-REST transcription co-repressor complex. JmjC proteins can
demethylate trimethylated lysine residues. All jmjC proteins requires iron and a-ketoglutarate for
activity. Peptidyl arginine deiminase enzymes depend on calcium for their enzymatic activity that
convert methylated arginine to citrulline. JIMJD6 is a dioxygenase that shares sequence homology

with jmjC and asparaginyl hydroxylase and has been identified as arginine demethylase.
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1.1.2.2.6. Kinases and phosphatases

Histone phosphorylation is a modification which changes the affinity of other epigenetic
regulators for the DNA, and is induced by the extra cellular signals like DNA repair or onset of
mitosis. In eukaryotes, several protein kinases and phosphatases are known and classified based
upon their catalytic domain and amino acid substrate (Table 2). In H3 four phosphorylation sites
have been identified which participate in chromatin compaction. T3, S10, T11 and T28 are the
phosphorylation sites in H3, where S10 is the most studied mark which has a role in the mitosis
and meiosis. H3S10 is phosphorylated by several enzymes which includes aurora B kinase, MSK1,
RSK2, PRK1 etc. Aurora B kinase is an important enzyme that participates in the regulation of
mitosis and also in chromatin condensation. H3S10ph is recognized by 14-3-3 proteins which
participate in transcriptional activation (Rossetto, Avvakumov et al. 2012, Sawicka and Seiser
2014). Phosphorylation of H2A(X) variant is important for DNA damage repair, which is carried
out by yTell and yMecl two kinases. Dephosphorylation of H2AX carried out by HTP-C

phosphatase is required to exchange.

Table 2: Important phosphorylation sites and known kinases (Rossetto, Avvakumov et al. 2012).

Histone Amino acid number Kinase
H1 SIT CDK2
H2A T120 Bubl
S139 (H2AX) ATR, Mecl, DNA-PK
Y142 (H2AX) WSTF
S16 RSK2
H2B S32 RSK2
S36 AMPK
Y37 WEE1
T3, T6 Haspin, PKCp
S10 PRK1, MSK1, RSK2
H3 T11, 45 DIk, PRK1, PK-C5
S28, AuroraB, ERK1, MSK1
Y41 JAK2
H4 S1 Spsl
S47 PAK?2
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1.1.2.2.7. Readers domains of the epigenetic marks

Epigenetic readers are proteins or protein domains that can recognize the post transitional
mark on the histones and the DNA. Bromodomains recognize acetyl modifications on histones.
Several HATs such as P300, CBP and GCN5 contain bromodomains to facilitate chromatin
remodelling and transcription. P300 acetylates the Tat protein which is essential for HIV-1 genome
transcription. Acetylated Tat is recognized by the bromodomains of PCAF and promotes HIV gene
transcription by recruiting RNA pol Il. H4K8 and H3K9,K14 are acetylated by GCN5 which
enables to recruit several co-activator complexes like SWI/SNF and TFIID for transcription

regulation.

The list of methyl identifying readers is big, this group includes Tudor domain, Agenet,
Chromo, PWWP, Malignant Brain Tumor, Plant Homeo Domains and WD40 repeat containing
proteins (Zhang, Cooper et al. 2015, Greschik, Schule et al. 2017). All methyl identifying readers
contains a methyl lysine recognition pocket to facilitate the recognition of methylated lysine
through different interactions (Herold, Wigle et al. 2011). Few epigenetic complexes contain more
than a single reader domain which raises the complexity in the recognition mechanism
(Ruthenburg, Li et al. 2007).

Epigenetic readers contain specific architecture that can recognize histone modifications,
and are categorized into four classes. Chromatin architectural proteins, chromatin remodellers,
chromatin modifiers and adaptors. Chromatin architectural proteins inhibits transcription by
blocking DNA for polymerase binding and induce chromatin compaction. Chromatin remodellers
also possess reader domains which have several functions in regulating chromatin structure and
gene expression. Many co-repressor complexes contain reader domains that result in the PTM of
histones, for example Sin3 a co-repressor that recognizes histone acetylation through its tandem
bromodomain and finally deacetylase by HDACs. Adaptors help in the recruitment of factors that

help in DNA metabolism and functions transcription replication DNA damage repair etc.

1.1.2.3. ATP-dependent chromatin remodellers

The second type of enzymes that regulate chromatin structure is ATP-dependent chromatin

remodellers. Remodellers use the energy of ATP to act on nucleosomes by evicting or sliding
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them, or by destabilizing the nucleosomes to help with histone pair exchange or other nuclear
processes. Remodellers play important roles in the organization of DNA, transcription regulation,
chromosome segregation, DNA recombination, replication and DNA repair. As for many other
epigenetic effectors, remodellers maintain the balance between genome packaging and genome

access.

Specifically, some remodellers help with the compaction or the proper spacing of
nucleosomes, while others act in transcription by exposing DNA sequence to epigenetic regulators.
During replication and transcription, the advancing polymerases are followed by nucleosome
reconstruction machineries. The DNA unwraps and binds simultaneously in a rapid rate and
undergoes conformational changes to facilitate transacting elements binding. Remodellers help in

positioning the nucleosomes at functionally required locations.

So far, four major classes of remodellers have been identified. All of them possess an
ATPase domain formed of two RecA-like structural domains to perform ATP hydrolysis. Each
family also possesses unique auxiliary domains to perform specialized functions (e.g. epigenetic

mark recognition, interactions with transcription factors, etc...).

The four families of remodellers were classified on the basis of sequence similarities in their
catalytic ATPase domain and are: the SWI/SNF (switch/sucrose non-fermentable) family, the
ISWI (imitation switch) family, the CHD (chromodomains helicase DNA binding) family, and the
INO80 family. In addition, ATRX and Cockayne Syndrome group B (CSB) complexes are

considered as orphan remodellers.

Remodellers often act as multi-protein complexes. SWI/SNF family remodellers possess 8
to 14 subunits which includes ATPase, actin related proteins (ARP), hBAF55/170 and multiple
bromodomains. SWI/SNF family remodellers slide and eject nucleosomes during remodeling but
lack a role in chromatin assembly. ISWI family members possess 2 to 4 subunits, with one or two
catalytic subunits. In the ISWI family, the SANT/SLIDE domains form a module that recognizes
free DNA emerging from nucleosomes. Additionally, plant homeodomain, bromodomains and
DNA binding motifs are present in this family. ISWI complexes optimize nucleosome spacing,
promote chromatin assembly and repress transcription. CHD (chromodomains helicase and DNA
binding) family remodellers possess 1 to 10 subunits with two tandemly arranged chromodomains

at the N-terminus of catalytic subunit. Few CHD complexes promote transcription while others
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repress it. The vertebrate Mi-2/NURD complex from the CHD family contains histone
deacetylases HDAC1 and 2 and harbor a methyl CpG binding domain. The INO80 family contain
more than 10 subunits, and includes well characterized members SWR1, SRCAP and p400. INO80
participates in transcription activation and DNA repair. SWR1 replaces H2A-H2B dimer with the

H2A.Z-H2B variant. Table 3 recapitulates the various remodellers families.

Table 3: Chromatin remodelling complexes in humans.
Remaodellers Complex ATPase domain | Non-catalytic subunits

SWI/SNF BAF hBRM BAF250, BAF155, BAF170,
BAF60a, hSNF5, BAF57,
BAF53a/b, B-actin

PBAF BRG1 BAF180, BAF200, BAF155,
Tumour suppressor, BAF170, BAF60a, hSNF5,
differentiation, development, BAF57, BAF53a/b, B-actin
elongation, signalling,
splicing NURF SNF2L BPTF, RbAp46/48
ISWI CHRAC SNF2H hACF1, hCHRACL17,

hCHRAC15

Elongation, Pol 11 repression, ACF SNF2H hACF1,
replication, X-chromosome INOS8O hlno80 RuVBL1,2, BAF53a, Arp5,8,
regulation, cohesion, hles2,6
embryonic development,

SRCAP SRCAP RuVBL1,2, BAF53a, Arp6,

differentiation
GAS41, DMAP1, YL-1,

H2AZ-H2B, ZnF-HIT1

INO80 TRRAP/Tip60 p400 RuVBL1,2, BAF53a, Actin,
GAS41, DMAPL, YL-1, Brd8,
TRRAP, Tip60, MRGX,

DNA repair, homologous MRG15, MRGBP, FLJ11730,
recombination EPC1, EPC-like, ING3
SWR1 (yeast) Swrl Rvb1,2; Arp6; Yaf9,

Swcd/Eaf2; Swc2/\Vps72,
Bdfl, H2AZ-H2B,
Swc6/Vps71, Swc3,5,7

CHD CHD1 CHD1 -
Transcriptional repression and | NURD Mi-20/CHD3, -
silencing Mi-2p/CHD4
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1.1.2.4. Histone variants and histone chaperones

Histones are very slowly evolving proteins. Apart from the canonical histones (H1, H2A,
H2B, H3 and H4), several variants have been identified with distinct functions. Variant histones
can differ from the canonical histones by only a few residues or even large structural domains.
Canonical histones are synthesized during S phase and assembled during DNA synthesis behind
the replication fork and during DNA repair. Canonical histone genes are in multiple copies and the
transcripts lack polyA tails. In contrast, histone variants are synthesized throughout the cell cycle
and are assembled independently of DNA synthesis. Histone variants are non-allelic single gene
expressions where the transcripts possess introns and tails are poly adenylated (Talbert and
Henikoff 2017).

Up to now, seven H1 variants have been identified (H5, H1.10, ooH1.8, scH1, TSHL1.6,
TSHL1.7 and TSH1.9). For H2A, eight variants (H2A.1, H2A.B, H2A.L H2A.P, H2A.W, H2A . X,
H2A.Z and macroH2A) are known, for H2B five (H2B.1, H2B.W, H2B.Z, sperm H2B and
subH2B), and for H3 six (CENP-A, H3.3, H3.5, H3.X and TSH3.4). So far, no variants were
identified for H4 in mammals. Recently a testis specific H4 variant (tH4) has been identified in
trypanosomes and urochordates (Moosmann, Campsteijn et al. 2011, Buschbeck and Hake 2017).

Each variant has distinct functional property from its canonical histone.

Incorporation of histone variants changes the properties of nucleosomes and alters its
interactions with remodellers and histone modifiers. Nucleosomes with histone variants such as
H2A.Z and H3.3 are important to maintain a less compact region around active gene promoters,
which facilitate the binding of transcription factors (Jin, Zang et al. 2009). Other examples include,
H2A.X that participates in DNA repair, CENP-A which acts in kinetochore assembly, and testis
specific H2B (TSH2B) that helps convert chromatin into nucleoprotein during spermatogenesis.

Interestingly, due to the fact that each histone is present twice in the nucleosome, in some
cases canonical and variant histones can be present in the same nucleosome (referred as heterotypic
nucleosome in contrast to the homotypic nucleosome that contains only one kind of histone from
a same family). These nucleosomes are often less compact than the homotypic nucleosomes and

can therefore also have specific functional roles.

Finally, most of the histone variants can also undergo post translational modifications

(PTMs) either similar or different to the canonical histones depending on their degree of similarity.
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A notable case is H2A.X which possesses a specific phosphorylation site in its C-terminal tail

which is used for marking DNA regions requiring DNA repair. Table 4 lists histone variants with

their function and the epigenetic effectors they are interacting with.

Table 4: List of histone variants and their functions (Buschbeck and Hake 2017).

Histone Chaperone or remodellers Function
H2A-H2B FACT Deposition and exchange of histones
NAP1 Nuclear import and deposition
Nucleolin Deposition and exchange of histones
H2A. X FACT Deposition and exchange
H2A.Z.1 P400, SRCAP H2A.Z deposition
ANP32E, INO80 H2A.Z removing
H2A.Z.2.1 and P400, SRCAP H2A.Z deposition
H2A.Z.2.2
MacroH2A1.1 and Unknown Unknown
Macro H2A2
MacroH2A1.2 ATRX Negative regulation
H2A.Bhd SWI-SNF Remodeling
TH2B Unknown Unknown
H3.1-H4 FACT, Deposition and exchange
NAP1 Nuclear import and deposition
ASF1 Histone transport
NASP1 Histone protection
CAF1 Histone deposition and tetramer formation
CENP-A HJURP Deposition at centromeres
H3.Y unknown Regulation of cell cycle genes
H3.X, H3.1t, H3.5 unknown unknown

Since the histones (canonical and variant) are shaping the chromatin and play active
functional roles, it is essential for the cell that these histones are deposited at precise locations
where they will fulfil their roles. For this reason, a large number of epigenetic effectors known as
histone chaperones are accompanying histones, from their synthesis in the cytoplasm to their
deposition onto the chromatin. Histone chaperones facilitate histone deposition/removal for
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nucleosome assembly/disassembly, histone post-translational modifications, histone folding and

oligomerization, as well as histone nuclear import, stability and genomic localization.
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Figure 7: Histone chaperones and histone deposition mechanism.
Picture adapted from (Hammond, Stromme et al. 2017).

1.1.2.5. Long non-coding RNAs

Recent sequencing tools have identified several RNA molecules that do not participate in
translation which are termed as non-coding RNAs (ncRNAs). From the whole genomic DNA of a
cell, only one percent of DNA is transcribed into RNA in which 75% are ncRNAs. Three main
types of RNAs exist: mRNA participates in translation, and tRNA and rRNA possess
housekeeping functions. Apart from these, several ncRNAs have been identified with functional

role but lacks translational ability.

ncRNAs are divided into two major groups. Small RNAs of nearly 20-30 nt in length which
includes miRNA, piRNA, and endogenous siRNA. The second group is long non-coding RNAs
(IncRNAs) which are more than 200 nt in length. miRNAs and siRNAs are not directly involved
in chromatin regulation, however there are few reports which indicate that the expression of small
ncRNAs can alter the chromatin state by restricting activities of few a remodellers (Denis at al
2011). IncRNAs can be associated with remodellers and recruit them on genomic loci to alter DNA

methylation or histone modifications.
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More than 200,000 IncRNAs have been identified so far. INcRNA are associated with many
biological processes such as DNA damage, immune response, induced pluripotency etc. (Guttman
2009). H19, Xist, AIR, HOTAIR and ANRIL are few IncRNAs which were identified to have
functional roles in heterochromatin formation and imprinting. H19 is the first identified InCRNA
which is essential for cell proliferation and tumorigenesis and has a major role in imprinting. Xist

is another INcRNA which participate in X-chromosome inactivation.

IncRNAs are classified into four classes based on their expression direction, (i) antisense
IncRNAs which are transcribed in opposite direction to protein coding genes, (Suzuki, Muto et al.)
intronic INcRNASs which are present in introns of protein coding genes (iii) bidirectional INCRNAs
which starts at promoter region in a reverse direction and (iv) intergenic IncRNAs which are
present in intergenic regions. INCcRNAs are present in both nucleus and cytosol where they

participate in chromatin regulation and protein stability, respectively.

IncRNASs can act in both cis and trans. lincRNA-p21 is activated by p53 during DNA
damage. Upon activation lincRNA-p21 functions as transcriptional repressor by recruiting
hnRNPK to the targeted genes which is a RNA binding protein that belongs to heterogeneous
nuclear ribonucleoproteins (hnRNP). The mechanism suggested behind this repressive mechanism
is that lincRNA-p21 recruits SETDB1-H3K9 methyl transferase and DNMT1 to the promoters and
the methylation of the target genes result in transcription repression. In this manner lincRNA-p21
participate in both DNA methylation alteration and histone modification of chromatin.

HOTAIR is a well characterized IncRNA that binds histone modifying enzyme complexes
PRC2 and KDML1, thereby participating in H3K27 methylation and H3K4 demethylation, and also
participates in the silencing of the HOX D locus. In breast cancer HOTAIR directs PRC2 to
promoters of metastasis suppressor genes and silence the transcription. These are only few

examples of several IncCRNAs that regulates chromatin stability and gene expression.

1.1.3. Epigenetic mechanisms in diseases and therapy

Epigenetic mechanisms are highly coordinated to regulate chromatin structure and
maintain cell homeostasis. Dysregulation of these mechanisms can result in cell death, but also in

aberrant activation or repression of many different nuclear mechanisms. This is why an ever-
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increasing number of diseases are being linked with deregulation of epigenetic mechanisms.
Cancer is one of them, but the regulatory role of epigenetic effectors in almost any nuclear
mechanisms impacts most of the cellular processes, resulting in a wide variety of other diseases

like autoimmune disorders, neurological disorders, metabolic disorders or cardiovascular diseases.

1.1.3.1. Epigenetic mechanisms in autoimmune diseases

Several autoimmune diseases have been shown to be due to deregulation of epigenetic
mechanisms. ICF (immunodeficiency centromeric instability and facial anomalies) syndrome is
one of the best known auto immune disease. It is caused by heterozygous mutations in DNA
methyltransferase  DNMT3B. This leads to hypomethylation of several genes such as
pericentromeric satellite 2 and 3 repeats, alpha satellite sequences, Alu sequences and the D4Z4
and NBL2 repeats (Jin, Tao et al. 2008, Portela and Esteller 2010). DNA methylation defects also
causes systemic lupus erythematosus (Grant, Easley et al.) and rheumatoid arthritis.
Hypomethylation of PRF1, CD70, CD154, and also 18S and 28S rRNA gene promoters leads to
SLE (Javierre, Fernandez et al. 2010).

Acetylation of histones regulates the expression of CD154, IL10 and IFNy which are
disturbed during rheumatoid arthritis and SLE. HDAC inhibitor TSA was shown to stimulate the
expression pattern of these genes during SLE and rheumatoid arthritis. HDAC activity regulates
transcription factor NF-kB mediated gene expression. NF-kB binding to DNA is enhanced by
several modifications of histones such as acetylation of H3K9 and phosphorylation of H3S10,
leading to reduction in H3K9 methylation and increase in H3/H4 acetylation (Vanden Berghe,
Ndlovu et al. 2006).

Increased H3K9me2 in lymphocytes but not in monocytes is associated with inflammatory
pathways and has arole in type | diabetes (Miao, Smith et al. 2008). Due to apoptosis, nucleosomes
are found in the blood circulation and act as antigens, which is observed in SLE. Several PTMs in
these nucleosomes, such as phosphorylation of H2BS14 and H3T45, H3K4me3, acetylation of H4
K8, K12, K16 and H2B K12, would result in auto-antibody production (van Bavel, Dieker et al.
2011).
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1.1.3.2. Epigenetic mechanisms in neurological diseases

In neural cells, mitotic exit is an important transition and signifies the loss of multipotency
and the start of neural development which is regulated by epigenetic enzymes. Defect in epigenetic
mechanisms leads to neurodevelopmental and neurological diseases. MeCP2 (methyl CpG binding
protein 2) is a MBD (methyl CpG binding domain) protein that participates in cellular functions
like chromatin architecture, mRNA splicing and transcription of several genes. Aberrant
expression of MeCP2 is associated with neurodevelopmental defects. MeCP2 recruits HDACs to
methylated DNA and acts as gene silencer. Point mutations in MeCP2 causes the Rett syndrome,

an X-linked neurological disorder (Chahrour, Jung et al. 2008).

Mutations of acetyl transferases CBP and EP300, leads to the autosomal dominant disease
Rubinstein-Taybi syndrome, a disease characterized by short stature, learning difficulties and
distinctive facial features (Urdinguio, Sanchez-Mut et al. 2009). RSK2 is a serine/threonine protein
kinase, which is an important member of MAP kinase pathway. RSK2 phosphorylates H3S10 and
destabilize the compaction of chromatin and enables the recruitment of CBP. Loss of functional
mutations of RSK2 leads to the Coffin-Lowry syndrome which is a rare X-linked disorder
(Clayton, Rose et al. 2000, Portela and Esteller 2010).

ATRX is the catalytic subunit of a multi-protein ATP-dependent chromatin remodeling
complex. ATRX participates in many cellular functions such as X-chromosome inactivation,
chromosome cohesion, chromosome alignment on meiotic spindle and heterochromatin formation.
Mutations in ATRX gene causes the ATRX (Alpha Thalassemia X-linked mental Retardation)
syndrome which is an X-linked disorder characterized by intellectual disabilities, microcephaly

(small head size), and distinctive facial features (Portela and Esteller 2010).

In addition to neurodevelopmental disorders, several neurological disorders have been
identified in humans which are mainly associated with post-translational modification of histones
such as methylation and acetylation. Hyper- or hypo-methylation states are associated with
neurological diseases. CGG trinucleotide repeat expansion in 5'-UTR sequence of the FMR1 gene
promotes methylation of FMR1 and subsequent transcriptional silencing. This hypermethylation

of FMR1 promoter causes the Fragile X syndrome.

Similarly, hypermethylation of neprilysin, FXN, and SMN2 promoters results in
Alzheimer's disease, Friedreich's ataxia and spinal muscular atrophy respectively (Gheldof,
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Tabuchi et al. 2006, Urdinguio, Sanchez-Mut et al. 2009). In patients suffering from Parkinson’s
disease, due to hypomethylation substantia nigra, TNFa is overexpressed which lead to the
apoptosis of neuronal cells (Pieper, Evert et al. 2008). In multiple sclerosis patients,
hypomethylation is observed in PADI2 promoter (Murgatroyd, Patchev et al. 2009). Aberrant
methylation profiles in gene region 15al11-q13 which is a imprinting region, causes Prader-Willi
syndrome (Robertson 2005).

Histone hypo acetylation is also associated in neurological diseases. Amyotrophic lateral
sclerosis (ALS) is caused by hypoacetylation because CBP HAT activity is inhibited by the FUS
protein which is a part of misfolded cytoplasmic aggregate. Hypoacetylation is also observed in
Parkinson’s disease and Huntington’s disease and Friedreich’s ataxia. Hypoacetylation of H3/H4
is accompanied by hyper trimethylation of H3K9 in FXN alleles, associated in Friedreich’s ataxia

(Herman, Jenssen et al. 2006).

1.1.3.3. Epigenetic mechanisms in cancer

Cancer is very often associated with dysregulation of epigenetic mechanisms. Histone
modifications, DNA methylation at global level and chromatin modifying enzyme profiles

contribute to tumorigenesis and tumor progression.

1.1.3.3.1. DNA Methylation in cancer

In cancer cells hypomethylation and hypermethylation are frequently observed. Repetitive
sequences which promotes chromosomal instability, translocations, gene disruption and
reactivation of endoparasitic sequences, all contribute to the hypomethylation. Hypomethylation
of L1 which belongs to the LINE (Long interspersed nuclear elements) family, is found to be
hypomethylated in a wide range of cancers including breast, lung, bladder and liver cancers
(Wilson, Power et al. 2007). S100P, SNCG and melanoma-associated gene (MAGE) and
dipeptidylpeptidase6 genes are respectively hypomethylated in pancreatic cancer, breast/ovarian

cancers, and melanomas (Wilson, Power et al. 2007).

Methylation profiles at distinct promoters can behave differently. MASPIN a tumour
suppressor gene is hypermethylated in breast cancer but hypomethylated in other type of cancers
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(Futscher, O'Meara et al. 2004). A well-studied hypomethylation and loss of imprinting is due to
insulin-like growth factor 2 which is associated with different types of cancers such as breast, liver,
lung and colon cancers. Aberrant methylation patters can be due to the abnormalities in DNA
methyltransferases (DNMTSs) expressions or recruitment of DNMTs and HDAC:s to the specific
target genes.

In addition, genes that are involved in many cellular pathways such as DNA repair, Ras
signalling, cell cycle control, p53 and apoptosis are subjected to hypermethylation in certain cancer
types. Apart from CpG islands, aberrant methylation of DNA in CpG island shores have been
associated in cancer studies. For example, for the HOXA2 and GATA2 genes (Doi, Park et al.
2009). Hypermethylation at miRNA promoters is observed in many cancer types and also
associated with the development of metastasis. Silencing of miR-148, miR34b/c and miR-9 genes
by hypermethylation results in tumour dissemination from original locations (Lujambio, Calin et
al. 2008).

1.1.3.3.2.  Post translational modifications of histones in cancer

Deacetylation of H4K16 is a prominent marker in cancer generation. Overexpression or
mutations of HDACs and translocation or deletions of HAT genes are main reasons for impaired
acetylation profiles. SirT1 upregulation is observed in several cancers and correlates with DNA

methylation profiles as it interacts with DNMTL1.

Impaired regulation of methylation marks contributes to several types of cancers. Loss of
H3K4me3 and H4K20me3 and gain of H3K9me and H3K27me3 are associated with cancer.
Inactivation of methyl transferase SETD2 and demethylase UTX result in renal carcinomas. EZH2
a methyl transferase and a subunit of the PRC2 complex is overexpressed in several cancers. EZH2
also interacts with DNMTSs and participates in DNA methylation regulation (Varambally, Cao et
al. 2008).

Mixed lineage leukaemia protein 1 (MLL1) is a H3K4 methyl transferase that plays an
important role in the regulation of genes involved in haematopoiesis and development. In
leukemias, MLL proteins cause abnormal patterns of H3K79 and H3K4 methylation which results

in altered gene expression patterns of MLL targets (Wang, Lin et al. 2009).
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KDM1, JmjC and UTRX methyltransferases are upregulated in prostate cancers. JAK2 a
non-receptor tyrosine kinase which induce cytoplasmic signaling cascades as it phosphorylates
H3Y41 during cytokine signaling. Due to chromosomal translocations JAK2 is activated in

hematological malignancies (Dawson, Bannister et al. 2009).

1.1.3.3.3.  Other epigenetic effectors in cancer

Apart from DNA methylation and histone modifications, nucleosome positioning also
plays an important role in cancer. All chromatin remodelling complexes are associated with cancer.
BRG1 and BRM are subunits of the SWI/SNF family remodellers and acts as tumour suppressors.
During small-cell lung cancer BRG1 and BRM gene are silenced (Hang, Yang et al. 2010).
Mutations within the SWI/SNF subunit SNF5 have been associated with several cancer types such
as sporadic renal rhabdoid tumours and meduloblastomas. Remodellers also correlates with
methylation pattern which are associated in cancer. CHD5 is a chromatin remodeling complex and

its gene hypermethylation have been associated with cancer (Mulero-Navarro and Esteller 2008).

1.1.3.4. Targeting epigenetic players

Epigenetic effectors represent important drug discovery targets. First, many epigenetic
effectors are enzymes whose activity can be modulated. Second, the reversibility of many
epigenetic mechanisms can be used to develop therapeutic strategies that counterbalance the effect
of epigenetic dysregulations that are causing diseases. This explains why many studies are
conducted to develop epigenetic drugs or epidrugs. Actually, small molecule inhibitors against two
classes of epigenetic enzymes, DNA methyltransferases and zinc-dependent histone deacetylases,
have been approved by the American Food and Drug Administration (FDA). However, many more

inhibitors that target a whole range of epigenetic enzymes are currently in clinical trials.

1.1.3.4.1. Inhibitors targeting DNA methyltransferases

Inhibitors of DNA methyltransferases are generally analogues of 5’methyl-cytosine. The
two FDA-approved drugs 5-azacytidine and decitabine are two analogues of cytidine and are
available for the treatment of the myelodysplastic syndrome. These two inhibitors bind DNMTs
and eventually decreases the methylation of CpG islands. 5-azacytidine is an analogue of cytidine

and has a nitrogen atom in the place of carbon 5. Upon entry into cells, this drug phosphorylates
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and is incorporated into DNA during replication. Hence, rapidly dividing cancer cells are more
prone to uptake this drug. During methyltransferase activity the nitrogen at fifth position forms an
irreversible DNMT 1-aza linkage, which causes the degradation of the DNMT1 enzyme and hence
reduces methylation. Decitabine also has a similar action mechanism like azacitidine as it
incorporates in DNA and inhibits methyl transferases. Zebularine, also an analogue of cytidine, is
less toxic and more soluble in aqueous solutions than previous inhibitors (Orta, Pastor et al. 2017).
MG98 is an anti-sense oligonucleotide, binds 3’untranslated region of DNMT1 and prevents
DNMT1 transcription.

1.1.3.4.2. Inhibitors targeting bromodomain acetylation readers

JQ1 is a selective inhibitor of bromodomain, it inhibits binding of BET (Bromodain and
extra terminal domain) to acetylated lysine residues (Greschik, Schule et al. 2017). Inhibition of
BET binding to acetylated lysine residues leads to down-regulation of c-Myc, which is implicated
in cancers. Another bromodomain inhibitor BET726 binds acetylated recognition pocket in

bromodomain which is implicated in neuroblastoma tumor growth.

1.1.3.4.3. Inhibitors targeting HATs and HDACs

Majority of HAT inhibitors are non-selective and they can inhibit a broad spectrum of
HATSs. Few examples include curcumin a natural product, garcinol, isothiazolones, among others.
HDAC inhibitors (HDACIs) are the most successful class of epigenetic inhibitors so far and four
of them are already FDA-approved and one by the Chinese government. A more detailed

explanation about inhibitors of HATs and HDACs will be given in section (1.2.1.4.2).

1.1.3.4.4. Inhibitors targeting protein methyltransferases

Several protein methyl transferase inhibitors have been proposed. BIX-01294, is a inhibitor
of lysine methyl transferase (Portela and Esteller 2010). E72, UNC321, UNCO0646, UNC0638 are
other inhibitors they are selective towards methyl transferases but shows toxic effect in cellular

assays (Tian, Zhang et al. 2013). These drugs should be improved further.
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1.1.4. A structural view of epigenetic targets

Foreword

The different epigenetic mechanisms act in a synergistic manner to modulate the structure of the
chromatin. One way of integrating the different epigenetic mechanisms is to have several
epigenetic functions born by a single effector. This is for instance the case when epigenetic
effectors not only bear an enzymatic activity but will also harbour reader domains responsible
for the specific targeting of the enzymatic activity to specific epigenetic marks. Another way is to
combine multiple epigenetic activities in protein complexes, the various subunits bearing

different epigenetic functions.

Actually, both way of combining epigenetic mechanisms are fully compatible and the functional
epigenetic subunits in the cell are often large multi-protein complexes with various subunits
bearing different epigenetic functions. A major emphasis in epigenetic research is to decipher
how these complexes are assembled and how the different epigenetic functions collaborate

within these complexes.

Structural biology brings a lot of information towards this goal and seminal progresses in the
structural analysis of epigenetic complexes have been made in the last decade. The following

book chapter provides an up-to-date overview of this work.
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2.1. Introduction

In the last two decades, epigenetic effectors have increasingly been shown to be major regulators of
nuclear processes, with direct implications for cell homeostasis, response to external stimuli,
development, but also onset and progression of many diseases(1). As a consequence, both fundamental
research in epigenetics and the development of epigenetic drugs (epidrugs) for therapy have become

major fields of investigation.

Initial studies focused on epigenetic enzymes involved in the deposition and removal of epigenetic marks
and on the reader domains responsible for the specific recognition of these marks(1-4). Yet, the discovery
that other epigenetic effectors such as histone variants, histone chaperones and ATP-dependent
chromatin remodelers are also implicated in diseases further broadens the number of targets for epidrug

design(1,5-9).

A few epidrugs are already approved for the treatment of diseases, notably cancer(4,7). Their clinical use
is often accompanied by serious undesirable side effects due to the fact that many epigenetic effectors
belong to families whose members are often functionally different but structurally similar. This makes of
selective inhibition a major issue for the design of next generation epidrugs. In this respect, structural
information is invaluable in helping deciphering precisely in molecular terms the mechanisms governing

epigenetic processes, and in aiding next-generation epidrug design.
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Another important reason for the reduced usage of epidrugs is the strong interplay between epigenetic
effectors. Notably, many epigenetic effectors act within large macromolecular complexes that represent
the bona fide functional epigenetic units and that bear different epigenetic activities. This organization
has two major consequences for the design and the use of epidrugs. First, these complexes are physically
and functionally linking epigenetic activities. Thus, modulating one activity with small molecules is likely
to affect the other activities. Second, regulatory subunits can change partner/substrate recognition,
enzymatic activity/kinetics, as well as inhibitor binding. Here again, deciphering the structures of these
large molecular assemblies, or at least those of their active subcomplexes, is of paramount importance
for understanding epigenetic mechanisms and for aiding epidrug design.

A wealth of structural data has already been obtained on epigenetic effectors and their interactions with
inhibitors, substrates and protein partners, unraveling the diversity and complexity of these interactions.
The huge amount of published structural data prevents an exhaustive description of all these results. Our
previous chapter on epigenetic enzymes (3) and specific chapters of this book are providing precise
structural information on epigenetic enzymes and readers. In this chapter, we have chosen to focus
primarily on epigenetic macromolecular complexes from the various classes of epigenetic effectors and
whose structures have enlarged our understanding of epigenetic mechanisms. Specifically,
macromolecular interactions as well as mechanisms leading to structural rearrangements are described,

highlighting ways of modulating the activity of epigenetic effectors.

2.2. DNA methylases: the DNMT3A/DNMT3L/H3 and DNMT1/USP7 complexes

In human, DNA methylation occurs predominantly on cytosines (5-methylcytosine) in CpG motifs that
often forms clusters known as CpG islands(10). The initial view that DNA methylation is a rather stable
epigenetic mark has been completely revisited in the last decade as new demethylation pathways have
been characterized(11). It is now commonly accepted that DNA methylation is a highly dynamic mark that
is important in developmental processes. Specifically, methylation patterns are strongly perturbed in
diseases, notably in cancers(10,11).

De novo DNA methylation is carried out by the DNA methyltransferases DNMT3A and DNMT3B, whereas
DNMT1 is required for the maintenance of the methyl mark by methylating hemimethylated DNA.
DNMT3L, an inactive paralog of DNMT3A/B, binds to and stimulates the activity of DNMT3A. DNMT3A
activity is also stimulated in a DNMT3L-independent manner by histone H3 when its lysine 4 is not
methylated. DNMT3A and DNMT3L both have an ADD (ATRX-DNMT3-DNMT3L) domain followed by a
methyl transferase domain. Yet, DNMT3A catalytic domain (CD) is active whereas the one of DNMT3L (CD-

like) is inactive.
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The ADD domains of DNMT3A and DNMTS3L are able to bind to the N-terminus of histone H3 when it is
not methylated on lysine 4. Methylation prevents binding due to steric hindrance(12,13). The 3.8 A
resolution crystal structure of DNMT3A (ADD-CD) bound to DNMT3L (CD-like) shows that DNMT3L (CD-
like) forms an extensive interaction with DNMT3A catalytic domain. This suggests that stimulation of
DNMT3A activity by DNMT3L comes from a stabilization of the DNMT3A catalytic domain (Fig.1a)(14).
However, DNMT3A ADD domain and the linker region that connects it to DNMT3A (CD) pack against
DNMT3A catalytic domain at a position where substrate DNA would be expected to bind, indicating that
this structure represents an inhibitory form of the DNMT3A-DNMT3L complex.

Upon binding of histone H3 N-terminus unmethylated on lysine K4 to DNMT3A ADD domain, the ADD
domain makes a large movement, interacting with another surface of DNMT3A (CD), thus freeing the
DNA-binding surface of this catalytic domain (Fig. 1b)(14). Specifically, H3K4 binds to DNMT3A ADD
domain aspartate residues that are otherwise involved in the formation of the inactive DNMT3A
conformation.

DNMT1 is also an essential DNA methylase and the target of FDA approved epidrugs(4,7). In contrast to
DNMT3A/B enzymes, DNMT1 can only methylate hemimethylated DNA. The 3.0 and 2.6 A crystal
structures of DNMT1 bound to non-methylated DNA and to hemimethylated DNA suggest a mechanism
by which this enzyme carries out this discrimination(15,16). Specifically, unmethylated DNA is recognized
by a zinc finger of DNMT1(15). This recognition positions the linker that connects the zinc finger to the
first bromo-adjacent homology (BAH1) domain of DNMT1 between the DNA and the active site of the
enzyme (Fig. 1c).

In the structure of the productive complex(16), the DNA is found inserted into the active site of the
catalytic domain (Fig. 1d). Actually, in this structure the major conformational change observed concerns
the catalytic loop that adopts a conformation compatible with catalysis. Yet, this structure was obtained
with a shorter construct of DNMT1 that does not encompass the zinc finger and the following linker that
are playing a major role in DNMT1 autoinhibition in presence of unmethylated DNA. It remains therefore
to be understood whether the presence of hemimethylated DNA prevents zinc-finger binding and
autoinhibition, or whether the removal of the inhibition is due to an active mechanism.

DNMT1 has been shown to be regulated through various pathways and partner proteins. One of them is
the Ubiquitin Specific Protease 7 (USP7) that stabilizes DNMT1. The 2.9 A crystal structure of USP7 C-
terminus (USP7C) in complex with DNMT1 has been solved(17). The overall structure of DNMT1 in this
complex is highly similar to the one in the autoinhibited form, including the positioning of the DNMT1
inhibitory N-terminal linker in DNMT1 DNA-binding site (Fig. 1e).
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The DNMT1-USP7C complex structure reveals that USP7C, which is composed of several ubiquitin-like
domains, binds to DNMT1 on the side opposite to the methylase active site. A critical interaction is made
with DNMT1 KG-linker that contains several Lysine-Glycine repeats. Specifically, the lysines of this linker
are forming multiple interactions with residues of USP7C and acetylation of these lysines preclude

interaction between USP7 and DNMT1, favoring the in vivo degradation of DNMT1(17).
2.3. Histone Arginine methyltransferases: the PRMT5-MEP50 complex

Protein Arginine MethylTransferases (PRMTs) are monomethylating and symmetrically or asymmetrically
dimethylating arginine residues in histones and other cellular effectors(18). The role and mode of action
of PRMTs have long remained poorly understood. This picture is however changing as more data is
obtained on this class of enzymes, showing that they are also involved in a wide range of diseases.
Specifically, to develop therapeutic strategies targeting these enzymes, the deciphering in molecular
terms of the specific recognition by PRMTs of their substrates and of the influence of partner proteins on

PRMTs activity and substrate recognition has to be addressed.

The 2.0 and 3.0 A crystal structures of human and X. laevis PRMTS in complex with one of its partners,
MEP50, have provided novel information on these issues(19,20). PRMT5 mono-methylates and
symmetrically di-methylates different substrates(18). PRMT5 is composed of two domains: a N-terminal
TIM-barrel and a C-terminal catalytic domain that adopts a canonical arginine methyl transferase fold. The
structures of the PRMT5-MEP50 complex reveal the formation of a tetramer of PRMT5-MEP50 dimers

where PRMTS5 forms the core of the octamer and MEP50 is located on the outside of the complex.

The 2.0 A crystal structure of the human PRMT5-MEP50 complex in presence of a AdoMet analog and a
H4 N-terminal tail peptide shows how the substrate is recognized in the active site of PRMT5 and suggests
how active site residues participates to the methylation process (19) (Fig. 2a). Interestingly, the crystal
structures of PRMT5-MEP50 bound to selective PRMTS5 inhibitors show how these inhibitors can bind
directly to these active site residues, leading to selective inhibition(21,22). In addition, these different
structures also reveals the molecular basis by which phosphorylation of tyrosine residues in the substrate

binding groove can diminish catalytic activity by opposing to substrate binding.

Yet, these structures do not reveal the role of MEP50 in the complex. This information is provided by a
lower resolution electron microscopy (EM) structure of the PRMT5-MEP50 complex bound to one of its
substrate, nucleoplasmin. This structure reveals that nucleoplasmin interacts predominantly with MEP50

that serves as a docking platform for the substrate to be presented to PRMT5(20).
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2.4. Histone lysine methyltransferases: the MLL3—-RBBP5-ASH2L and the PRC2 complexes

Proteins of the MLL family play major roles in development and are mainly responsible for the methylation
of lysine 4 of H3 (H3K4), an epigenetic mark associated with activation of transcription(23). MLL1 has been
most studied due to its implication in leukemia, but other MLL proteins have also been shown to be
involved in cancers(24). Proteins of the MLL family are part of large complexes that all share the ASH2L
and RBBP5 subunits. These two subunits are sufficient to stimulate the methyltransferase activity of the
MLL family members that otherwise display poor activity. Only MLL1 requires a third partner, WDRS5, for

full activation.

The molecular basis for MLL protein activity stimulation has long remained poorly understood. The recent
crystallographic structure at 2.4 A resolution of the human complex formed between the SET
methyltransferase domain of MLL3, the C-terminal domain of ASH2L and a long peptide of RBBP5 in
presence of S-adenosyl-L-homo cysteine (SAH; product of the demethylation reaction of the S-adenosyl-

L-methionine (SAM) MLL3 cofactor) and of a H3 peptide substrate has shed light on this issue (Fig. 2b)(25).

In this structure, the RBBP5 peptide is shown forming a link between the MLL3 SET domain and the ASH2L
C-terminal domain. Specifically, RBBP5 N-terminus interacts with MLL3 whereas RBBP5 C-terminus binds
to ASH2L. Importantly, all three proteins interact at one precise location with an arginine residue of MLL3
binding to different residues from ASH2L and RBBP5. Although this interface is limited, it appears essential
for the stability of the complex, its conformation, and for the stimulation of the methyltransferase activity.
The stability of the MLL3-ASH2L-RBBP5 complex is further reinforced by residues neighboring the MLL3
arginine. These neighboring residues, in contrast to the arginine, are not conserved in MLL1. This
potentially explains the requirement for WDR5 for the stabilization and the full stimulation of the MLL1-
ASH2L-RBBP5 complex activity(25).

Surprisingly, the structure of MLL3 SET domain alone is not much different from the one of MLL3 bound
to ASH2L-RBBPS5, raising the question of the requirement of the ASH2L-RBBP5 complex for MLL3 activity
stimulation. Binding of a H3 peptide to this latter complex only induces local conformational changes, but
these changes cannot explain the poor activity of free MLL3. Measurements of the structural dynamics of
MLL3 alone and in complex with ASH2L-RBBP5 by NMR and molecular simulation techniques suggest that
some sub-domains of MLL3 are intrinsically dynamic and that the binding of ASH2L-RBBP5 confers the
sufficient stability to the SET domain to be able to bind stably its histone H3 target and to perform its

methyltransferase activity.
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Probably, one of the most awaited achievements of the last years has been the structural characterization
of the Polycomb Repressive Complex 2, PRC2(26,27). PRC2 trimethylates histone H3 at lysine 27, and
H3K27me3 is a major epigenetic mark of facultative heterochromatin that is associated with gene
silencing(28-31). Perturbation of PRC2 activity has been linked to multiple diseases, notably cancers,
which explains that this complex currently represent a major target in epidrugs development, epidrugs
targeting PRC2 being currently in pre-clinical and clinical trials(32,33).

PRC2 is composed of a core complex formed by subunits EZH2 (catalytic subunit), EED (Embryonic
Ectoderm Development), SUZ12 (Suppressor of Zeste 12) and RBAP46/48(29). Specifically, a subcomplex
formed by EZH2, EED and SUZ12 is sufficient for activity, EZH2 being inactive by itself. Interestingly,
binding of H3K27me3 to PRC2 has been shown to allosterically stimulate the activity of the complex
whereas a H3K27M mutation yields to the inhibition of PRC2(34). In addition, PRC2 is composed of several
facultative subunits that are further responsible for the modulation of the activity of this complex(28,29).
Our understanding in molecular terms of the function of PRC2 has long remained obscure. The 1.9 A
crystal structure of the WD40 domain of human EED in complex with a H3K27me3 peptide shed the first
light on PRC2 structure/function relationships(34). Specifically, the trimethylated lysine is recognized
within a central aromatic cage at the surface of EED WD40 domain. Another essential information came
from the 2.0 A crystal structures of the human EZH2 C-terminal SET domain that is responsible for the
H3K27 methylation activity of EZH2(35,36). This structure revealed that the SET domain alone adopts an
inactive conformation, with the substrate and SAM (S-adenosyl-L-methionine) cofactor binding sites being
occluded by different parts of the SET domain itself.

A first step in our structural understanding of the PRC2 complex initially came from the 21 A EM structure
of a human EZH2/EED/SUZ12/RBAP48/AEBP2 sub-complex(37). This low resolution structure,
complemented by labelling, cross-linking and mass spectrometry techniques, enabled the location of the
different proteins composing the sub-complex as well as specific domains within the EM map. This
structure revealed a 4 lobes (A-D) organization, with SUZ12 and AEBP2 forming a physical link between
lobes A-B and lobes C-D. Interestingly, EZH2, EED and a SUZ12 C-terminal domain (VEFS), which are
sufficient for activity, appear to form the major components of the A-B lobes.

This initial structural information was complemented and refined by the 2.3-2.9 A resolution crystal
structures of the EZH2/EED/SUZ12-VEFS sub-complex from human and the thermophilic yeast
Chaetomium thermophilum (Fig. 2c)(26,27). The organization of the complex appears very similar to the
one derived from the EM structure. The high resolution data however provides unprecedented detailed

molecular information on the PRC2 core subcomplex assembly and its function. The complex can be
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divided in two lobes. The regulatory lobe is composed of EED and the N-terminal region of EZH2
(corresponding to lobe A in the EM structure). In this lobe, EZH2 is encircling EED through multiple
domains ensuring a very tight interaction between the two subunits. The second catalytic lobe (lobe B in
the EM structure) is composed primarily of the C-terminal region of EZH2, including its SET methylation
domain. The SUZ12 VEFS domain is found at the interface between these two moieties, interacting with
both lobes.

Importantly, in the complex the EZH2 SET domain adopts an active conformation, the SAH product being
bound at the SAM binding site, and the peptide binding groove being correctly formed. Actually, a H3M27
mutant (H3K27 lysine is replaced by a methionine) peptide, which is absolutely required for crystallization
and is known to be involved in tumorigenesis, is found bound to the SET domain where H3M27 occupies
the H3K27 binding pocket. A surprising aspect of the EZH2 catalytic domain is that it is bipartite, the C-
terminal SET domain being complemented by a functionally essential SET activation loop (SAL) located in
the N-terminal region of EZH2 (regulatory lobe).

The EZH2/EED/SUZ12-VEFS sub-complex could be crystallized in absence (basal state) and in presence
(activated state) of a H3K27me3 peptide. In the activated state, the peptide is found bound to EED as
observed in the EED/H3K27me3 structure (Fig. 2c). Strikingly, upon H3K27me3 binding to EED the N-
terminal EZH2 region, termed Stimulation-Responsive Motif (SRM), which directly follows the SAL,
becomes ordered and visible in the electron density, interacting with the H3K27me3 peptide. The SRM
also makes direct interactions with the SET domain, suggesting an explanation for the allosteric activation

of PRC2 by the H3K27me3 epigenetic mark.
2.5. Histone lysine ubiquitinylase: the PRC1 complex

Polycomb Repressive Complex 1 (PRC1) is also involved in transcriptional repression and, like PCR2, has
been linked with various cancers(33). However, PRC1 mono-ubiquitinylates histone H2A at lysine 119.
Ubiquitinylation requires the activity of three enzymes called E1, E2 and E3. First, an E1 enzyme transfers
ubiquitin to an E2-conjugating enzyme. Then, the E2 enzyme transfers the ubiquitin to a lysine side chain
of a target protein that is specifically recognized by the E3 enzyme(38).

PRC1 acts as a complex that is minimally composed of three proteins. These three proteins have various
homologs yielding different PRC1 complexes that have distinct gene targets(29-31). Two of these proteins
are forming the E3 enzyme, whereas the third one is the E2 enzyme. Various unrelated E2/E3 structures
have shown how E2 and E3 enzymes are acting in concert, but how the PRC1 specifically recognizes its

nucleosome target has long remained poorly understood.
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The 3.3 A resolution crystallographic structure of a human PRC1 (RING1B-BMI1-UBCH5C)-nucleosome
complex has enabled the deciphering in molecular terms of this recognition (Fig. 3a)(39). RING1B and
BMI1 are the two proteins that compose the E3 enzyme that is supposed to recognize specifically the
nucleosome. Accordingly, RING1B makes the most extensive interactions with the nucleosome from the
three PRC1 proteins. Specifically, it interacts primarily with the so-called “acidic patch” of the nucleosome,
a set of acidic residues of H2A and H2B that are exposed at the surface of the histone octamer(40,41).
Actually, many different nuclear effectors that interact with histone pairs and the nucleosome have been
shown to target the acidic patch through an “arginine anchor” mechanism(42-45). RING1B forms a
particularly large number of interactions with the acidic patch, not only with arginines but also with lysine

residues.

BMI1 is also interacting with the histone octamer, albeit mostly with the H3 and H4 histones. This
interaction is less extensive than in the case of RING1B but still contributes to the recognition of the
nucleosome by PRC1. E2 enzyme UBCH5C interacts mostly with RING1B that is centrally positioned in the
RING1B-BMI1-UBCH5C complex and that anchors it on the H2A-H2B acidic patch. This positions UBCH5C
active site directly over the H2A C-terminal tail that harbors K119 (Fig. 3a). Interestingly, UBCH5C does
not interact with any histone. Rather, it makes contacts with the entry/exit and dyad nucleosomal DNA.
Thus, through its interactions with all histones and with DNA, PRC1 ensures that it is engaged with the

nucleosome.
2.6. Histone lysine deubiquitinylases: the SAGA deubiquitination module

SAGA (Spt-Ada-GCN5-Acetyl transferase) is a 1.8 MDa transcriptional co-activator complex that acts
during RNA polymerase Il transcription activation and that also couples transcription elongation with RNA
export(46). SAGA bears two enzymatic activities: a histone acetyltransferase activity, through its GCN5
subunit, and a histone deubiquitination activity, through its yeast UBP8/human USP22 subunit. Both

enzymes require additional subunits for functional activity on their cognate substrate, the nucleosome.

SAGA deubiquitination module (DUBm) is composed of four proteins that are all required for activity:
yeast UBP8, SGF11, SGF73 and SUS1, which deubiquitinylate yeast H2B K123, and human Usp22, ATXN7L3,
ATXN7 and ENY2, which deubiquitinylate human H2B K120(46). Only the first hundred residues of
SGF73/ATXN7 are required for complex formation and the deubiquitination activity, its C-terminal region
being involved in the attachment of the DUBm to the rest of the SAGA complex. Importantly, poly-
glutamine extensions in human ATXN7 N-terminal domain are responsible for the SCA7

neurodegenerative disease(47).
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The requirement for the four proteins and their role in the deubiquitination activity have remained poorly
understood. Initial complex reconstitution experiments with the yeast DUBm have shown that the C-
terminal zinc finger of SGF11 and the C-terminal deubiquitination domain of UBP8 are not required for
complex assembly(48). The same study showed that SGF73 requires the three other subunits to be
incorporated within the complex, but also stabilizes UBP8 in this complex.

The 1.9-2.7 A crystal structures of the yeast SAGA DUBm in absence and in presence of ubiquitin have
revealed the intricacy of the DUBm formation and the role of all four subunits in forming a functionally
active deubiquitination complex (Fig. 3b)(49,50). The SAGA DUBm is composed of an assembly lobe and a
catalytic lobe. The assembly lobe is formed by a long N-terminal a-helix of SGF11 around which SUS1 is
wrapped. The N-terminal zinc-containing domain of UBP8 docks itself onto this SGF11-N/SUS1 complex,
which then serves as a platform for binding of the first half of SGF73 N-terminal domain.

The UBP8 C-terminal deubiquitination catalytic domain makes only little interactions with the assembly
lobe, being separated from its N-terminal domain by a linker. In fact, it is the second half of the SGF73 N-
terminal domain that forms the interface between the assembly lobe and the UBP8 deubiquitination
catalytic domain, locking this domain into a position that makes the DUBm catalytically active (Fig. 3b).
Importantly, poly-glutamine extensions in ATXN7, which are responsible of the SCA7 disease, are found
in the first half of the ATXN7 N-terminal domain that is expected to be part of the assembly lobe(47,50,51).
Although the mechanism by which the disease occurs remains obscure, this highlights the importance of
SGF73/ATXN7 N-terminal part in the DUBm assembly and function.

Finally, the SGF11 C-terminal zinc finger, which is not required for DUBm assembly, is found bound to the
deubiquitination domain of UBPS, close to the active site, and is separated from SGF11 N-terminal a-helix
by a long linker. This zinc finger has initially been thought to recognize DNA in the nucleosome, but the
3.9 A crystal structure of the DUBm in complex with an ubiquitinated nucleosome revealed that in fact
SGF11 zinc finger recognizes the acidic patch of the nucleosome with several arginine residues using an
arginine-anchor mechanism (Fig. 3b)(43).

The DUBm does not make extensive interactions with the rest of the nucleosome. Only a small part of the
UBP8 deubiquitination domain appears to contact H2B and the DNA (Fig. 3b). Interestingly, the ubiquitin
appears not to make any contacts with the nucleosome, and binds to the UBP8 deubiquitination domain
in a canonical manner. Comparison with the nucleosome-free DUBm structure reveals some structural
rearrangements upon ubiquitin binding, but the DUBm by itself already seems to be in an active
conformation. Since UBP8 alone is very poorly active, it is the formation of the DUBm module that is

sufficient to lock UBPS8 into this active conformation.
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The DUBm is part of the larger SAGA complex that also bears a histone acetyltransferase activity. The low
resolution structure of a SAGA-nucleosome complex by electron microscopy suggests that the same
nucleosome could be engaged by the two enzymatic activities of SAGA at the same time(52). Structure
determination of the GCN5-ADA2-ADA3-SGF29 histone acetyltransferase (HAT module) in complex with
the nucleosome is awaited to understand how SAGA HAT activity is carried out. Actually, a structure
combining both HAT and DUB modules bound to a mononucleosome would give unprecedented

information on how two different epigenetic enzymatic functions can collaborate.

2.7. Histone acetyltransferases: the MSL1 and NUA4 complexes

Lysine acetylation is one of the best characterized covalent modifications of histone tails(53). Histone
acetyltransferase (North, Javaid et al.) enzymes have been classified into five major subfamilies based on
sequence homology and substrate acetylation properties: HAT1, GCN5/PCAF, MYST, p300/CBP and
Rtt109(54). All HAT enzymes share a structurally conserved acetyl-CoA binding domain. However, activity
of most HATs is regulated by tethering into multisubunit complexes. The enzymatic specificities of
different HAT complexes are a matter of intensive research as a majority of isolated HAT catalytic domains
exhibits no or little substrate selectivity.

MOF is a histone acetyltransferase of the MYST family that is an essential component of the Drosophila
dosage compensation male specific lethal (MSL) complex, which also harbours proteins MSL1, MSL2,
MSL3, MLE and non-coding RNA roX1 and roX2(55). In human, four orthologs of the Drosophila proteins
were identified: MOF, MSL1, MSL2 and MSL3. Specifically, while isolated MOF HAT domain is able to
acetylate free histones H3 and H4, the entire multisubunit complex can only acetylate histone H4 in a
nucleosomal context. Both MSL1 and MSL3 are important for stimulating MOF activity.

MSL1 is predicted to be mostly unstructured but has a scaffolding role within the MSL complex, binding
to MOF, MSL2 and MSL3. Specifically, the C-terminal region of MSL1 (PEHE domain) binds consecutively
MOF and MSL3, whereas its central region binds to MSL2 N-terminal Ring domain. The crystal structures
of mammalian MOF HAT domain in complex with MSL1 PEHE N-terminus, of MSL1 PEHE C-terminus in
complex with the MRG domain of MSL3, and of MSL1 central domain in complex with MSL2 Ring domain
have provided first insights into how the MSL complex assembles(56-58).

Specifically, the 2.0-2.7 A crystal structures of MOF(North, Javaid et al.)-MSL1(PELE-N) complex show that
MSL1 binding does not induces major conformational changes in MOF, raising the question of the role of
MSL1 and MSL3 in stimulating MOF activity (Fig. 4a). Yet, both published structures do not agree on the

location of the very N-terminus of the MSL1 construct used. In one structure, this region is close to the
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active site where it could influence substrate binding. In addition, MSL3 binding site on MSL1 is close to
the MOF binding site and MSL3 could also influence substrate recognition.

Another structural analysis, on the Nu4A acetyltransferase complex, has brought further light on how HAT
specificity towards a particular histone tail in a nucleosomal context can be achieved(59). NUA4 is a large
HAT complex comprising 13 subunits that preferentially acetylates histone H4 in nucleosomes(60,61). The
Nu4A HAT module consists of four subunits: in yeast the catalytic subunit ESA1, EPL1, YNG2 and EAF6 and
in mammals TIP60, EPC1, ING3 and EAF6. This core complex can recapitulate most of the enzymatic
activities of the holo-enzyme.

The 2.7-3.2 A crystal structures of the yeast NUA4 HAT core module (ESA1 HAT domain, EPL1 N-terminal
and central domains, YNG2 N-terminal domain, and EAF6) alone and in complex with acetyl-CoA or a
H2A.Z histone N-terminal tail reveal an organisation in two lobes that are interacting weakly and are
conformationally relatively independent from each other (Fig. 4b)(59). EPL1 N-terminal region wraps and
interacts extensively with ESA1 HAT domain, forming the catalytic lobe. The central domain of EPL1 forms
a long coiled coil structure that bundles with the helices formed by the N-terminal domain of YNG2 and
by EAF6 to form the assembly lobe.

Importantly, binding of EPL1 to ESA1 HAT induces conformational changes in the active site of the catalytic
domain by reorganizing some important loops. The presence of an autoacetylated lysine in ESA1 is
observed that stabilizes the new conformation of an active site loop. The structure of the complex in
presence of a histone tail peptide shows that these conformational changes observed are required for the
correct accommodation of the peptide in a productive way. Interestingly, the complex by itself reveals
very little binding specificity towards the peptide, raising the question on how specificity is achieved.
The 8 A resolution electron microscopy structures of the NUA4 HAT core complex bound to a nucleosome
are providing answers to this question(59,62). Specifically, the crystal structure of the NUA4 core complex
and of the nucleosome can be unambiguously fitted in the electron density, revealing that the catalytic
HAT subunit is oriented in close vicinity to the histone H4 tail. In addition, ESA1 N-terminal Tudor domain,
which was included in the EM analysis, is also found bound to the nucleosome. The complex also appears
to contact the acidic patch and DNA elements. This is the first structural evidence on how an otherwise
poorly selective HAT can be specifically positioned to catalyse acetylation of its cognate histone substrate.

2.8. Histone deacetylases: HDAC1/MTA1 and HDAC3/SMRT complexes and HDAC6

The family of histone deacetylases has been divided into four classes depending on their folds and their

sequence similarities. Classes I, Il (Ila and lIb), and IV deacetylases (HDACs) adopt an arginase-deacetylase
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o/ fold and rely on a zinc ion for activity(63). Class Il deacetylases are referred as sirtuins and adopt a

Rossmann fold, relying on NAD* for activity(64).

Zinc-dependent HDAC enzymes catalyze the removal of the acetyl group from the Ne atom of lysines and
are the most pharmacologically investigated epigenetic targets so far. Accordingly, most currently
approved epigenetic drugs (Vorinostat (SAHA), Romidepsin, Belinostat, Panobinostat and Tucidinostat
(Chidamide)) are inhibitors of HDACs(65,66). The HDAC inhibitors have been proven to be effective
anticancer agents, mostly in haematological malignancies, but recent discoveries suggested that they can
be also therapeutically beneficial in the treatments of multiple other human diseases including

neurodegenerative and immune disorders as well as viral and parasitic infections(66-69).

All HDAC inhibitors approved so far are targeting the active site of these enzymes, binding to the catalytic
zincion, and thus preventing recognition and deacetylation of cognate cellular substrates. The major issue
with clinical usage of these approved HDAC inhibitors is the fact that they have no or little specificity, and
target the structurally similar, but functionally different 11 human HDAC isozymes (HDAC1-11). Therefore,
the treatments with currently-approved HDAC inhibitors are often accompanied by serious undesirable
side effects, which hampers their clinical usage. Several isozyme-selective inhibitors have been
developed(66), but the approved inhibitors mostly show limited selectivity. The hydroxamates target

mostly class | and HDACG (class lIb) while Tucidinostat is selective for class I.

Selective targeting of HDACs-protein interactions is emerging as an alternative for inhibition
studies(65,70). Class | HDAC1, HDAC2 and HDAC3 are typically recruited into multisubunit macromolecular
complexes. Importantly, the recruitment of these HDACs to co-repressor complexes triggers maximal
HDAC activity. The structures of HDAC1 and HDAC3 in complex with cognate co-repressors MTA1
(metastasis-associated protein 1) and SMRT (silencing mediator for retinoid and thyroid hormone

receptor) provide the molecular explanation for this enhanced deacetylase activity.

In the 3.0, 3.3 and 2.0 crystal structures of HDAC1-MTA1, HDAC1-MTA1-H4 peptide and HDAC3-SMRT,
the co-repressor domains wrap around HDAC catalytic domains and, in case of HDAC1, this domain also
mediates dimerization of the complex (Fig. 4c,d)(71-73). Strikingly, the structures of HDAC1-MTA1 and
HDAC3-SMRT complexes reveal an unexpected regulation mechanism of HDAC activity mediated by
inositol phosphates. In HDAC3-SMRT complex, endogenous Ins(1,4,5,6)P4 is found in a basic pocket
formed between HDAC and the co-repressor domain and that is close to the active site pocket. The 3.3 A
crystal structure of HDAC1-MTA1 with exogenous InsPg also revealed an inositol molecule bound in the

basic pocket, but it shows certain structural differences when compared to HDAC3/SMRT complex(73).
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The binding of an inhibitor in the HDAC active site potentiates inositol polyphosphate binding in the basic
pocket, which indicates mutual communication between the active site pocket and the inositol-binding
pocket. This cross-talk is likely mediated by HDAC1 residue Arg270 and HDAC3 Arg 265 that interconnect
the active site pocket with the inositol binding pocket. Interestingly, while mutation of HDAC3 Arg265 led
to the complete loss of deacetylase activity, the mutation of HDAC1 Arg270 is less functionally important.
Yet, HDAC1 kinetics is regulated upon inositol polyphosphate binding, leading to the hypothesis of HDAC1

activation by entropic allostery(73).

In contrast to other HDACs, HDACG is unique as it harbours two functional catalytic domains (CD1 and
CD2). The crystal structures of human HDAC6 CD2 and zebrafish HDAC6 CD1, CD2 and tandem CD1-CD2
brought important structural and mechanistic insights into HDACG6 catalytic mechanism and its inhibitions
by small-molecule compounds(74,75). The 2.9 A crystal structure of zebrafish HDAC6 tandem CD1-CD2
reveals that the tandem forms together with the inter-domain linker an ellipsoid-shaped complex with
pseudo-twofold symmetry (Fig. 4e)(75). The two catalytic domains interact strongly with each other, and
the linker domain connecting CD1 and CD2 also functions as a domain-domain glue to further stabilize the
CD1-CD2 complex. Importantly, biochemical experiments show that maximal HDACG6 activity is achieved

when both CD1 and CD2 are physically interacting with each other.

Both HDAC6 CD1 and CD2 are structurally very similar. However, biochemical data shows that the CD2
domain exhibits relatively broad substrate specificity, while CD1 appears specific for substrates bearing a
carboxy-terminal acetyl-lysine residue(74). This selectivity seems achieved by the fact that CD1 active site
pocket is more constricted due to the presence of a lysine residue (a leucine in CD2) that protrudes into
the catalytic pocket. This lysine plays the role of a gatekeeper that confers CD1 a specificity towards
carboxy-terminal acetyl-lysine substrates by hydrogen bonding with the a-carboxylate group of the
acetyl-lysine. In addition, the hydroxyl group of a CD1 tyrosine (a phenylalanine in CD2 and in other
HDACs) could also contributes to the observed specificity via an additional hydrogen-bonding with the

carboxy-terminal acetyl-lysine residue.

The structure of HDAC6 was solved in complex with a HDAC6-selective inhibitor, Nexturastat A, providing
specific information on HDAC selective inhibition. Other works on the HDAC8 isozyme have also
contributed to address this issue that is essential for developing the next generation of HDAC

epidrugs(67,69,76-79).
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2.9. Histone variants and histone chaperones: a complex and modular interplay

The sequence differences between histone variants and canonical histones can concern a few residues to
full structural domains(8). Beside their common DNA packaging role, canonical and variant histones can
have very different functions. Specifically, whereas canonical histones are deposited during replication,
histone variants are deposited throughout the cell cycle, where they play specific functional roles at
precise genomic loci. Due to their broad implication in many nuclear processes, histone variants are

involved in many diseases, notably in cancers.

This importance of histone variants explains that the transfer of histones between the different cellular
compartments and their deposition onto and removal from the chromatin is a highly regulated process.
This requires the action of a large number of dedicated histone chaperones that are ensuring that the
various histones are present at the correct genomic loci(9). Depending on their role, some of these
chaperones can recognize any histone pair, whereas others bind only to histone pairs of the H3-H4 or

H2A-H2B family. Other chaperones are binding to very specific variant pairs.

Importantly, not only the sequence differences, but also the epigenetic marks born by histones can affect
their interaction with histones chaperones. In addition, histone chaperones are often members of large
epigenetic complexes, where they collaborate with different epigenetic functions. In the last decade, a
large amount of structural data has been gathered on the recognition of histone pairs, canonical and
variants, by histone chaperones(9). A few of them are described here that highlight the interplay between

histones, histone chaperones, and other epigenetic effectors.

During replication, many different effectors are required to disassemble and then reassemble chromatin.
Maintenance of the epigenetic state encoded by specific epigenetic marks is essential during this process.
This is rendered complicated by the fact that both old histones and newly synthetized histones are used
for reassembly. Specifically, new histones need to be identified and modified according to the previous
epigenetic state encoded by the old histones. Anti-silencing function 1 (ASF1) histone chaperone
participates to this process by binding H3-H4 pairs. ASF1 was the first chaperone whose structure in
complex with a histone pair was solved and which was shown to interact with the H3/H4 pair in a way

that prevents this pair to homodimerize and to interact with H2A-H2B(80,81).

The replicative helicase plays an important role in the replication process. Its MCM2 subunit has been
shown to bind H3-H4, and the structure of a N-terminal fragment of MCM2 in complex with H3-H4 has
revealed that MCM2 binds to a H3-H4 dimer, almost completely shielding the histone tetramer DNA

binding surface(82,83). Interestingly, ASF1 and MCM2 were shown to act in concert, and the 2.3 and 3.5
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A crystal structures of a ASF1-MCM2-H3-H4 complex reveals that both chaperones can bind
simultaneously to the H3-H4 pair (Fig. 5a)(82,84). In this complex, ASF1 breaks the dimerization interface
between the H3-H4 pairs and the complex displays a 1:1:1:1 stoichiometry. Yet, the two chaperones

interact minimally with each other, showing the modularity of the chaperone-histone pair interactions.

Prior and after replication, it is essential that newly synthetized histone pairs are recognized for further
processing. The complex TONSL-MMS22L has been shown to interact and cooperate with free and
chromatin-bound H3-H4, and with ASF1 and MCM2. The 2.4 A crystal structure of TONSL Ankyrin repeat
domain in complex with H3-H4 and MCM2 reveals that TONSL binds minimally to the globular domain of
the histones but interacts extensively with H4 N-terminal tail (Fig. 5b)(85). Both TONSL and MCM?2
chaperones do not interact directly and modeling shows that ASF1 could also bind to the TONSL-MCM2-
H3-H4 complex, reinforcing the concept of modularity. Strikingly, TONSL-H4 interactions are only possible
when H4K20 is unmethylated and this epigenetic mark appears specific to newly synthesized H4 histone.
Modeling shows that TONSL, which has been shown to be associated with chromatin, could remain bound

to the H4 tail in a nucleosomal context, thus marking newly synthetized nucleosomes.

None of the ASF1, MCM2 and TONSL chaperones can distinguish between the different members of the
H3 family. Yet, many chaperones bear this capacity in order to deposit histone variants at specific loci.
One specific H3 variant is CenpA that is found exclusively at centromeres. The human histone chaperone
Hjurp has been shown to recognize specifically the CenpA-H4 pair and the 2.3-2.6 A crystal structures of
the human and yeast complexes shows how Hjurp binds to CenpA-H4, preventing CenpA-H4 dimerization
and shielding part of the DNA binding surface of this pair (Fig. 5c)(86-88). Interestingly, the determinants

for the specific recognition of CenpA over H3 were found to be minimal.

H3.3 is a variant that is deposited in gene bodies as well as in pericentric and telomeric heterochromatin.
H3.3 varies by only five residues from the canonical H3.1 histone. Deposition at heterochromatin loci is
carried out by the death domain—associated protein (DAXX) histone chaperone. The 2.8 A crystal
structures of the DAXX-H3.3-H4 complex shows that DAXX interacts extensively with the H3.3-H4 pair (Fig.
5d)(89,90). Despite the large interface between DAXX and H3.3-H4, as for CenpA the specific recognition
of H3.3 relies on very few amino acid changes, notably on one glycine residue (G90) that is a methionine
in H3.1. Interestingly, the 2.2 A crystal structure of another, unrelated H3.3 histone chaperone, UBN1, in
complex with ASF1 and H3.3-H4 reveals the same specificity mechanism of UBN1 through this glycine(91).
In addition, the DAXX-H3.3-H4 complex can be targeted by viral BNRF1 from the Epstein-Barr virus to

hijack the deposition machinery, BNRF1 interacting not only with DAXX but also H3.3 and H4(92).

Marek, Shaik & Romier — 2017 — Book Epigenetics in Drug Discovery — Chapter 2 — Page 15



Not only H3, but also H2A and H2B have various members in their families and dedicated histone
chaperones. New data has shed light on the recognition and processing of the H2A.Z variant which acts
both in transcription and DNA repair. Specifically, two large functionally homologous human ATP-
dependent chromatin remodelers were shown to act on H2A.Z: P400/TIP60 and SRCAP(93). The
P400/TIP60 complex is not only involved in chromatin remodeling, but also in acetylation through its TIP60
subunit that correspond to yeast ESA1 from the NUA4 complex described above. Histone chaperone
ANP32E has been shown to belong to P400/TIP60 and to evict H2A.Z from the chromatin. The 1.5-2.6 A
crystal structure of the ANP32E-H2A.Z-H2B complex shows a minimal interface between the chaperone
and the histone pair (Fig. 5e)(93,94). ANP32E binding to H2A.Z-H2B causes the doubling in size of H2A.Z
a.C helix, with direct implication for H2A.Z-H2B eviction from the nucleosome. This extension of H2A.Z aC
helix is only enabled by the absence, compared to H2A, of a glycine residue at the end of this helix.

Strikingly, this glycine is also the only determinant for H2A.Z specific recognition by ANP32E.

The second remodeling complex involved in H2A.Z biology is SRCAP. This complex has been shown to be
involved in H2A.Z deposition and histone chaperone YL1 is involved in this mechanism. The 1.9-2.7 crystal
structure of the YL1-H2A.Z-H2B complex reveals that this chaperone also doubles in size H2A.Z a.C helix,
but it also interacts more extensively with the histone pair, covering its entire DNA binding surface (Fig.
5f)(44,45). Even if the H2A.Z a.C helix glycine plays a role in the specific H2A.Z recognition by YL1, other
determinants are required for full recognition, in contrast with that has been observed with ANP32E. In
this case, the ATP-dependent remodeling activity of SRCAP is probably needed to prior evict the H2A-H2B
pair from the nucleosome. For ANP32E, nucleosome remodeling and recognition by a single determinant
appear much more relevant for accessing H2A.Z a.C helix buried at the heart of the nucleosome, prior to

H2A.Z-H2B eviction through H2A.Z aC helix extension.
2.10. ATP-dependent remodelers: CHD1, ISWI, SNF2 and the SNF2/nucleosome complex

ATP-dependent chromatin remodelers are large multi-subunit complexes that use the energy of ATP to
partially or fully disassemble, slide or change the conformation of nucleosomes(5,95). Their ATPase
subunits all have a catalytic domain composed of two RecA-like (DExx and HELICc) subdomains. Based on
the sequence similarity of their catalytic domains and of the presence or absence of additional auxiliary

domains, the remodelers have been classified in four large families: SWI/SNF, IWSI, CHD, and INOSO.

The increasing reports of the implication of remodelers in many different diseases make of these
epigenetic effectors important targets for therapeutic developments. Specifically, the remodelers of the

SWI/SNF family are found mutated in 20% of all human tumors(6). Yet, inhibition of the ATPase catalytic
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domain might cause strong selectivity problems. It is therefore essential to understand in molecular terms
how these catalytic domains cooperate with the auxiliary domains of the catalytic subunits and with their
partner subunits in their respective complexes, but also how they recognize and act on their nucleosomal
substrates. The intrinsic flexibility and the large size of the remodelers has slowed down the structural
characterization of these epigenetic machines. Yet, our understanding on how remodelers are acting and

are being regulated has made important progress.

The CHD family is characterized by a tandem of chromodomains in the N-terminal region of the ATPase
subunit. The 3.7 A crystal structure of CHD1 core encompassing both chromodains and the ATPase
catalytic domain reveals that these different domains are interacting extensively, the two chromodomains
bridging both RecA-like lobes of the ATPase (Fig. 6a)(96). The observed positioning of lobe 1 compared to
lobe 2 implies that CHD1 ATPase domain is in an inactive conformation. In addition, part of the linker
bridging the two chromodomains and that forms two long antiparallel a-helices is found binding to lobe
2 at a position where DNA is supposed to bind. Binding of methylated proteins to CHD1 chromodomains,
like in the case of KDM1A(97), should possibly relieve inhibition. Interestingly, the histone H4 N-terminal
tail has also been shown to stimulate CHD1 activity even in absence of the chromodomains,

demonstrating of an intricate regulatory mechanism of CHD1 activity.

In the ISWI family, two domains (AutoN and NegC) flanking the ATPase catalytic domain have been shown
to regulate the ATPase activity. The 2.4 A crystal structure of the core IWSI ATPase subunit encompassing
the AutoN, ATPase and NegC domains shows, as for CHD1, a non-productive positioning of the two RecA-
like lobes (Fig. 6b)(98). Here, the AutoN domain is shown interacting with both lobes of the ATPase
domain, possibly stabilizing, as the two chromodomains of CHD1, the non-productive conformation of the
enzyme. Interestingly, the N-terminal tail of H4 is also stimulating the activity of ISWI. The 3.0 A crystal
structure of a N-terminal H4 peptide bound to ISWI lobe 2 shows that H4 binds to one of the anchoring
surface of AutoN on lobe 2, suggesting an explanation to the stimulating activity of H4 by preventing the

interaction between the ISWI AutoN and catalytic domains(98).

In contrast, the role of ISWI NegC domain is less clear from the structural analysis since this domain
projects out of the structure. In the IWSI family, the NegC domain is followed by a Hand-Slant-Slide (HSS)
domain that contacts naked DNA. The 3.2-3.6 A crystal structure of the HSS domain from remodeler
subunit ISW1a in complex with another subunit of this complex, LOC3, in absence and in presence of DNA
showed that the HSS-LOC3 complex is able to bind two DNA molecules(99). The low resolution EM

structure of the HSS-LOC3 complex with a nucleosome having free DNA extensions at the nucleosome
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entry and exit points further shows that the HSS-LOC3 complex can interact both with the DNA entering
and exiting the nucleosome, suggesting that the substrate of ISWI family members could be a
dinucleosome rather than a mononucleosome, and that the HSS domain could define the minimal spacing
between two nucleosomes(99). Interestingly, the NegC domain could possibly help with this process,

functionally linking the ATPase catalytic domain and the HSS domain.

In the SNF family, the ATPase core domains are flanked on the N-terminus by a HSA (helicase SANT-
associated) domain and a post-HSA domain and, on the C-terminus, by a SnAC domain. The HSA domain
forms a long a-helix that binds to other proteins, such as actin or actin-related proteins (ARPs), and
regulates the remodeling activity by an unknown mechanism(100). The role of the other auxiliary domains
is less well understood. The 2.3 A crystal structure of a yeast Snf2 encompassing a small part of the HSA,
the post-HSA, the APTase and SnAc domains has shed light on the interactions between these different
domains(101).

Although the part of the HSA domain included in the analysis is not seen in density, the post-HSA is found
forming a long helix interacting with the RecA-like lobe 1 of the ATPase (Fig. 6¢). The SnAc forms extensive
interactions with lobe 2, having little contacts with the first lobe. Interestingly, the two core domains of
the ATPase interact strongly with each other but their relative positioning, as for CHD1 and ISWI, is not
compatible with a productive mode. In contrast with CHD1 and ISWI, this nonproductive conformation is

however not stabilized by auxiliary domains.

The electron microscopy structure at 4.0-4.7 A resolution of a SNF2-nucleosome complex has provided a
long awaited structural view at sufficient resolution on how the catalytic subunit of a remodeler engages
its nucleosome substrate (Fig.6d)(102). Upon binding, the two RecA-like lobes are reorienting themselves
to now form a productive ATPase catalytic domain. This not only requires the movement relative to each
other of the different structural elements observed in the unbound structure, but also the structuration

of several disordered elements.

SNF2 is found bound at super-helical location 2 (SHL2) of the nucleosome, a position already known to
bind preferentially several remodelers and where the H4 N-terminal tail protrudes from the nucleosome.
Accordingly, the H4 tail is found bound at the same position on lobe 2 as was observed for the ISWI lobe
2-H4 tail complex(98). Since H4 is not required to stimulate SNF2 activity, this interaction may in this case
only position correctly SNF2 on the nucleosome. In the case of ISWI, it may both remove the inhibition by

the AutoN domain and position ISWI on the nucleosome.
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Beside the limited SNF2-H4 interaction, SNF2 interacts strongly with the nucleosomal DNA at the SHL2.
This interaction is mediated within the cleft formed between lobes 1 and 2 of the ATPase domain and
involves primarily contacts with the phosphate backbone. In addition, SNF2 also interacts with its lobe 1
at SHL-6, most likely to help position the enzyme in a correct orientation to the nucleosome. Importantly,
binding of SNF2 to the nucleosome in absence of any nucleotide is already sufficient to distort the DNA at
SHL2, lifting the DNA off from its canonical path on the histone octamer surface, thus probably priming

the remodeling reaction to come.

In the last decade, our mechanistic understanding of ATP-dependent chromatin remodelers has made a
lot of progress. It remains to be understood how remodelers from the INO80 family, which have a long
insertion between their RecA domains, are structurally organized, and what are the changes in the
remodelers upon nucleotide binding. Importantly, many features observed in the SNF2-nucleosome
structure might be observed with other remodelers due to sequence conservation of mechanistically
important residues, suggesting similar modes of action. Yet, existing sequence and structural differences
between the remodelers are also likely to convey specific functional outputs. The same applies for the

associated subunits forming the full remodeler complexes.

2.11. Epigenetic readers: histone crotonylation readers and the 53BP1-nucleosome(H2AK15Ub-

H4K20me2) complex

Epigenetic readers are becoming more and more attractive targets for epidrug development. This is
exemplified by the case of the bromodomains that recognize the acetyl-lysine epigenetic marks and other
known readers are currently also targets for epidrug development (see chapters 14 and 15 in this book).
Interestingly, recent progresses in mass spectrometry instrumentation and high-resolution proteomic
approaches are identifying so-far unknown histone modifications and their readers, which should define

future targets in epidrug development.

Among the epigenetic marks recently identified are lysine propionylation (Kpr), butyrylation (Kbu) and
crotonylation (Kcr)(103). These findings suggest that there are corresponding enzymes that lay and erase
these marks, but also reader modules that transduce this information into functional outcomes. Among
the first structurally characterized readout modules of non-acetyl modifications belong readers of lysine
crotonylation such as PHD fingers and YEAST domains(104-106). Crotonylation differs from other
acylations in its rigidity and planar configuration due to the m—electron conjugation. Biophysical
measurements reveal that the double PHD finger (DPF) domains of human MOZ and DPF2 bind a range of

histone lysine acylations, but display the strongest affinity for crotonylated lysine residues(105).
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Specifically, the 1.4-1.6 A crystal structures of the MOZ DPF domain in complex with histone H3K14cr,
H3K14bu and H3K14pr revealed that these non-acetyl acylations are accommodated in a hydrophobic
“dead-end” pocket with selectivity for crotonylation (Fig. 7a). The observed selectivity towards crotonyl-
lysine is achieved by intimate encapsulation and an amide-sensing hydrogen bonding network.
Interestingly, sequence and structural comparison revealed that a glycine residue is critical for the pocket
formation owing to its side-chain-free feature. In most classical histone H3K4-binding PHD fingers, this
glycine is replaced by a bulkier residue such as tyrosine or phenylalanine, which fills the pocket and

prevents Kcr accommodation.

A different mode of specific recognition of crotonyl-lysine was described in AF9 YEATS domain(106,107).
The NMR and 2.7 crystal structures of AF9 YEATS complexed with histone H3K9cr and H3K18cr peptides
provided molecular insight into specific recognition of crotonylated substrates (Fig. 7b). In the structure,
Kcr is anchored in a specific pocket and the Kcr-flanking H3 residues are recognized by extensive polar or
hydrophobic contacts. Careful inspection of the crystal structure revealed an extended aromatic
sandwiching cage with crotonyl specificity arising from m-aromatic and hydrophobic interactions between
the planar crotonylamide group and aromatic rings of a phenylalanine and tyrosine residues. Interestingly,
these structural features are conserved within the YEATS family members, but not within the
bromodomains, providing additional evidence for why bromodomains do not bind crotonyl-lysine

substrates.

Readers can bind to small peptides, but in vivo this recognition is often carried out in a nucleosomal
context. How this is done remains poorly understood. The 4.5 A electron microscopy structure of tumor
suppressor 53BP1, which acts in DNA repair and binds to nucleosomes simultaneously ubiquitinylated on
H2AK15 and dimethylated on H4K20, provides an interesting view on modified nucleosome recognition
(Fig. 7¢)(108). Specifically, a small region of 53BP1 composed of a Tudor domain followed by a small
ubiquitin-dependent recruitment motif (UDR) is sufficient to bind to this doubly modified nucleosome.
Although the medium resolution of the structure renders the structural interpretation somewhat difficult,
it appears that the Tudor domain lays over the H4K20me2 epigenetic mark, whereas the following small
UDR motif meanders on the nucleosome surface, interacting with specific motifs, including the acidic

patch.

An important aspect of this mode of binding is the positioning of a part of this UDR between the histone
octamer and the ubiquitin. This binding of the UDR, enables the bridging between the histone octamer

and the ubiquitin, in agreement with the observation made with the SAGA DUBm that nucleosome-bound
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ubiquitin does not interact with the nucleosome. This ubiquitin-UDR-nucleosome interaction stabilizes

the ubiquitin in a specific position and enables the recognition of the H2A-K15 ubiquitinated nucleosome.

Interestingly, the previously described 8 A resolution structure of the core NUA4 HAT complex bound to
a nucleosome through a Tudor domain, an interaction with the acidic patch and DNA elements(59),
corroborates the 53BP1/nucleosome structure. Yet, better resolution will be required in the future for the
structures of such complexes to enable the design of next-generation epidrugs. Nevertheless, the
complexity of the recognition of modified nucleosome by larger epigenetic effectors, as the ones
described in this chapter, indicate that selective modulation of epigenetic effectors-nucleosome

interactions could be achieved.

2.12. Conclusions

Structural analyses provide an essential information when it comes to design more selective and more
potent drugs. The results presented here highlight the intricacy of the assembly, the interactions and the
mechanisms of epigenetic effectors to achieve precise epigenetic regulation. Specifically, the embedding
of epigenetic enzymes within large macromolecular complexes yields a high degree of modulation of their
activity through structural changes and allosteric mechanisms. This has major implications for the design

of novel, more selective and more potent drugs targeting the active site of epigenetic enzymes.

This also opens the way to design drugs that will modulate (i) the intramolecular interactions within
complexes and (Suzuki, Muto et al.) the interactions of these complexes with their substrates.
Importantly, regulation of these mechanisms through small molecules could help select between
processes that yield different biological outcomes. Another important aspect concerns the fact that a drug
targeting the same enzyme can have different effects depending on the macromolecular environment of
the enzyme (i.e. free or embedded in various complexes). In addition, some complexes are bearing
different epigenetic activities. It will be interesting for these complexes to design dual inhibitors that can

modulate these different activities at the same time.

A surprising observation made from the different epigenetic effectors-nucleosome complexes whose
structures have been solved so far is that a major interaction of the epigenetic players with the
nucleosome involves targeting the H2A-H2B acidic patch. The other interactions appear less strong but
serve to position correctly the effectors on the nucleosome. It remains to be investigated whether
targeting other interaction regions with the nucleosome could help selectively modulating the chromatin

accessibility of specific complexes. Yet, epigenetic complexes are often larger than the sub-complexes
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currently being structurally characterized when bound to the nucleosome. This should open many more

possibilities for selective modulation of epigenetic effectors-nucleosome interactions.

The structural results on epigenetic players obtained in the last decade represent the beginnings of a new
era where epigenetic complexes will be at the heart of integrated structural, chemical and medicinal
biology. Notably, the ongoing major advances in the electron microscopy technology that are enabling a
“resolution revolution” (109)are expected to further ease the high resolution structure determination of
epigenetic complexes, with direct implications in epidrug discovery. Importantly, the combination of new
generation epidrugs with the new revolutionary technologies currently developed in genome editing and
targeting (110) should provide unprecedented means to specifically intervene at specific genomic loci to

correct genetic and epigenetic aberrations to cure human diseases.
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Figure 1. Structures of DNA methyltransferases.

Ribbon representation of DNA methyltransferases A,B. Structures of the de novo demethylation complex DNMT3A/DNMT3L in
inhibitory (A) and activated (B) states. DNMT3A catalytic domain (CD) is colored green and its ADD (ATRX-DNMT3-DNMT3L)
domain is colored wheat. DNMT3L inactive catalytic domain is colored blue. Zinc ions are shown as red spheres. Histone H3
activating peptide as well as important DNMT3A aspartate residues are represented as sticks with gray carbons. An AdoHcy (S-
Adenosyl-L-homocysteine) molecule is represented as sticks with cyan carbons. The coloring is identical in all figures unless stated.
C,D,E. Structures of methyl mark maintenance DNA methyltransferase DNMT1 in inhibitory (A) and active (B) states, and in a
stabilizing complex with USP7 (C). DNMT1 is shown in green, DNA in orange and USP7 in blue. DNMT1 zinc binding domain (Zn

BD; wheat) recognizing unmethylated DNA is shown as well as the inhibitory and regulatory GK linkers (magenta ribbons).
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Figure 2. Structures of arginine and lysine methyltransferases.

Ribbon representation of arginine and lysine methyltransferases. A. Structure of the PRMT5/MEP50 dimer. PRMT5 arginine
methyltransferase catalytic domain (CD) is colored green, its TIM-barrel domain is colored wheat, and MEP50 is colored blue.
Histone H4 peptide binding to PRMTS5 CD is shown as sticks with gray carbon as well as PRMT5 important active site residues and
regulatory tyrosines. An AdoMet (S-adenosyl-L-methionine) analog bound to PRMTS5 CD is shown as sticks with cyan carbons. B.
Structure of lysine methyltransferase MLL3 (SET domain; green) in complex with a RBBP5 peptide (yellow) and ASH2L C-terminal
domain (blue). Histone H3 N-terminal peptide and an AdoHcy molecule are shown as sticks with gray and cyan carbons,
respectively. Residues at the interface of the three proteins that form a hydrogen bond network (MLL3 Arg network) are also
shown as sticks. C. Structure of the Polycomb Repressive Complex 2 (PRC2; EZH2-EED-SUZ12). Methyltransferase EZH2 is colored
green except its catalytic SET domain that is colored wheat. EED is colored blue and the SUZ12 VEFS domain is colored yellow. An
AdoHcy molecule bound to EZH2 SET domain is shown as sticks with cyan ribbons. Two H3 N-terminal peptides are shown as
sticks with gray carbon: a H3K27me3 peptide bound to EED and a mutated H3M27 peptide bound to EZH2 SET domain. Two
regulatory elements elements are shown in magenta: the SET activation loop (SAL; shown as ribbon) and the Stimulation-
responsive motif (SRM). This latter motif is suggested to transmit the signal of H3K27me3 binding to the EED subunit to the

catalytic SET domain.
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Figure 3. Structures of (de-)ubiquitinylases.

Ribbon representation of (de-)ubiquitinylases. A. Structure of the Polycomb Repressive Complex 1 (PRC1; RING1B-BMI1-UBCH5C)
ubiquitinylase bound to the nucleosome. RING1B is colored green, BMI1 blue and UBCH5C yellow. The DNA is colored white and
the H3-H4 and H2A-H2B pairs are colored light blue and light pink, respectively. The nucleosome acidic patch residues as well as
RING1B positively charged residues that form a strong interaction network are shown as sticks with gray carbons. The H2A C-
terminal tail targeted by UBCH5C is shown as magenta ribbon. B. Structure of the deubiquitination module (DUBm; UBP8-SGF11-
SUS1-SGF73) of the SAGA co-activator bound to the nucleosome. UBP8 N-terminal domain is colored wheat, its catalytic domain
(CD) is colored green. SGF11 is colored blue for its N-terminal domain and dark blue for its zinc finger C-terminal domain (Zn
finger). SUS1 is colored cyan and SGF73 N-terminal region is colored yellow. SGF11 positively charged residues and nucleosome
active site residues are shown as stick with gray carbons. H2B C-terminal helix is shown in magenta as well as the ubiquitin

molecule bound to H2BK123 residue (sticks with gray carbons).The nucleosome is displayed as in (A).

Marek, Shaik & Romier — 2017 — Book Epigenetics in Drug Discovery — Chapter 2 — Page 31



Autoacetylated

Histone lysine

H2A.Z

Gate keeper

lysine i

ysi j*‘ Llﬂker m HDACS (CD2)
o 1 ¢

Figure 4. Structures of histone acetyltransferases and deacetylases.

Ribbon representation of histone acetyltransferases (HATs) and deacetylases (HDACs). A. Structure of MOF HAT domain (Jaiswal,
Turniansky et al.) bound to MSL1 (blue). B. Structure of the NUA4 HAT complex (ESA1-EPL1-YNG2-EAF6). ESA1 is colored green,
EPL1 blue, YNG2 Yellow and EAF6 cyan. Acetyl-CoA is shown as sticks with cyan carbons and histone H2A.Z peptide as well as an
autoacetylated lysine as sticks with gray carbons. C,D. Structures of HDAC1 (C) and HDAC3 (D) in complex with co-repressors
MTA1 and SMRT, respectively, and with inositol phosphate molecules. HDACs are colored green and co-repressors blue, with
inositol phosphate molecules shown as sticks with cyan carbons. Histone H4 peptide analog and important arginine residues as
shown as sticks with gray carbons. E. Structure of HDAC6 tandem CD1-CD2 HDAC domains. CD1 is shown in green and CD2 in
wheat. The linker connecting both HDAC domains is shown as magenta ribbon. CD1 gate keeper lysine and HDAC6 selective

inhibitor Nexturastat A molecule bound to CD2 are shown as sticks with gray and cyan carbons, respectively.
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Figure 5. Structures of histone chaperones-histone pairs complexes.

Ribbon representation of histone chaperones-histone pairs complexes. H3 (and related histone variants) and H4 are colored blue
and cyan, respectively, H2A (and related histone variants) and H2B are colored light pink and wheat, respectively. A. Structure of
the MCM2-ASF1-H3-H4 complex. MCM2 is colored green and ASF1 yellow. B. Structure of the MCM2-TONSL-H3-H4 complex.
MCM?2 is colored green and TONSL wheat. H4 N-terminal tail is shown as magenta ribbon and H4K20 as sticks with gray carbons.
C. Structure of HJURP in complex with the CENPA-H4 variant pair. HJURP is colored green. D. Structure of the DAXX-H3.3-H4
complex. DAXX is colored green. G90 that conveys H3.3 specific recognition is colored magenta. E,F. Structures of H2A.Z-H2B
variant pair in complex with ANP32E removal (E) and YL1 deposition (F) histone chaperones. Both chaperones are colored green.

The extended a.C helix from H2A.Z is colored magenta.
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Figure 6. Structures of ATP-dependent chromatin remodeling subunits.

Ribbon representation of ATP-dependent chromatin remodeling subunits. The RecA-like lobe 1 and lobe 2 of the ATPase domain
are colored green and blue, respectively, the auxiliary domains are colored wheat. A. Structure of CHD1. The double
chromodomains of CHD1 link the two ATPase lobes keeping them in an inactive conformation. B. Structure of ISWI. The AutoN
domain also links the two ATPase lobes and keep them in an inactive conformation. The part of the AutoN domain that binds to
the H4-binding pocket of lobe 2 is shown as magenta ribbon. C. Structure of SNF2 in an inactive conformation. D. Structure of
SNF2 bound to the nucleosome. The same color coding for SNF2 is as in (C). The color coding for the nucleosome is an in Fig. 3.
The H4 N-terminal tail that binds to SNF2 lobe 2 is shown as magenta ribbon. SNF2 is bound to the nucleosome in an active

conformation and interacts with the nucleosome DNA at SHL2 and SHL-6.
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Figure 7. Structures of epigenetic readers.

Ribbon representation of epigenetic readers. A,B. Structures of crotonylation readers: MOZ double PHD fingers bound to H3K14cr
and AF9 YEATS domain bound to H3K9cr. The readers are colored green and histone H3 is colored blue. The crotonylated residues
are shown as sticks with gray carbons. C. Structure of 53BP1 bound to the H4K20 dimethylated and H2AK15 ubiquitinylated
nucleosome. The nucleosome is colored as in Fig. 3. 53BP1 is colored green. 53BP1 ubiquitin-dependent recruitment motif (UDR)
is shown as ribbon. 53BP1 Tudor domain was not provided in the model deposited and is just indicated. The H4 N-terminal tail is
shown as blue ribbon and the H2A N-terminal tail as magenta ribbon. H4K20me2 and H2AK15 are shown as sticks with gray

carbons. Ubiquitin is colored magenta.
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1.2. The acetylation mark

1.2.1. Role of the acetyl epigenetic mark

1.2.1.1. Acetylation and mechanisms of acetylation

Acetylation is one of the major post-translational modifications used by the cells for
signaling (Allfrey, Faulkner et al. 1964). The opposing action of histone acetyltransferases (HATS)
and zinc dependent histone deacetylases (HDACSs) and sirtuins, which are responsible for the
addition and deletion of acetyl group to the € amino group of lysine amino acids, helps maintain
the balance of cellular acetylation. Interestingly, there is a direct link between acetylation and the
metabolism. Indeed, as for many other post-translational modifications (PTMs), the acetylation
mark links small molecules such as acetyl-CoA to epigenetics, which, in turn, influence

homeostasis, development and aging (Menzies, Zhang et al. 2016).

Specifically, the number of non-histone substrates of histone acetyltransferases and histone
deacetylases has increased dramatically from the time of discovery of these enzymes. Therefore,
these enzymes are generally designated as lysine acetyltransferases (KAT) and lysine deacetylases
(KDAC). However, for conventional reasons, these two classes will remain described as HATs
and HDACs/sirtuins in this thesis.

Acetylation can occur in highly conserved residues in secondary structural elements like o
helices and B strands. In bacteria and mitochondria, acetylation is the major PTM before
phosphorylation, which supports the endosymbiotic theory of mitochondria originating from

prokaryotic bacteria.

Acetylation masks the positive charge of lysine side chain, and this affects protein
interactions with DNA, with partner proteins, as well as subcellular localization. A major function
of acetylation is the modulation of histone-DNA and histone-histone interactions, which in turn
regulates nuclear processes. Specifically, the neutralized charge on acetylated lysine amino acids
weakens these interaction, prevents compaction of the chromatin structure, and allows nuclear
players to bind to DNA.
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H4K16 acetylation is one of the important PTM that keeps chromatin in a non-compact
state by preventing interaction with the H2A-H2B acidic patch. Sas2 and Sir2 maintain acetylation
and deacetylation of H4K16 (Cavero, Herruzo et al. 2016). Near the telomeres H4K16 is hypo

acetylated and away from telomeres it is hyper acetylated in order to maintain gene regulation.

1.2.1.2. A brief history of acetylation

The discoveries of coenzyme A (CoA) and acetyl-CoA by Nobel laureates Fritz Lipmann
(for CoA - 1953), Konard Blach and Feador Lymen (for acetyl-CoA - 1964) led the foundation for
protein acetylation discovery (Verdin and Ott 2015). Protein acetylation was first reported by
Vincent Allfrey and his colleagues in the year 1964 but the actual advancement in the field of
protein acetylation was only made in the last 20 years (Allfrey, Faulkner et al. 1964, Verdin and
Ott 2015). In the year 1963, Phillips et al. isolated histones from calf thymus with acetyl groups.
Soon after, Vincent Allfrey et al. showed that radiolabelled acetyl groups were rapidly taken up
by histones in the isolated nuclei and were insensitive to translation inhibitor puromycin which
suggested the incorporation process was a post translational modification. Further, they showed
that the acetylation site is the e-amino group of lysines. In the year 1970, the discoveries of Rigg’s
and his co-workers led Allfrey and Davie to suggest n-butyrate as HDAC inhibitor. This was the
first time that a small molecule was suggested to alter cellular functions (Candido, Reeves et al.
1978).

After a long period, in the year 1983, tubulin was the first non-histone protein shown to be
acetylated. L’Hernault and Rosenbann showed in a 2D electrophoresis gel a difference in the
migration of radiolabelled acetyl tubulin. Further, in 1985, Piperno et al. developed monoclonal
antibodies against acetyl K40 of tubulin. Later in 1990, lysine residues of histones were shown to
be important for gene regulation in yeast cells. Later in 1995, Sternglanz et al. identified and
cloned the first HAT of yeast, HAT1. A year later Allis et al. purified a 55KDa HAT from a
protozoan, Tetrahymena thermophile, which was an orthologue of Genb5, a yeast transcriptional
regulator (Brownell and Allis 1995).

In the same year, Schreiber et al. purified HDAC1 from bovine thymus using tropoxin, an

HDAC inhibitor affinity matrix, which was further shown to be an orthologue of Rpd3, a yeast
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transcriptional regulator. Additional HATSs discoveries followed as well as the characterization of
their association with transcriptional regulators such as: the CREB binding protein (CBP), the Ela
binding protein (EP300), TAF(Suzuki, Muto et al.) 250 of TFIID, and HATs from the MYST
family. Further characterization of HATS led to the identification of large multiprotein complexes
such as SAGA, Sin3 and NURD. Soon after, Cole and his co-workers developed an EP300
inhibitor, Lys-CoA, where CoA is covalently linked to a lysine residue to mimic the pseudo
substrate (Lau, Kundu et al. 2000).

Soon after Rpd3 related class | HDACs were discovered, Hdal related class 11 HDACs and
HDAC10 and HDAC11 were identified (Taunton, Hassig et al. 1996). In the year 1999, the first
crystal structure of HDAC was solved by Finnin et al. from Aquifex aeolicus, a hyperthermophile
(Finnin, Donigian et al. 1999). In the same year, the structure of the HAT domain of PCAF and of
the NAD*-bound Sir2 were solved. In the same year, the first epigenetic reader that recognized the

acetylation PTM, the bromodomain, was discovered (Dhalluin, Carlson et al. 1999).

In the year 1997, non-histone protein acetylation was reported for p53. After that, a few
more proteins like the HIV transcriptional activator (Shi, Hong et al.) protein, E2F, MyoD and the
nuclear factor kB (NFkB) were also showed to be acetylated. In 1999, Zhou et al. reported
bromodomains which recognize acetylated lysine residues (Dhalluin, Carlson et al. 1999). Owens
et al. crystallized the acetylated H4 peptide in complex with bromodomains of yeast Gen5 and
identified the canonical asparagine residue in the active site pocket which is important for the
recognition of acetylated lysine and that is shared by almost all existing 8 classes of
bromodomains. Later, YEATS domains were identified as readers of acetylated lysine and shown

to possess, to some extent, H3K9ac selectivity (Li, Wen et al. 2014).

Guarente et al. in 2000 showed that Sir2 proteins are a class of deacetylases and depends
on NAD* for activity (Imai, Armstrong et al. 2000). The authors further derived a link between
NAD*and nutrients levels, where upon the depletion of nutrients, NAD" levels increase which are
used by Sir2 to deacetylase histones to repress the transcription. In the year 2006, a first proteomic
screen was performed by Zhao et al. and identified 388 acetylation sites over 195 proteins
(Hallows, Lee et al. 2006). The knowledge of acetylation sites has increased dramatically with this

experiment when compared to the progress achieved from the beginning of acetylation discovery.
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In the same year, SIRT3 was identified to deacetylate mitochondrial acetyl-CoA synthetase, and
introduced mitochondria to the acetylation group (Schwer, Bunkenborg et al. 2006).

In 2009, Mann et al. used high resolution mass spectrometry to identify 3600 lysine
acetylation sites over 1750 proteins, prominently in large protein complexes that are involved in
chromatin modulation, cell cycle, splicing, nuclear transport and actin nucleation (Choudhary,
Kumar et al. 2009). Further, the acetylation of lysine was proposed to be a part of other acyl
modifications such as propioylation, butyrylation, O-acetylation, a concept introduced in 2007.
Lysine succinylate and lysine malonate were showed to be acylated by SIRT5 in 2011 (Peng, Lu
et al. 2011).

In the year 2003, Sinclair et al. discovered polyphenol resveratrol as a SIRT1 activator
which was showed to increase the life span of yeasts and metazoans (Howitz, Bitterman et al.
2003). Vorinostat (SAHA) was the first FDA approved HDAC inhibitor in the year 2006 to treat
T-cell lymphomas (Mann, Johnson et al. 2007, Zuber, Shi et al. 2011). Further, in 2010 JQ1 and
I-BET inhibitors were proposed for bromodomains (Zuber, Shi et al. 2011). Cole et al. introduced
HAT inhibitors for EP300 which are highly selective (Bowers, Yan et al. 2010).

1.2.1.3. A handshake of acetylation with other PTMs

Acetylation functions also in association with other PTMs such as ubiquitination and
methylation. In human, nearly one third of acetylation sites may also act as sites of ubiquitination.
Competitive regulation of acetylation and ubiquitination has been observed in many proteins. For
instance, SMAD?7 a negative regulator of TGFf (transforming growth factor §), upon acetylation
of K64 and K70, prevents its degradation by restricting ubiquitination. Deacetylation of these two
residues promotes ubiquitination and further degradation of SMAD?7. Similarly, acetylation of p53

blocks ubiquitination and hence prevents its degradation.

During DNA damage, acetylation and methylation cooperate. Acetylation and methylation
of p53 by p300 and SETD7 respectively promotes transcription of p21 and causes cell cycle arrest.
Activated interferon o (IFNa) translocate CBP to cytoplasm (Bhattacharya, Eckner et al. 1996).
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IFNaR2 (IFNa receptor 2) acetylated by CBP, which facilitates the binding of interferon
regulatory factor 9 (IRF9). Phosphorylation of IFNaR2 enhances the interaction of [IFNaR2 with
IRF9. CBP acetylates signal transducer and activator of transcription 2 (STAT2) and promotes
hetero dimerization of STAT2 with STATL1 and further forms a complex together with IFN
stimulated gene factor 3 (ISGF3) which translocate to the nucleus to promote transcription of

several interferon responsive antiviral proteins (Choudhary, Weinert et al. 2014).

1.2.1.4. Histone acetyl transferases

1.2.1.4.1. HAT enzymes

HATS are very important enzymes that regulate chromatin structure and gene transcription.
HATSs are generally multiprotein complexes (see book chapter in section 1.1.4.), and their overall
function depends on other subunits since these partner subunits are providing target specificity
(Choudhary, Kumar et al. 2009). HATs are highly divergent proteins and share no similarities
between different groups but possess similarity in the same group. Based upon cellular localization
HATSs were classified as nuclear type A HATSs and cytosolic type B HATSs. Based upon structural
and functional similarities HATs can be grouped into two distinct classes, the GCN5 family and
the MYST family. The GCN5 family includes Gen5, Ada, SAGA and PCAF complexes which
majorly acetylate histone H3 at different sites. MY ST family members include Sas2, Sas3, Esal,
Nua4, MOF, MOZ, Tip60, MORF and HBO1. The MYST family HATSs possess several cellular
functions like gene silencing, cell cycle progression, dosage compensation, etc. Few proteins with
HAT activity have been identified which lack similarity with other groups. These include
CBP/p300, Hatl, TAFII250, ACTR/SRC-1, Elp3, Hpa2, Nutl and ATF-2 (Berndsen and Denu
2008, Choudhary, Weinert et al. 2014).
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Table 5: Table of HAT complexes

HAT Known complexes Histone targets
GNAT family
Genb SAGA H3KO9, K14, K36
Genb/Ada2/Ada3 H3K14
ATAC
TFTC
p/CAF STAGA
MYST family
Esal (Tip60 in humans) NuA4, H4KS5, K8, K12, K16,
Piccolo NuA4 HtzIK14
Sas2 (MOF in humans) SAS-1 HA4K16
Sas3 NUAZ H3K14, K23
Moz MOZ H3K14
p300 family
CBP Numerous H2AKS5, H2B
p300 Numerous H2AKS5, H2B
Rtt109 Rtt109, Vps75, Rtt109-Asfl | H3K56, K9, K23

A conserved mechanism has been proposed for the acetylation reaction (DesJarlais and
Tummino 2016). In the direct attack mechanism of acetyltransferases, acetyl-CoA and substrate
binds the HAT in a sequential manner. A glutamate residue in the active site of the HAT
deprotonates the histone lysine which result in the formation of a tetrahedral intermediate by the

help of nucleophilic attack on the carbonyl carbon of acetyl-coA. Further, the intermediate results
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in the formation of acetylated histone and CoA (Figure 8) (Yan, Harper et al. 2002, Berndsen and

Denu 2008)
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Figure 8: One-step HAT mechanism of action.
Amino acids numbered according to Esal. Picture adapted from (Berndsen and Denu 2008).

An alternate mechanism was proposed for the truncated version of Esal acetyltransferase
domain which follows a two-step mechanism. In the first step, Esal binds acetyl-coA, and an
active site cysteine residue attacks the acetyl moiety to form an acetylated enzyme intermediate.
The subsequent release of CoA allows substrate lysine binding in the active site which is
deprotonated by the glutamate and is further attacked by the acetyl-cys to finally yield an
acetylated peptide (Figure 9) (Yan, Harper et al. 2002). These two mechanisms explain the behavior

of HAT domain in truncated and in complex formation.
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Figure 9: HAT mechanism of action:
Two-step mechanism of Esal (blue), acetyl-CoA (Hu, Chen et al.) and substrate (Jaiswal, Turniansky
et al.). Picture adapted from (Yan, Harper et al. 2002).

1.2.1.4.2. HAT inhibitors and activators

Curcumin is a natural substrate that has an inhibitory effect on CBP and p300 and inhibits
acetylation of H3 and H4 which results in the inhibition of cell proliferation and induction of
apoptosis in cancer cells. A similar inhibitory action was observed for garcinol and anacardiac
acids against p300 and PCAF with a low affinity. Isothiazolones can also inhibit enzyme activity
of acetyl transferases. Lys-CoA is a bisubstrate inhibitor of p300. C646, is a pyrazolone containing
inhibitor. It is the only active inhibitor and is selective towards p300 over other HATSs. Lys CoA
is 20-fold more potent than C646 but it is not cell permeable. Inhibition of p300 by C646 induces
caspase dependent apoptosis in prostate cancers (Bowers, Yan et al. 2010). A detailed list of
inhibitors for HATSs is given in the table (Wapenaar and Dekker 2016).
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Table 6: Inhibitors and activators of HATs

HAT inhibitors HATs Proposed target pathology
Bi-substrate inhibitors Various -

Garcinol KAT3B Breast cancer, colon cancer
Curcumin KAT3B Cancer, inflammation,

metabolic diseases

Anacardic acid

Non selective

Sensitizing cancer cells

TH1834 KATS5 Breast cancer

Benzylidene  barbituric | KAT3B Cell cycle arrest

acid

Isothiazolones Various Inhibition of cancer cell
proliferation

Thiazinesulfonamide KAT3B -

C646 KAT3B Prostate cancer, melanoma,
leukemia

ICG-001 KAT3A Colon carcinoma

HAT activators

CTPB KAT3B -

TTK21 KAT3A and 3B Neurogenesis

Pentadecylidenemalonate | KAT2B Conditioned fear, wound

repair
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1.3.Histone deacetylases: sirtuins and HDACs

Histone deacetylases are acetyl L-lysine deacetylases, often termed lysine deacetylases, which
oppose the action of HATs. By removing the acetyl moiety from the e-amino group of lysine
residues, HDACs promote chromatin compaction and regulates gene expression. HDACs
deacetylate a wide range of histone and non-histone substrates, and thus play a pivotal role in
numerous cellular functions such as chromatin organization, transcription regulation, cell
proliferation, differentiation, immune suppression and angiogenesis (West and Johnstone 2014).
However, the biological consequences of non-histone substrate deacetylation for a majority of
HDAC members has to be investigated. HDACs are the targets of a growing interest in medicinal
chemistry because of their role in several cellular functions. Given their biological significance

and their role in drug discovery, an emphasis was put on HDACs in this thesis.

1.3.1. Histone deacetylases classification

Histone deacetylases have been classified into four major classes according to their
sequence homology to yeast proteins, subcellular localization and enzymatic activity. Class I, Il
and IV are Zn*? dependent enzymes, possess a highly conserved arginase-deacetylase fold
(hereafter referred as HDACs), whereas class |11 enzymes depend on NAD™ for their deacetylase
activity and are known as sirtuins and contain a Rossmann-fold (Gregoretti, Lee et al. 2004,
Dowling, Di Costanzo et al. 2008). So far, 11 human HDACs (HDACL1 to HDAC11) and 7 sirtuins
(SIRTL1 to SIRT7) have been identified in mammals. Within the HDAC and sirtuin family, the
different isozymes differ in size, tissue specific expression patterns, sub cellular localization,
enzymatic activity, and substrate specificity. Table 6 represents a detailed classification of HDACs
and Sirtuins, their homology to yeast proteins, their cellular localization and are provided with a

few examples of specific substrates.
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Table 7: Classification of HDACs:

Different classes of HDACs with their member enzymes and yeast homology proteins were
mentioned. And also localization, non-histone substrates were mentioned. Note that the substrate list is not
complete.

Class HDACs Yeast Subcellular localization Substrates
homology
HDAC 1 Nucleus Androgen  receptor,
SHP, p53, STATS,
MyoD, E2F1
HDAC 2 Nucleus Glucocorticoid, YY1,
Class | Rpd3 BCL6, STAT3
HDAC 3 Nucleus SHO, YY1, GATAL,
RELA, STATS,
MEF2D
HDAC 8 Nucleus, cytoplasm SMC3, p53
Classlla | HDAC 4 Hdal Nucleus, cytoplasm GCMA, GATAL, HP
HDAC 5 Nucleus, cytoplasm GCMA, SMAD7, HP1
HDAC 7 Nucleus, cytoplasm, | PLAGL, PLAG2
mitochondria
HDAC 9 Nucleus, cytoplasm -
Class Ilb | HDAC 6 Cytoplasm a-tubulin, HSP90,
SHP, SMAD7
HDAC 10 Cytoplasm Acetyl polyamines
Class 1V | HDAC 11 - Nucleus, cytoplasm -
Class 1l | SIRT 1-7 Sir2 Cytoplasm, nucleus and | various
(Sirtuins) mitochondria

HDACSs and sirtuins are evolutionarily well-established enzymes as they are found in
almost all forms of life: archaebacteria, eubacteria, fungi, plants and animals. An evolutionary
relationship of histone deacetylases is provided using a phylogenetic tree (Figure 10). All Zn*?
dependent HDACs display a similar structure with arginases which are metallo-enzymes, which
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suggests that HDACs have evolved from a common ancestral metallo-enzyme (Yoshida, Kudo et

al. 2017). The presence of histone deacetylases in eubacteria also supports the concept of non-
histone protein substrates for these enzymes.
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Figure 10: Phylogenetic tree of eukaryotic HDACs:

Phylogenetic tree was made using bootstrap neighbor-joining Nodes or connection points indicate
gene divergence, and no assumption was made on which class is close to ancestral genes. Prokaryotes are

mentioned in italics. Large black dots indicate nodes where sub classes are divided. Picture adapted from
(Gregoretti, Lee et al. 2004).

The numbering of histone deacetylases was given in chronological order, based upon their

discovery. Class | HDACs are homologues to Rpd3 which is a yeast protein, similarly class Il
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HDACSs have homology with Hdal and class 111 Sirtuins with Sir2. Class IV protein contain only
a single member HDAC11 that does not have any homology to Hdal or Rpd3, and was hence
placed in a separate group. Class | HDACs, except HDACS, form dimers, which is an ancestral
specificity observed in class I HDACs. HDAC1 can form homo and hetero dimers by self-
association or by interaction with HDAC2 while HDAC3 can form a homo dimer by self-
association. HDACS is a fast-evolving enzyme in class | HDACs which has been lost from

invertebrates.

Class Il HDACs are divided into two sub classes where class Ila contains HDAC4,
HDACS5, HDAC7 and HDAC9 while class I1b contains HDAC6 and HDAC10. Class Ila HDACs
interacts with other proteins which includes nuclear receptors, muscle transcription factor and also
with HDACS3. The role of class Ila HDACs is much developed in muscle cells. Class I1b HDACs
are most interesting in terms of structure as they contain two domains. HDACG6 contains two
catalytic domains in tandem, whereas HDAC 10 contains an additional vestigial HDAC domain
(Figure 11). HDAC10 has evolved from HDACSG-like protein after vertebrate/invertebrate
divergence. Class IV contains a single member that is HDAC11 which is present in all living
organisms except fungi, suggests that HDACs have evolved from ancestral organisms and directed

towards histones.

Class Il deacetylases sirtuins are evolutionarily well conserved and are present from
archaea to mammals. Sirtuins have been involved in metabolic and chromatin organization
throughout the evolution. The seven members of sirtuins (SIRT1-7) are grouped into four classes

and are homologues to yeast protein Sir2 (Silent information regulator 2).
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Figure 11: Domain organization of HDACs and sirtuins:
Picture is modified from (Gregoretti, Lee et al. 2004, Seto and Yoshida 2014).

1.3.2. Sub cellular localization of histone deacetylases

Histone deacetylases localization depends upon their functional requirement and structure.
After synthesis histone deacetylases are imported to the nucleus by a nuclear localization signal
(NLS) or with transporter proteins. Class | HDACs are generally found in the nucleus, and they
can deacetylase both histone and non-histone proteins. HDAC1 and HDAC?2 are exclusively found
in the nucleus while HDAC 3 is also present in the cytoplasm. HDACS is distributed in the
cytoplasm and the nucleus. Few non-histone substrates and HDACs localization were mentioned
(Table 7).

Class Il HDACs shuttle in between the nucleus and the cytoplasm to perform their
biological functions which includes the deacetylation of structural proteins such as GCMA,
GATA, PLAG etc. In order to transport HDACs from the nucleus to the cytoplasm, HDACs
contain a nuclear export factor in their sequence. Nuclear export signal (NES) is a short peptide

that helps in the export of proteins from the nucleus to the cytoplasm using the nuclear pore
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complex. Phosphorylation of HDAC4 by calcium calmodulin protein kinase exports HDAC4 to
the cytosol with the help of CRM1 which is a cellular export factor that contains a NES. In the
cytosol 14-3-3 proteins bind HDAC4 and retain it in the cytosol. After muscle cell fusion due to
reduced phosphorylation, 14-3-3 proteins are dissociated from HDAC4 which shuttles backs to the
nucleus. HDACY7 also shuttles between the cytoplasm and the nucleus like HDAC5. HDACY7 is
similar in sequence to HDACS5 but lacks a NES. During muscle differentiation HDACS is

transported to the cytoplasm.

Sirtuins majorly participates in senescence and metabolic regulations. SIRT1, 6 and 7 are
mostly found in the nucleus. SIRT2 is predominantly found in the cytoplasm and can also be
exported to the nucleus, SIRT3, 4 and 5 are mitochondrial sirtuins (Yoshida, Kudo et al. 2017).
SIRT4-7 were found to be weak deacetylases towards histones. Among sirtuins, SIRT2 and SIRT3
possess both NAD™ dependent deacetylase activity and ADP-ribosyl transferase activity. SIRT1
and SIRT5 possess deacetylase activity, and SIRT4, SIRT6 have mono ADP-ribosyl transferase
activity. SIRT3 is localized in the mitochondria and plays an important role in scavenging reactive
oxygen species (ROS) (Kim, Patel et al. 2010, Li and Zhu 2014).

1.3.3. Structure of histone deacetylases

1.3.3.1. HDACs

The HDAC-like protein (HDLP) in presence of the TSA inhibitor was the first HDAC-like
crystal structure determined from the hyper thermophilic bacterium Aquifex aeolicus (Finnin,
Donigian et al. 1999). HDLP possess 35% sequence identity with HDACL1, which shed light on
the structure of class | HDACs. Ever since many crystal structures were solved for HDACs and to
date only three HDAC structures are still missing HDAC5, HDAC9 and HDAC11.

All Zn*? dependent HDACs contain a common HDAC o/f domain that is similar to
arginase fold, where eight parallel  sheets are sandwiched between o helices (Figure 12). The
catalytic pocket contains a narrow hydrophobic pocket in a tube-like shape where Zn*? lies at the

bottom of the pocket nearly 11A in depth. The metal ion can be different in vivo from Zn*?,
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depending upon cellular concentrations HDAC can be activated by Fe*? (Dowling, Gattis et al.
2010). The catalytic pocket is made up of highly hydrophobic amino acids while the catalytic
residues that co-ordinate the Zn*? are polar in nature and present at the bottom of the active site
pocket. The hydrophobic catalytic pocket accommodates aliphatic side chain of lysine during the
catalysis. The narrow active site pocket becomes wider at the bottom where the Zn*? ion is
coordinated by two aspartate residues, a histidine residue and a conserved water molecule.

Figure 12: HDAC fold:

In the left panel HDACS structure (pdb: 1T64) is represented as ribbons where B sheets (magenta)
are sandwiched between a helices (Jaiswal, Turniansky et al.), catalytic zinc and potassium (or sodium in
present structure) are represented as spheres (yellow and orange colours respectively), all other loops are
represented in salmon colour. In the right panel, a close up view of catalytic pocket was represented with all
the catalytic amino acids in sticks. In the active site Trichostatin A (Guan, Haggarty et al.) was represented as
sticks.

In class | HDACs, in addition to the catalytic Zn*?, the catalytic pocket contains a tyrosine,
Y306 (numbered according to HDACS), a pair of charge relay system H142-D176 and H143-D183
(numbered according to HDACS) that participates in the catalytic mechanism which is similar to
serine proteases (Fersht and Sperling 1973). H142 is present in the hydrophobic environment while
H143 is partially exposed to solvent. Mutations of H142 abolish the deacetylase activity, while
mutations of H143 either abolish the activity in HDACS8 or decreases the activity by 12 folds in
HDAC 1 and HDACT7 (Hassig, Tong et al. 1998, Dowling, Gantt et al. 2008). Y306 is conserved
in class I and class 11b HDACs. The hydroxyl group of Y306 is oriented towards the catalytic metal
ion and stabilizes the tetrahedral oxyanion intermediate through H-bond during the catalysis
(Finnin, Donigian et al. 1999).
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In class I and 11, there are two additional metal binding sites apart from the catalytic Zn*?,
which can be occupied by Na*, K* or Ca*? (Vannini, Volpari et al. 2004). These two sites are
referred as site 1 and 2, which are hexa-coordinated with amino acids and situated 7A and 21A
away from catalytic pocket, respectively. Amino acids that coordinate site 1 are more conserved
than those of site 2, and also site 1 is coordinated by one of the amino acid, D176, which is a part
of H142-D176 charge-relay system of the active site. These two metal binding sites influence the
catalytic function, depending upon the concentration of salt concentration in the environment. The
catalytic function is activated upon low salt concentrations, while in the presence of high salt
concentration the activity is inhibited. The mechanism on how these salt concentrations affect
catalysis is not well studied, a few reports suggest however that K* at site 1 decreases the pKa of
H142 which further inhibits the enzyme activity (Gantt, Joseph et al. 2010).

The presence of a tyrosine in the catalytic pocket has an important impact on the
deacetylation activity. In class Ila HDACs, the catalytic tyrosine is replaced by a histidine residue
which is moreover turned away from the catalytic zinc. As a result, the deacetylase activity is
reduced when compared to class | HDACs (Bottomley, Lo Surdo et al. 2008, Schuetz, Min et al.
2008). Mutations of this tyrosine in class I HDACs (Y306F and Y306H in HDACS8) have
abolished the HDAC activity, while in class 11la HDACS histidine to tyrosine mutation has restored
the canonical activity, which indicates the importance of the catalytic tyrosine in maintaining the
proper deacetylase activity (Lahm, Paolini et al. 2007, Vannini, Volpari et al. 2007, Schuetz, Min
et al. 2008). In addition to the replacement of the catalytic tyrosine, class Ila HDACs display a
specific insertion of CCHC motif which participates in the coordination of zinc (Figure 13). This
additional zinc is tetrahedrally coordinated with amino acid residues C533, C535, H541 and C618
(of HDACT), which was further discussed in section (1.3.7.3).
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Figure 13: Structure of class lla HDACs
Left panel: Ribbon representation of HDAC7 crystal structure (pdb: 3CQOY). Right panel: close-up view
of CCHC motif and catalytic pocket.

The catalytic pocket of class Ilb HDACs is more confined than the one of class | HDACs
and is designed to bind cytosolic substrates. Class Ilb subclass is composed of two enzymes
HDAC6 and HDAC10, where HDAC6 deacetylates K40 of the canonical substrate a-tubulin and
HDAC10 deacetylates polyamines. Among class Il HDACs, HDACG6 contains a unique domain
organization with two catalytic domains designated as CD1 and CD2, which are followed by a C-
terminal ubiquitin binding domain. In class Ilb HDACs a charged amino acid (E274 in HDAC10,
K330 in HDACSG) is present in the active site pocket whereas in all other HDACs a methionine
(M274 in HDACS) or leucine is present. These charged amino acids in class Ila HDACSs serve as
gate-keepers and directs the incoming acetyl lysine substrate towards catalytic center. A

description about HDACS structure was mentioned in the section (1.1.4).

HDAC10 deacetylates N8-acetylspermidine to yield spermidine and acetate. Spermidine is
a polyamine and plays an important role in autophagy. Polyamines are preferred targets for
HDAC10 than acetyl lysine (hence HDAC10 is also referred as PDAC) which is further supported
by the presence of HDAC10 in liver, kidney and spleen. The architecture of HDAC10 is made to
prefer polyamines over acetyl lysine (Figure 14). HDAC10 contains a catalytic domain (PDAC)
connected to a pseudo deacetylase domain (yDAC) through alpha helices. The yDAC domain of

HDAC10 does not have a catalytic function, it may help in the cytoplasmic localization. The
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pseudo deacetylase domain lacks active site loops and forms a butterfly like hetero dimer with the
catalytic domain. The catalytic domain of HDAC10 is similar to CD1 and CD2 of HDACSG. In
HDACI10 the active site pocket is more constricted than other HDAC isozymes where E274
mediates an electrostatic interaction with the substrate and increases specificity for polyamine
substrates. Unlike class | HDACs, the amino acids at the active site surface N93 and D94 do not
affect substrate binding whereas in class | HDACs the corresponding amino acid D101 plays an
important role in substrate binding. Although the overall fold of yDAC domain is similar to PDAC
and HDACSG catalytic domains it does not possess a catalytic Zn*? or catalytic amino acids (Hai,
Shinsky et al. 2017).

WDAC domain I PDAC domain
interface

Figure 14: Structure of HDAC10

Left panel: Crystal structure of HDAC10 with YDAC and PDAC domain and their interface. Right
panel: The constricted architecture of HDAC10 catalytic site is represented as ribbons (pdb: 5TD7). Active site
residues are represented as sticks and labelled accordingly. In the active site HDAC10 specific inhibitor AAT
(7-[(3-aminopropyl) aminol-1,1,1-trifluoroheptan-2-one) was shown in cyan colour sticks. Catalytic zinc
(yellow) and potassium (orange) are represented as spheres.

1.3.3.2. Sirtuins

Sirtuins belongs to deoxyhypusine synthase (DHS)-like NAD/FAD family proteins. The
domain organization of sirtuins is represented in (Figure 11). In general, sirtuins contain a N-
terminal domain followed by a catalytic domain and a C-terminal region. N- and C-terminal
regions varies among sirtuins and are subject to conformational changes during catalysis while the
catalytic domain is of nearly 250 amino acids in length. SIRT1 C-terminal region interacts with
the catalytic domain and induce conformational changes upon substrate binding.
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The catalytic domain of sirtuins comprises two subdomains, a small domain and a large
domain. The interface between the two domains forms a tunnel which is conserved among sirtuins
where the NAD" cofactor and the substrate are accommodated. The large domain is made up of a
Rossmann fold with 6 B-strands forms a parallel sheet which is packed against 6 a-helices. The
small domain can be subdivided into two modules, a zinc binding module and a helical module.
The zinc binding module possess a divalent zinc which is tetrahedrally coordinated by four

cysteine residues. The helical module is composed of four a-helices.

In the absence of NAD" and substrate, sirtuins adopt an open conformation which is
changed to a closed conformation upon substrate binding. The deacetylation function is facilitated
by the simultaneous cleavage of nicotinamide and the subsequent transfer of ADP-ribose. The
NAD? binding pocket is further subdivided into three subpockets. In pocket A, the ADP ribose
moiety is bound, whilst NAD" is accommodated in the sub pocket B, and during catalysis NAD*
occupies the sub pocket C, which further facilitates the transfer of the acetyl group from the lysine
to the ribose of NAD".

Even though the catalytic domain is fully conserved in sirtuins, surrounding loops are
subjected to important conformational changes upon substrate binding. In SIRT2 the substrate and
NAD™ binding induces a 25° rotation of the small domain with respect to the large domain (Figure
16b). As a result L1-L3 loops are rearranged. L1 reorientation results in the unwinding of an a-
helix which facilitates the interaction with ADP-ribose, which further participate to enclose the
subpocket C. L2 loop moves closer to L1 which creates a channel in order to accommodate
acetylated lysines in the pocket. And the L3 loop which is the part of large domain also undergoes
a conformational change due to the reorientation of two conserved residues (V266 and S263),
which facilitates the interaction with ADP-ribose. These conformational changes are conserved in
SIRT1, SIRT3 and SIRTS5. In SIRT6 the helical module is missing, as a result the loop L1 acquires
rigidity and the zinc binding module lacks the interaction with the helical module. As a
consequence, the zinc binding domain makes a direct interaction with the large domain by a
rotation of 45° over the large domain.

Further, an allosteric modulation of SIRT1 was explained in presence of resveratrol which
binds at the substrate entry channel. The domain organization of SIRT1 is unique compared to

other sirtuins (Figure 11). It contains an N-terminal region of 50 amino acids followed by a catalytic
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domain of 260 amino acids and a C-terminal region ESA of 25 amino acids length. Three
molecules of resveratrol were observed in the crystal structure in which two molecules facilitates
the tighter binding of the peptide substrate to the SIRT1 which enhances the catalytic activity (Cao,
Wang et al. 2015). This mechanism explains how modulation of allosteric sites activates the SIRT1

function.

Figure 15: Structure of SIRT1 with resveratrol

Ribbon representation of crystal structure (pdb: 5BTR) of SIRT1 in complex with resveratrol (yellow
sticks) and p53-acetylated peptide (coloured white sticks). The N-terminal domain of SIRT1 is represented in
green colour, catalytic domain in magenta colour and MES in cyan.
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Figure 16:Sirtuin structures:

Ribbon representation of Sirtuin structures, a) structural organization of sirtuin structure with large
domain and zinc binding module and helical module. b) three loops that undergo huge conformational
changes during catalysis are represented according to the legend- c) a comparison of SIRT2 with SIRT6. The
loop inserted in SIRT6 zinc binding module is coloured in red and the myristoylated peptides is represented

in black sticks. Picture adapted from (Sacconnay, Carrupt et al. 2016).

1.3.4. Complexes of histone deacetylases

A characteristic feature of HDACs is to form multiprotein complexes with corepressors
which are directed to specific gene loci to play their repressive function. Another major implication
of forming HDAC complexes is to enhance the deacetylation activity of certain HDACSs, which is
evident in case of class Ila HDACs where the loss of the catalytic tyrosine hinders the enzymatic

activity. Complex formation with other HDACs (HDACS3 for example) compensates this loss of
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activity. However, HDAC:s interactions with different complexes and functional characterization
is still a growing concept.

1.3.4.1. Complexes of class | HDACs

Class | HDACs HDAC1, HDAC2 and HDAC3 are known to be a part of multiprotein
corepressor complexes (Watson, Fairall et al. 2012, Lauffer, Mintzer et al. 2013, Millard, Watson
et al. 2013, Watson, Millard et al. 2016, Yoshida, Kudo et al. 2017). HDAC1 and HDAC?2 are
found in several corepressor complexes such as Sin3, Nuclear receptor Co-Repressor (N-CoR),
Nucleosome Remodeling Deacetylase (NuRD), Corepressor of REL-Silencing Transcription
factor (CoREST) and Mitotic DeAcetylase Complex (MiDAC) (Grozinger and Schreiber 2002,
Itoh, Fairall et al. 2015). HDAC3 is exclusively found in association with corepressor complex N-
CoR and Silencing Mediator of Retinoic acid and Thyroid hormone receptors (SMRT) (Wen,
Perissi et al. 2000).

Mammalian Sin3 contains two major isoforms, Sin3A and Sin3B. Sin3A possess several
subunits in which ING2 recognizes methylated H3K4 and directs the deacetylation of nucleosome
with HDAC1-HDAC2 dimer (Shi, Hong et al. 2006). SMRT, N-CoR, NuRD and CoREST
complexes possess SANT domains which are important for the interaction of HDACs with the
corepressor complexes. Further, SANT domains recognize the PTM on histones and deliver the
corepressor complex on the target site. In this way, the SANT domain couples histone binding
with deacetylase activity (Boyer, Latek et al. 2004). The mechanism of interaction of HDACs with
corepressor complexes was first reported by a crystal structure of HDAC3 in complex with SMRT,
which has revealed the presence of inositol 1,4,5,6-tetrakisphosphate (Ins(1, 4, 5, 6)P4 or 1P4) at
the interface of HDAC and SMRT interaction surface (Watson, Fairall et al. 2012). The presence
IP4+ was surprising because it was co-purified from the mammalian expression cells and it
highlights the physiological relevance of IP4 in the stabilization of HDAC-corepressor complex.
IP4 is produced from Ins (1,4,5)Ps which is a well-known second messenger after ATP, that

releases Ca®* upon binding to its receptor INSP3 receptor.

The crystal structure of the complex formed between HDAC3 and the deacetylase
activation domain (DAD) of SMRT has revealed that the 1P4is sandwiched in between HDAC3

and SMRT, where a basic pocket is formed by the interface residues to facilitate the 1P4 binding
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(Figure 18). Upon complex formation, the conformation of the N-terminal helix of the DAD
domain rearranges over the surface of HDAC3 covering amino acids from Helices H1, H2, strand
S2 and loop L2 and L6 of HDAC3. The interaction surface of HDAC3 and the co-repressor
complex is highly conserved in class | HDACs (except HDACS8) as well as in the corepressor
complex SANT domains, except Sin3A. These structural parts of HDAC3 are distinct from
HDACS, which makes possible for HDACS8 to act without IP4 activation (Figure 17). In the
absence of IP4 the basic amino acids would repulse and results in the inactivation of HDAC3 in

the complex environment. In this scenario P4 acts as molecular glue holding two proteins together.
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Hs HDAC1 YDGDVG TGO RIRMTHNLLLNYGL
Sc RPD3p YDADVGNYAYGAGHP RIRMAHSLIMNYGL
Hs HDACS YSPEYVEMCDSLAK--IPKRASMVHSLIEAYAL
Hs HDAC3 LGCDRLGCF . ..GYT VAR .. .YSEEFERFA
Hs HDAC2 LSGDELGCF...GYTIRNVAR .. .YNDEFERFG
Sc RPD3p LSEGDRLGCF. ..GYT VAR.. .YNDXFEXFG

= 8 3
Hs HDAC2 YDGDIG TGO RIRMTHNLLLNYGL
0
Hs HDAC1 LSGDRLGCF...GYTIRNVAR .. .YNDEFERFG
Hs HDACS IAGDPMCSFE. . .GYNLANTAR .. .DHEFFTAYG

Figure 17: Sequence alignment of HDAC loops
Sequence alignment of class | HDACs with highlighted amino acids important for IP4 and corepressor
binding respectively in blue and red in colour. Picture adapted from (Arrar, Turnham et al. 2013).

Further, IP4 not only plays a structural role but also it participates in the activation process
of HDAC3 by modulating HDAC dynamics. R265 of HDAC3 loop L6 forms an important
interaction with 1P4 and the consecutive amino acid, L266, is involved in the construction of the
active site pocket. Binding of 1P4 may stabilize the dynamic loop L6 which in turn enhances the

deacetylase activity (Arrar, Turnham et al. 2013).

92



Figure 18: Crystal structure of HDAC3-SMRT complex

Left panel: Ribbon representation of HDAC3 (Jaiswal, Turniansky et al.) DAD-SMRT (magenta)
complex (pdb: 4A69). IP, is represented as spheres in cyan and orange colour. Catalytic Zinc and potassium
ions are shown as yellow, orange spheres respectively. Right panel: close up view of IP4 binding interface with
sub pocket numbers which are important for activation mechanism. HDAC3 and DAD-SMRT are shown in
surface representation while IP4is shown as cyan and orange sticks.

The IPs mediated interaction mechanism was also reported by the crystal structure of
HDAC1-MTAL1 (Metastasis-associated protein 1, a subunit of co-repressor complex NuRD)
complex in presence of a substrate peptide which is derived from H3 (Figure 19). The binding
pocket of IP4binding contains three sub pockets A, B and C which plays an important role in the
activation mechanism. IPs which is the precursor of IP4, in spite of its physiological abundance,
cannot activate HDACs because it cannot occupy all three sub pockets. Further and most
importantly, two amino acids Q26 and G27 in HDACL1 mediates hydrogen bonds with IP4 and
substrate peptide on the either sides of the loop (Watson, Millard et al. 2016). These interactions
stabilize the active site pocket of class | HDACs (except HDACS), which results in the enhanced

activity.
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Figure 19: Surface representation of HDAC1-MTA1 complex crystal structure:

Left panel: HDAC1-MTA1 complex ribbon representation (pdb: 5ICN). Important amino acids are
numbered. Right panel: surface representation of interaction surface between IP, with HDAC1 and MTAL.
Important amino acids Q26 and G27 which participates in the interaction with substrate peptide and IP, are
represented.

1.3.4.2. Complexes of Class Il HDAC:

Due to lack of a catalytic tyrosine, class 1la HDACs possess very weak activity. However,
the overall catalytic function of class Ila HDACs is dependent on co-repressor complexes. Class
Ila HDACs are majorly associated with NCoR/SMRT complexes in presence of HDACS.
Nevertheless, the knowledge of class 1la HDACs mechanism of action in presence of co-repressor
complexes is hindered due to the lack of structural information on how these HDACs interact in
multiprotein complexes. The complex forming ability of class 1l HDACs is also evident in lower
organisms. Hdal in yeast is the homologue of class Il HDACs, self-associates to form a functional
tetrameric complex in presence Hda2 and Hda3 (Wu, Carmen et al. 2001). Class lla HDACs
shuttle between the nucleus and the cytoplasm which requires an active interaction with transporter
protein such as proteins 14-3-3, kinases and phosphatases. Phosphorylation of HDAC4, HDAC5
and HDACY is important for the interaction with the 14-3-3 proteins and enables the nuclear export
of class Il enzymes. In contrast HDACSG is found in association with cytoskeletal proteins and

chaperons (Zhang, Yuan et al. 2007).
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1.3.4.3. Sirtuin complexes:

Sirtuin complexes have been less studied. So far, there is no complete characterization that
was done for a single sirtuin complex. To date no crystal structure of sirtuin is available in complex
with an interacting partner. This hinders the knowledge in understanding sirtuin biology
(Sacconnay, Carrupt et al. 2016). Nevertheless, yeast sirtuin Sir2 has been identified in two protein
complexes (Figure 20), where one complex is formed by Sir2, 3 and 4 proteins and which is
responsible for the stabilization of telomeres and is also involved in the silencing the telomeric and
HM loci. During double strand DNA (dsDNA) break repair, the Ku heterodimer (required for non-
homologues end joining DNA break repair) translocate from telomeres to the dsDNA breaks and
recruits the Sir2/3/4 complex in order to silence the transcription.

The second complex of Sir2 is formed in complex with Netl and cdc14 which has the
suppressing role in genetic recombination. Sir2 participates in RENT (regulator of nucleolar
silencing and telophase exit) complex, which mediates the silencing of ribosomal DNA (rDNA)
(Huang and Moazed 2003). At rDNA locus Sir2 recruitment facilitates the condensation of
chromatin and thereby down regulates the rRNA expression. As a consequence, rRNA loci is
regulated from non-specific recombination. Further, the binding of Pch2, a meiotic check point
protein to Sir2 also prevents the recombination at rDNA locus during meiosis. Sir2 also forms a

complex with cdc14 which plays an important role in the cell cycle progression.
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Figure 20: Sirtuin complexes
Yeast Sir2 protein complexes. Sir2 forms different complexes in association with other sirtuins and
cellular protein. Picture is adapted from (Grozinger and Schreiber 2002).

1.3.5. Substrates of histone deacetylases

Histone deacetylases are among the proteins in the cell that show a wide diversity in their
substrates, which includes histone substrates and non-histone substrates. It is difficult to
differentiate histone substrates with histone deacetylase isozyme specificity because in in vitro
assays, all histone deacetylases deacetylate histone substrates without specificity. Several non-
histone substrates have been discovered which highlight the vast cellular functions that involve
histone deacetylases. The first non-histone histone deacetylase substrate identified was p53 which
is acetylated by PCAF and p300 proteins in response to DNA damage, while the same is
deacetylated by HDAC1, HDAC2, HDAC3 and SIRT1 (Ito, Kawaguchi et al. 2002, Yoshida,
Kudo et al. 2017). The substrates of histone deacetylases include both nuclear and cytosolic

proteins.
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The nuclear substrates of histone deacetylases include transcription factors p53, YY1,
HMG, STAT3, ¢c-MYC, MyoD, GATA factor, EKLF, E2F/Rb, NF-xB, Smad 7, HIF-1a and
nuclear receptors such as the androgen receptor and the estrogen receptor. Cytosolic substrates of
histone deacetylases include a-tubulin, Importin-a, mitochondrial ku70, Hsp90 before nuclear
export, Smc3. Apart from cellular proteins few viral proteins are also subjected to acetylation by
p300 and PCAF such as E1A and HDAg whose deacetylation enzymes are not clear (Glozak,
Sengupta et al. 2005).

Class | HDACs:

HDACL in association with the Sin3 corepressor complex participates in the deacetylation
of p53. The acetylation sites on p53 are also associated with ubiquitination which suggests that the
acetylation of p53 stabilizes p53, whereas deacetylation promotes degradation of p53 via
ubiquitination. Class | HDACs also deacetylates YY1 protein (Yin Yang 1) which is a DNA

binding protein and has a dual role in transcription activation as well as repression.

One of the most interesting class | HDACs is HDAC8 which has several non-histone
protein substrates. In vivo evidence for histone deacetylation function for HDACS8 is not
determined so far, however, several non-histone proteins are identified such as substrates: inv (16),
smc3, ERR-a, CREB, p53, ARID1A (Wolfson, Pitcairn et al. 2013).

HMG proteins are involved in DNA bending at distorted regions by which they regulate
chromatin structure organization. SRY is one of the HMG family protein which is deacetylated by
HDAC3 which results in the loss of nuclear localization of SRY. This is one example where
HDACSs can regulate chromatin compaction in an indirect manner (Thevenet, Mejean et al. 2004).
HDACS3 also deacetylates STAT3 which is a cytosolic transcription factor involved in cytokine
dependent pathways. Deacetylation of STAT3 affects dimerization ability of STAT3, which is

important for its function.

Class Il HDACs:

HDACES is a major deacetylase in the cytosol. It has been shown to deacetylate different

substrates. a-tubulin is one of the most studied substrate of HDACG6 which is involved in the cell
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motility, adhesion, immune synapse and ciliogenesis functions. Cortactin is another substrate of
HDACS6 that has a role in the cell motility. Also HSP90 has been identified as HADCG6 substrate,
which participates in GR maturation, kinase activation and micropinocytosis. Another substrate of
HDACSG is IFNaR whose function is unknown. Interestingly HDAC6 contains a ubiquitin binding
domain, which plays an important role in stress response, autophagy, macropinocytosis and
aggresome formation by interacting with ubiquitin (Yang and Seto 2008).

1.3.6. Mechanism of action

1.3.6.1. Mechanism of class | HDACs

Due to the structural conservation of the HDAC active site residues, it is assumed that all
HDACs have a similar mechanism of action. Yet, the HDAC catalytic mechanism remains a matter
of debate. So far, three alternate mechanisms were proposed (Figure 21). The first mechanism was
proposed based on the crystal structure of the HDAC-like protein HDLP of Aquifex aeolicus in
presence of SAHA and TSA (Finnin, Donigian et al. 1999). According to this mechanism, the
divalent Zn*? at the bottom of the catalytic pocket coordinates with two aspartate residues D178
and D267 (amino acid numbers corresponding to human HDACS), and a histidine, H180, residue.
Also a pair of histidine-aspartate (H142-D176 and H143-D183) charge-relay hydrogen bond dyad
systems present near the bound substrate. This arrangement resembles catalytic triad in serine
proteases, and is conserved among all HDACs except class Il and class IV HDACs where D183 is
replaced by glutamine and asparagine amino acids respectively. A tyrosine (Y306 in HDACS)
residue and also two K* ions are important constituents of HDAC structure.

According to the mechanism proposed by Finnin et al., the substrate binds in the active site
pocket where Zn*? co-ordinates the carbonyl oxygen of the substrate and the catalytic water
molecule. The carbonyl carbon is polarized by the Zn*? and acts as an electrophile and orients in
close proximity of the water molecule. H143 is initially protonated and H142-D176 charge relay
system acts as general base and increases the nucleophilicity of water by abstracting a proton.
Upon nucleophilic attack of the water on the carbonyl carbon of the substrate, a tetrahedral
intermediate is formed which is stabilized by Zn*? and also by a hydrogen bond with the hydroxyl
group of the catalytic tyrosine. Finally, the carbon-nitrogen bond breaks with the acceptance of a
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proton from the histidine-aspartate (H143-D183) charge relay system, and the leaving acetate and

lysine side chain remain as final products.

A second mechanism was proposed using the density functional theory (Vanommeslaeghe,
De Proft et al. 2005). In this mechanism, H143 stays neutral initially, and after substrate binding
H142 deprotonates the water molecule and results in the tetrahedral intermediate formation due to
the nucleophilic attack of the water molecule. At this step, a proton is transferred from H142 to
H143 which is more acidic because of its partial solvent exposure. This leads to deprotonation of
H143 by the lysine € amino group and subsequent breakage of C-N bond which releases the acetate

and a protonated lysine residue.

Recently a third mechanism was proposed using DFT quantum mechanics / molecular
mechanics (QM/MM) (Corminboeuf, Hu et al. 2006). In this mechanism H142 and H143 both are
not protonated initially. Upon binding of the substrate, the water molecule is protonated by H143
which results in tetrahedral intermediate formation. H143 transfers a proton to the amide nitrogen,
which leads to the breakage of the amide bond and product release. Finally, a revised new
mechanism supports the first proposal that H143 acts as both general base and general acid catalyst,
while H142 is protonated and acts as an electrostatic catalyst (Gantt, Decroos et al. 2016).
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Figure 21: Class | HDACs mechanism of action.
a) Class | HDAC mechanism of actions as proposed by Finnin (a), Vanommeslaeghe (b), and
Corminboeuf (c). In a) amino acid are numbered according to human HDACS, in b) and c) amino acid numbers

are corresponding to HDLP.
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1.3.6.2. Mechanism of Class || HDACs.

In class Ila HDACs the absence of a tyrosine at the catalytic site hinders the deacetylation
reaction. The substrate binding occurs similarly as in the class | HDACs where it binds to the
catalytic zinc and water molecule. The nucleophilic water molecule attacks the carbonyl carbon of
the acetyl-lysine which is rendered due to the lack of a hydrogen bond from hydroxyl group of
tyrosine. Further, the intermediate undergoes protonation by histidine residue (H803 of HDAC4)
to leave the products acetyl group and lysine residue (Figure 22). In general class Ila HDACs
participates in interaction with HDAC3 to fulfill their deacetylation activity. Due to lack of

tyrosine the active site pocket of class Ila HDACs becomes wider and may bind bigger acyl-lysine

compounds.
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Figure 22: Class lla HDACs mechanism of action
Amino acid numbers correspond to HDACA4. Picture adapted from (Bonomi, Mukhopadhyay et al.
2015).

In class I1b HDACs the catalytic mechanism is similar to class | HDACs (Figure 23). The
catalytic zinc of HDACG6 coordinates active site residues and a water molecule to form a tetra
coordinated state. When the substrate binds to the catalytic zinc, it does not displace the water
molecule and results in the penta-coordinated metal ion. The nucleophilic attack of the water
molecule leads to the formation of the tetrahedral intermediate which is further stabilized by Y745
(equivalent to Y306 in HDACS). In HDACEG the tandem histidines of the charge relay system can
act as general acid and general base individually, which is in contrast to the proposed HDACS8

mechanism where only one histidine participates in the protonation, while the other histidine acts
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as electrostatic catalyst. Further, the tetrahedral intermediate collapses to form acetyl and lysine

products.
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Figure 23: HDAC6 mechanism of action
Picture modified from (Hai and Christianson 2016).

1.3.6.3. Mechanism of action of sirtuins

Unlike Zn*? dependent HDACS, sirtuins requires NAD™ for their catalytic reaction (Figure
24). Sirtuins reaction mechanism follows a sequential kinetic mechanism in which a ternary
complex is formed by NAD™ and acyl- or acetyl-lysine (Jiang, Liu et al. 2017). In the active site
pocket, acetyl-lysine binds before the NAD* and the release of products follows the order as
nicotinamide which is followed by deacetylated product and ADP-ribose. In presence of acyl-
lysine and NAD", sirtuins form a complex which is known as Michaelis complex, which then
passes through two intermediate stages alkylamidate and bicyclic intermediate which follows
either of the proposed three steps to release the products.
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Figure 24: Sirtuin mechanism of action

Steps involved in sirtuin mechanism are depicted in sequence. | mechanism is for deacetylation and
second mechanism is for deacylation reactions. Intermediate stages were supported with the crystal
structures. B: is general base. Different R groups that can be deacylated or depicted in the left bottom corner.
A to C path indicates three possible ways to collapse bicyclic intermediate. Picture adapted from (Jiang, Liu
et al. 2017).

1.3.7. Histone deacetylases in diseases and therapy

1.3.7.1. Inhibition of HDACs in human diseases

One of the interest in HDAC studies is to understand the role of deacetylation in human
health and diseases. Hypo- and hyper-acetylation are associated with many diseases due to the
alterations of different cellular functions like gene regulation, cellular development and
differentiation, cell cycle progression and chromosome translocation. HDACs deacetylation
activity is predominantly associated with several human cancers, but also non-malignant diseases
such as neurodegenerative diseases, inflammatory disorders, metabolic disorders and
cardiovascular diseases (Wiech, Fisher et al. 2009, Shakespear, Halili et al. 2011, Arrowsmith,
Bountra et al. 2012). For example, class | HDACs are associated with lung cancer, ovarian cancer
and also non-cancerous diseases such as cardiac diseases and gastric defects (Bartling, Hofmann
et al. 2005, Song, Noh et al. 2005, Khabele, Son et al. 2007).
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Inv (16) is a fusion protein that plays an important role in the transcription repression which
is assisted by HDACS8. Abnormality in this process results in acute myeloid leukemia (Durst,
Lutterbach et al. 2003, Krennhrubec, Marshall et al. 2007). Mutations in HDACS are observed in
the Cornelia de Lange Syndrome, a developmental disorder (Decroos, Bowman et al. 2014).
HDACS regulation is affected by estrogen signaling which is associated with estrogen receptor-

positive breast cancer (Saji, Kawakami et al. 2005).

HDACSs are involved in many different pathways, which are dysregulated during HDAC
pathophysiology. An inhibition of an HDAC alters cellular functions in many aspects, as shown
in (Figure 25). HDAC inhibitors (HDACI’s) have been shown to play a role in neuroprotection.
Valproic acid reduces brain damage in cerebral ischemia models (Ren, Leng et al. 2004). The role
of HDACI’s on memory retention have been investigated in many mice models which has
implications in Alzheimer’s disease. HDAC2 has a negative role in the memory formation:
HDAC?2 knock out and HDACI’s treated mice showed increased memory formation and retention
(Guan, Haggarty et al. 2009). HDACI’s facilitate angiogenesis and myogenesis and improves
recovery from myocardial infarction. HDACI’s also plays a role in regeneration and
reprogramming of differentiated cells in to induced pluripotent cells which has significance in stem
cell therapy (Webster, Yan et al. 2013).

A novel promising approach in cancer therapy that is currently investigated consists in
combining epigenetic drugs (epidrugs) with other cytotoxic drugs. This approach is proposed to
increase the specificity for cancer cells and to reduce the cytotoxic effects. This approach has also
showed good results in stabilizing the diseases by inhibiting cancer progression. Cytotoxic drugs
such as calpeptin and telomere homolog oligo nucleotide are able to sensitizes breast and ovarian
cell lines when used in combination with HDACI’s (Sarkar, Horn et al. 2013). HDACi’s were also
shown to down regulate DNMT1 and induce demethylation of tumor suppressor genes.
Combination of HDACI and azacitidine showed synergistic results (Sarkar, Goldgar et al. 2013).
In a recent phase I/11 clinical trials, patients with recurrent metastatic NSCLC (non-small-cell lung
cancer) were given azacitidine in combination with entinostat. This treatment was well tolerated
and the methylation of promoters (APC, RASSF1A, CDH13, CDKN2A) was found decreased in
two hypermethylated promoter regions (Sarkar and Faller 2011).Combinations of ACY-125, a
HDACSG inhibitor, and bortezumib, a protease inhibitor, showed positive results in myeloma mouse
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models (Santo, Hideshima et al. 2012). All these examples are highlighting the potential of

combinational approaches in cancer therapy.

In addition, HDACs are found in all major human parasites and they regulate a wide range
of functions in parasites (Andrews, Haque et al. 2012). Host macrophages are important
components of the immune system that engulf pathogens upon activation by interferon- y (INF-y).
T. gondii can down regulate the interaction between macrophages and INF-y, hence affecting
macrophage activation. This process can be reversed by HDACi’s which shows HDACs
importance (Lang, Hildebrandt et al. 2012). Another interesting strategy that parasites employ is
the transformation of the host cell by altering the host cell epigenetic enzymes upon intracellular
infection. Theileria parasite causes easy coast fever, and induces host cell transformation in the
leukocyte epigenetic enzymes for the parasite replication (Marsolier, Perichon et al. 2015).
HDACS is one of the major epigenetic enzyme that is manipulated by Theileria (Kinnaird, Weir
et al. 2013). Likewise, HDACs play different set of functions in parasites, to survive in the host
cell, which allow HDACs to stand as an important class of enzymes to develop potential anti-

parasitic drugs.
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Figure 25: Consequences of HDAC inhibition:
HDACi’s blocks few cellular pathways which are important for cell survival, and activates few
pathways that leads to cell death. Image adapted from (New, Olzscha et al. 2012).
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1.3.7.2. Anintroduction to HDAC inhibitors

HDAC inhibitors (HDACI’s) affect different cellular functions. Some functions are
activated upon treatment, wheras others are repressed. Inhibited functions include tumor cell
proliferation, angiogenesis, autophagy, cell differentiation and development, whereas activated
pathways include, cell cycle arrest, upregulation of crucial genes with anti-cancer effects and
apoptosis (Marks, Richon et al. 2000, Bolden, Peart et al. 2006). To date, four HDAC inhibitors
have been approved by the American and Chinese Food and Drug Administration (FDA),
Vorinostat (Zolina), Romidepsin (Istodax), Belinostat (Beleodaq), Panobinostat (Farydak), and
one by the Chinese FDA, Chidamide (Figure 26). Further, Quisinostat, Entinostat and Mocetinostat

are under clinical trials. A table of HDACI’s current status is shown in (Table 8).
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Figure 26: Chemical constituents of a HDAC inhibitor
A pan-HDAC inhibitor SAHA showing three different chemical moieties which are importantly found
in a HDAC inhibitor.

HDACI’s in general, mimic acetylated lysine residues and contains three chemical moieties
a metal binding group (warhead) that chelates the catalytic Zn*?, a linker group that mimics the
lysine side chain which occupies the catalytic pocket, and finally a capping group that interacts

with surface residues of the active site pocket. Several warheads have been proposed for HDACI
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and that include carboxylic acids, hydoxamic acids, cyclic peptides, short chain fatty acids and

Benzamides (Figure 27).
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Figure 27: Different classes HDAC inhibitors
Picture is adapted from (Ghosh, Perrine et al. 2012)

SAHA (suberanilohydoxamic acid) is the pioneer of HDAC inhibitors and was approved
by the American FDA in 2006 for the treatment of cutaneous T cell lymphoma. SAHA can inhibit
HDAC1-9 without any isoform selectivity, and is therefore known as pan-HDAC inhibitor (Grant,
Easley et al. 2007). SAHA causes hyperacetylation of histones and non-histone proteins such as
p53 and heat shock protein 90 (HSP90). SAHA induces apoptosis and cell death in cancer cells,
however, several side effects have been noticed in SAHA administration such as diarrhea, fatigue,

nausea and anorexia.

Among different classes of HDACI’s mentioned in the Figure 27, hydroxamate derivatives
have different drawbacks such as poor pharmacokinetic properties, poor absorption in human
body, off target effects with other metallo-enzymes, enzymatic hydrolysis in the cell, etc. (Mann,
Johnson et al. 2007, Botta, Cabri et al. 2011). Due to their off target effects, hydroxamate
derivatives may cause nausea, anemia, thrombocytopenia etc, Therefore, inhibitor selectivity is a

very important aspect when designing HDACI’s (Mann, Johnson et al. 2007). However, there are
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few advantages that also exist for using hydroxamate inhibitors. Due to their pKa of 9-9.5, the
hydroxamate moiety remains neutral at physiological pH, which helps with the cell membrane
permeability (Wang, Helquist et al. 2007). After co-ordination with the catalytic Zn*?, the pKa of
the hydroxamate moiety appears to be reduced and forms an anionic form. Due to this, the
hydroxamate warhead more tightly coordinate with catalytic zinc and the tetrahedral state is further
stabilized.

Three important constituents of a HDACi which are depicted in Figure 26, plays three
different roles in inhibiting an HDAC enzyme. The warhead interacts with catalytic residues H142,
H143 and Y306 (corresponding to HDACS). Specifically, the hydroxyl group of the hydroxamate
moiety replaces the catalytic water molecule, thereby the inhibitor is able to form a tetrahedral
intermediate as mentioned in section 1.3.6.1. The linker of the inhibitor mimics the aliphatic side
chain of the acetyl-lysine and it is located in the active site pocket where it forms Van der Waals
interactions with active site residues. The capping group of the inhibitor interacts with amino acids
on the surface of the catalytic pocket. By manipulating the chemical constituents of this general

form of the inhibitor, one can potentially design more potent and more selective inhibitors.
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Table 8: HDAC inhibitors
Table represents HDACis that are available to treat cancers and those under clinical trials.

Inhibitor Trade name | Classification | Target Treatment Status
HDAC
SAHA Zolina Hydroxamate Pan HDAC Cutaneous T- | 2006
(Vorinostat) cell lymphoma
Romidepsin Istodax Cyclic peptide | Pan HDAC Cutaneous T- | 2009
cell lymphoma
Belinostat Beleodaq Hydroxamate Pan HDAC Peripheral T-| 2014
cell lymphoma
Panobinostat Farydak Hydroxamate Pan HDAC Multiple 2015
myeloma
Chidamide - Benzamide Class I and IV | Peripheral T- | 2015
and HDAC 10 | cell lymphoma | (approved
by
Chinese
FDA)
Mocetinostat - Benzamide HDAC 1 | Various Clinical
(minimal cancers trials
HDAC2, 3
and
11)(Fournel,
Bonfils et al.
2008)
Entinostat - Benzamide HDAC 1 and | Hodgin Clinical
3 lymphoma, trials
lung and breast
cancer
Givinostat - Hydroxamate Pan HDAC Refractory Clinical
myeloma trials
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1.3.7.3. Selective inhibition of HDACs

The majority of HDAC inhibitors are non-selective inhibitors. Due to their specific and
their wide range of cellular functions, it is very important to target HDACs with decreased adverse
effects, and also to deliver the inhibition of a desired biological function, through isozyme
selectivity and specificity. So far, the FDA approved inhibitors are pan-HDAC inhibitors. Recently
two HDAC inhibitors NCC149 and PCI-34051 were proposed as HDACS selective inhibitors, but

the molecular basis of their inhibition mechanism remains poorly understood.

Due to the high structural conservation of HDACs active site pockets, it is difficult to
design isozyme-selective inhibitors. Structural information is a much needed information to
overcome this problem. Capping groups of HDACI’s that interact with distinct surfaces can

provide the possibility to design isozyme-selective inhibitors.

Cyclic peptides which mimics substrate peptides displays class | selectivity. The natural
compounds trapoxin A and B are examples of cyclic peptides that possess class | selectivity
(Furumai, Komatsu et al. 2001). Class Il HDACs active site pocket surface does not allow the
binding of cyclic peptide inhibitors. However, due to its structural similarity with class | HDACS,
HDACSG can bind cyclic peptide inhibitors (Hildmann, Wegener et al. 2006). In addition, Tubacin,
a structural mimic of HDAC6 canonical substrate o-tubulin, can inhibit HDACG6 and also HDAC1
(Haggarty, Koeller et al. 2003). Tubacin inhibits only one catalytic domain of HDACSG.

The loops of different sizes at the rim of active site pocket leads to different shapes of entry
sites for distinct classes of HDACs. These loops are flexible enough to undergo different
conformational changes during substrate recognition and binding, which facilitates substrate
specificity. In HDACS loop L2, at the surface of the active site pocket contains a conserved amino
acid, D101, that is present in class | and Il, and which has significance for substrate binding.
Mutation of this residue decreases enzyme activity (Bottomley, Lo Surdo et al. 2008, Weerasinghe,
Estiu et al. 2008). Loop L1 is more flexible in HDACS8 than in other class I HDACSs, and
participates to the formation of the acetate release channel in association with F152,

HDAC isozyme-selective inhibition can be achieved by the use of structural information
and by optimizing the chemical moieties of inhibitors. Benzamides are more selective for class |

HDACs compared to hydroxamate inhibitors (Chou, Herman et al. 2008, Khan, Jeffers et al.
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2008). Benzamides exhibit slow binding properties in HDAC catalytic pocket (Lauffer, Mintzer et
al. 2013).

In class | HDACSs, a foot pocket is formed by hydrophobic amino acids near the catalytic
pocket and is absent in class Il HDACs. After deacetylation, the protonated lysine side chain leaves
through the catalytic channel while the acetate leaves through this acetate channel (Wang, Wiest
et al. 2004). This foot pocket is 14A wide and connects the surface of the HDAC to the catalytic
pocket. L1 rearranges to facilitate the release of the acetate with the help of two other amino acids
R27 and R16, which guide the acetate exit via hydrogen bonding (Wang, Wiest et al. 2004).

In HDACS this internal channel is distinct compared to other class | HDACs, whereas it
shows two subchannels with a 12 A release channel and a 14A disposal channel. R37 and W141
guide acetate release by concerted mechanism (Whitehead, Dobler et al. 2011). When acetate
moves in the disposal channel, the release channel is closed by W141 due to the rearrangement of
R37. Acetate releases through the channel only when W141 is in out conformation. Water
molecules reach the catalytic pocket either through the catalytic channel (Whitehead, Dobler et al.
2011) or by exchange of acetate via the acetate release-channel (Vannini, Volpari et al. 2004).
Apart from this several surface amino acids that facilitate acetate release. Impairment in acetate
release inhibits HDACS activity (Lee, Rezai-Zadeh et al. 2004).

Pockets in HDACs are distinct and are key determinants for the selective inhibition (Burli,
Luckhurst et al. 2013). Trifluromethyloxadiazolyl (TFMO) compounds forms a U shape that
occupies the lower foot pocket of class Ila enzymes which shows selectivity towards this class of
enzymes (Lobera, Madauss et al. 2013). Other possibilities are to target the surface of active site
pocket, targeting specific complexes and other interacting partners of HDACs which are important
for deacetylation activity. Allosteric sites could also be used to design isoform selective inhibitors
such as IP4 binding site in HDAC 1-3 and CCHC motif in class Il HDACs. Distinct pockets in
HDACSs provide and additional degree of selectivity opportunities, where the inhibitors need not
to be a strong chelators of a catalytic metal atom, but extra protein-ligand interactions can achieve
high potency.

One major limitation in developing HDAC therapeutics is the lack of understanding about

HDAC and canonical substrate interactions. How HDACSs recognize substrates? Especially in case
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of HDACS, in spite of having a large number of non-histone substrates, the mechanism of
recognition and mechanism of catalysis are poorly understood. This fundamental aspect can be

understood by examining one of the HDAC8 major substrate, the Cohesin complex.

1.3.8. HDACS

1.3.8.1. Introduction to HDACS8

Among all the HDACs, HDACS is one of the best characterised enzyme which is
associated with several cellular functions and pathophysiology. The first crystal structure of HDLP
was solved in 1999, which is a homologue to human HDACS (Finnin, Donigian et al. 1999). After
a while, the first crystal structure of human HDAC8 (hHDACS8) was solved in 2004 (Somoza,
Skene et al. 2004). Ever since a plethora of HDACS structures were published encompassing
complexes with different inhibitors and mutated versions. To date, 52 HDACS crystal structures
were deposited in the protein data bank, of them 45 are of human origin. These numbers reflect
the importance and the amount of characterization carried out with HDACS8 enzyme. Detailed

structural aspects of HDACS8 were described in the section 1.3.3.1).

The debate on HDACS substrates is a long-lasting aspect which remains to be addressed.
In vitro HDACS8 can deacetylase all histones, but in vivo histone deacetylation by HDACS is
unnoticeable. The first non-histone substrate of HDACS identified was p53, a transcription factor.
The deacetylation activity of p53 derived peptide was much faster than the deacetylation of H4
derived peptide substrates, which suggests that non-histone proteins are preferable substrates of
HDACS in vivo (Wolfson, Pitcairn et al. 2013). Identification of p53 as HDACS substrate also
suggested the cytosolic localization of HDACS8 and further triggered the identification of non-
histone substrates of HDACS. In the (Figure 28) a list of non-histone substrates of HDAC8 was
mentioned which included Smc3, Estrogen-related receptor o, AR1D1A, cortactin, inv (16), p53
etc. The substrates of HDACS are distributed in both cytosol and nucleus which also reflects the
HDACS localization.
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Figure 28: HDACS substrates
Picture adapted from (Chakrabarti, Oehme et al. 2015).

HDACS is implicated in many cancer and non-malignant diseases. HDACS overexpression
is observed in different cancers like colon, breast, lung, hepatocellular carcinoma, pancreas
tumours, acute myeloid leukaemia, acute lymphocytic leukemias, gastric cancer, child hood
tumours of the nervous system like neuroblastoma etc (Wu, Du et al. 2013, Song, Wang et al.
2015, Wilmott, Colebatch et al. 2015). Overexpression of HDACS in cancer cells results in cell

proliferation and inhibits apoptosis.

Among the FDA approved anti-cancer drugs which target HDACs none are isozyme
selective. However, with the increasing structural information of HDAC members, selective
inhibition of isozymes is of growing interest. So far two HDACS selective inhibitors have been
suggested which includes PCI-34051 and NCC149, where PCI-34051 was shown to induce PLCy
mediated apoptosis in Jurkat cell lines (Balasubramanian, Ramos et al. 2008, Suzuki, Muto et al.
2014).

HDACS8 mutations are associated with non-malignant diseases, which includes Cornelia de
Lange syndrome which will be discussed in the next section. In another case, HDAC8 mutations
have been identified in an X-linked intellectual disorder which is characterised by truncal obesity,
gynecomastia, hypogonadism and unusual face, where the symptoms are overlapping with the
Wilson Turner syndrome (Harakalova, van den Boogaard et al. 2012). The Wilson syndrome is
also an X-linked disorder in which HDC8 gene mutations were proposed as the only reason for

this disease.
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HDACS is a unique enzyme among all other HDAC enzymes as it has few similarities and
differences with other HDACs. Among class | HDACs, HDACS8 is the exception from
participating in the formation of complexes, where HDAC1-3 are usually the constituents of
corepressor complexes, and the possible reason is due to the divergent evolution of HDACS8 from
the ancestors which helped it to function in isolation (Gregoretti, Lee et al. 2004). Yet, several
interesting reports have been shown that co-immunoprecipitated or pulled down HDACS8
associates with different protein partners. However the biological relevance and characterization

of these complexes are not investigated (Wolfson, Pitcairn et al. 2013).

CREB is a cellular transcription factor which is activated upon phosphorylation and results
in gene expression while dephosphorylation by PP1 inactivates CREB. HDAC1 plays an important
role in CREB inactivation by targeting PP1 to CREB. Recently, HDACS8 has been shown to co-
immuno precipitate with CREB and PP1, and in vivo studies shown the down regulation of CREB
by HDACS expression (Gao, Siddoway et al. 2009). In another study, immune florescence staining
experiments revealed co-localization of HDACS8 with smooth muscle a-actin in murine fibroblast
cells and explained HDACS role in the cell contraction (Waltregny, De Leval et al. 2004). Further,
pull-down experiments demonstrate the interaction of HDAC8 with Hsp20 and cofilin which are
actin interacting protein, which strongly suggests HDACS role in complexes that are involved in
actin dynamics (Karolczak-Bayatti, Sweeney et al. 2011). Phosphorylated HDACS8 protects
human ever shorter telomerase 1B (hEST1B) from E3 ubiquitin ligase CHIP (C-terminal heat
shock protein interacting protein) by recruiting Hsp70. The bacterial two-hybrid assay suggested
that Hsp70 forms a complex with phosphorylated HDAC8 and hEST1B, in presence of HOP1,
which is a chaperone, this complex having a role in stabilization of hREST1B (Lee, Sengupta et al.
2006). However, these results are only preliminary and a detailed investigation must be carried out
to understand the possible role of HDACS8 in complex formation. A non-histone substrate of

HDACS, the Cohesin complex is detailed in the next section.

1.3.8.2. Role of HDAC8 on the Cohesin complex

From Archaea to higher eukaryotes every cell undergoes chromatin segregation during cell
division where the genome has to be split equally into the two new daughter cells (Cobbe and Heck
2004, Gligoris and Lowe 2016). The ring-shaped Cohesin complex mediates chromatin

segregation and is one of the important target of HDACS8. Apart from chromosome cohesion, this
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complex also participates in chromosome condensation, chromatin organization, transcription

regulation and DNA repair (Lopez-Serra, Kelly et al. 2014).

The architecture of the Cohesin complex is depicted in (Figure 29). SMC (Structural
Maintenance of Chromosome) proteins contain three domains, the middle hinge domain, which
helps with the homo dimerization, the N- and C- terminal ends that fold back at the hinge and
interact together to forms a nucleotide binding ATPase domain (Cobbe and Heck 2006). These
two regions are separated by a long-coiled coil region. Smc heterodimers with a third protein
kleisin (Sister Chromatid Cohesion 1 - SCC1), forms a ring-shaped complex which holds sister
chromatids during S phase of cell cycle (Schleiffer, Kaitna et al. 2003).

Hinge

SMC1A (SMC1B)

Coiled-coil

RAD21

(RECS,
ATPase RAD21 or
head RAD21L)

PDS5A or
PDS5B

WAPL

Sororin

Nature Reviews | Cancer

Figure 29: Cohesin complex architecture.
Image adapted from (Losada et al. 2014)

In eukaryotes four SMC trimeric complexes have evolved through smc gene duplication
and speciation (Cobbe and Heck 2006, Gligoris and Lowe 2016). The Cohesin complex is

composed of Smcl, Smc3 and Sccl and participates in sister chromatids cohesion. Condensin |
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and condensin 11 contains Smc2, Smc4 and Brnl and has functions in gene regulation, DNA repair
and recombination. The Dosage compensation complex is a variant of condensin found in
Caenorhabditis elegans, is composed MIX1, DPY27 and DPY26, and is involved in hetero
chromatin formation. The Smc5-6 complex contains Smc5, Smc6 and kleisin delta (Nse4) and has

an important role in DNA repair (Gligoris and Lowe 2016).
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Figure 30: Cohesion - cell cycle regulation.
See text for description. Picture adapted from (Losada 2014).

A graphical description of cohesion cycle is shown in (Figure 30). HDACS has been shown
to deacetylate subunit Smc3 from the Cohesin complex. Cohesin is loaded onto sister chromatids
in early G1 phase which is assisted by, nipped B like protein (NIBL) - MAU2 heterodimer. This
heterodimer transfers ATP hydrolysis energy from the Smc head domains to the hinge domain to
transiently dissociate the hinge dimer for the entry of DNA (16). Once the DNA is trapped inside
the Cohesin complex, it cannot escape from the Cohesin complex because of the high tension
created by the metastatic spindle. This arrangement resembles a ring where V shaped Smc1/3
heterodimers is closed by Sccl. The binding of Sccl to the Smcl and Smc3 head domains is not

symmetrical. Specifically, the binding interfaces are different in Scc1-Smcl and Sccl-Smc3. To
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be precise, the C-terminal part of Sccl is involved in the binding to Smc3 at the bottom of the head
domain, while the N-terminal part of the Sccl interacts with Smc3 head domain near the coiled

coil region.

During telophase and G1 phase, the Cohesin complex which is loaded on chromatin can be
released dynamically from the chromatin. This release is mediated by the dimer of PDS5 and
WAPL (wings apart-like protein homologue), where this dimer helps in the opening of the Cohesin
ring at the smc3-sccl interface. However, the exact mechanism of how PDS5-WAPL mediates the
unloading is unknown, but a possible hypothesis involved that the PDS5-WAPL dimer is involved
in the allosteric regulation of Smc3 head domain and results in the ATP hydrolysis which
destabilizes the Cohesin ring at Smc3-Sccl interface and ultimately causes the unloading of

Cohesin complex from chromatin (Hara, Zheng et al. 2014).

During replication, acetyltransferases ESCO1 and ESCO2 acetylates K105 and K106 of
Cohesin Smc3 subunit. The acetylation of Smc3 promotes the recruitment of soronin to the PDS5
subunit. The binding of soronin to the PDS5 partially dislocates the WAPL and disrupts the
interaction between PDS5 and WAPL at the N-terminal site. The interaction between PDS5 and
WAPL still lasts at the middle region and at the C-terminal regions with cohesin, so WAPL will
not dissociate from the complex. The complex of Cohesin with soronin is able to stabilize the
cohesion of sister chromatids during the S phase.

Phosphorylation plays important role in the destabilization of the Cohesin complex. Polo-
like protein (PLK1) phosphorylates Sccl, and AURKB (aurora kinase B), CDK1 (Cyclin
Dependent Kinase 1) phosphorylates soronin. During mitosis the phosphorylation of soronin and
Sccl results in the destabilization of PDS5 and soronin interface, which helps WAPL to restore its
interaction with PDS5 which ultimately results in the disassociation of soronin along with WAPL
and PDS5. The heterodimer of Shugoshin (SGOL1) and protein phosphate 2A (PP2A) accumulates
on Cohesin complexes at centromere to prevent phosphorylation and subsequent dissociation.
Hence cohesin complexes at centromeres are very stable. At anaphase the separase enzyme cleaves
Sccl, which breaks the cohesion to release the sister chromatids. Smc3 which is released from the

complex can be reused by the next cycle of cohesion, after its deacetylation by HDACS.
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However, a clear molecular mechanism of the Cohesin complex is not fully understood.
Crystal structures are only available for the partial domains and are not sufficient to make clear
conclusions at the global level. Especially, the role of HDACS in the cohesion cycle is very poorly
understood. The interacting partners of HDACS in the Cohesin complex, the interaction basis of

HDACS8 with Smc3, and how it regulates the cohesion cycle is far from clear.

1.3.8.3. The Cornelia de Lange Syndrome

Malfunction of Cohesion cycle results in a congenital disorder known as Cornelia de Lange
Syndrome (CdLS). Particularly, it is associated with the mutations of genes Smcl, Smc3, Sccl,
NIPBL and HDACS. In CdLS patients, nearly 17 HDAC8 mutations have been identified which
represent different parts of HDACS structure. HDACS inhibition causes accumulation of
acetylated Smc3, which delays the cell cycle progression, suppresses the proliferation and finally

induces apoptosis (Dasgupta, Antony et al. 2016).

Mutations of amino acids which are responsible for HDACS activity as well as those on
the surface, both can cause CdLS, which suggests that the deacetylase function of HDACS, and
the interaction of HDACS8 with Smc3 are both important factors in CdLS. Another set of residues
that are important for catalysis are also observed as mutants in CdLS. For instance, H180, a residue
which is important for catalytic Zn*? binding, is found mutated in arginine in CdLS. In this case,
the mutant arginine residue can protrude into the catalytic pocket and as a result can inhibit the

deacetylase function.

A few mutations of residues are found in close proximity to the L1 and L2 loops whose
conformational flexibility is important for the optimal activity of the enzyme. Otherwise the
functional activity is compromised due to the mutations that affect loop molecular dynamics. This
observation stresses the importance of loops in the interaction of HDACS8 with the Smc3 subunit
(Decroos, Christianson et al. 2015). These mutations explain three different aspects of HDACS,
which include molecular dynamics, catalytic activity and surface interactions that are important
for full functionality of HDACS.
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1.3.9. On the interest of studying HATs and HDACs

The importance of acetylation in cell signaling and its implication in metabolism and
diseases make of this mark and of the proteins that deal with acetylation important players in cell
homeostasis and for drug design. Accordingly, HDACs and bromodomains are the focus of
extensive studies towards drug development, with already approved drugs in the case of HDACs.
In contrast, inhibitors of HATs and sirtuins appear more complicated to develop. For all these

players, selective inhibition remains anyway a problem.

Another aspect to consider is the sometimes currently restricted basic knowledge on the
protein players involved in acetylation. This lack of knowledge prevents targeting more precisely
specific effectors for inhibition. If bromodomains can easily be characterized structurally and
functionally, this is more complicated for HATs which are generally parts of large complexes.
Surprisingly, even more open questions remain on sirtuins and HDACs concerning their mode of
action (e.g. are they all involved in acetylation?) and their targets (what are their real targets and

how are these recognized?).

Actually, these issues in basic and applicative research are related since a better
understanding of the acetylation players’ structure and function is useful to choose targets and to
design selective inhibitors, whereas selective inhibitors can help decipher function. During my
thesis, | have been addressing these two issues, dealing initially with selective inhibition to come

back finally to more basic research.

Interestingly, this approach was first directed towards the treatment of neglected diseases,
but the knowledge obtained has brought me back to the human enzymes and the treatment of

cancer.
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1.4.Human neglected diseases

1.4.1. Neglected Tropical Diseases

Human neglected diseases or Neglected tropical diseases (NTDs) are a group of diseases
caused by the infection of bacteria, eukaryotic parasites and viruses (Figure 32). NTDs are more
prevalent in low and middle-income countries where people have little access to clean water and
sanitary products. NTDs affect physical and cognitive development, and makes difficult to earn a
living and also reduces the productivity. According to the World Health Organization (WHO),
NTDs cause 300,000 deaths annually and affect more than one billion people in tropical and
subtropical regions, widespread in 149 countries (2015) (Figure 31). According to WHO, 20
diseases have been declared as NTDs, few of them listed in the figure, categorically based upon
the type of infectious organism. Due to lack of vaccines for parasitic infections, the treatment
solely depends upon the use of drugs., when available. Further, to add complexity, in many cases
different parasites infect at the same time the same individual, which renders difficult the
treatment. Emerging resistance of parasites against existing non-specific drugs is raising a serious
concern and calls urgently for the development of new drugs. However, due to the prevalence of
NTDs in poor countries, very little research activities are dedicated to the search of drugs against
these diseases that not only affect the health of billions of people but also are a burden for the

world economy.
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Figure 31: Global Overlap of common NTDs.
Specifically, guinea worm disease, lymphatic filariasis, onchocerciasis, schistosomiasis, soil-
transmitted helminths, trachoma. Image source CDC (Centers for Disease control and prevention).
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Figure 32: NTDs caused by different type of infections.
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1.4.2. Actual treatment of NTDs

The treatment of NTDs involve the massive amounts of drugs oral administration. So far,
no vaccines are available to treat NTDs. For the treatment of schistosomiasis administration of
Praziquantel, nearly 40 mg/kg body weight is recommended (Hopkins 2013). In the same way,
Azithromycin 20 mg/kg for trachoma, Albendazole 400mg for lymphatic filariasis are
recommended. There is no alternate treatment is available to treat NTDs.

1.4.3. Importance of epigenetics and HDACs in NTDs

Due to the eukaryotic parasites’ complex life cycles - with different hosts and multiple
morphological stages - it is expected that epigenetic enzymes play crucial roles in the homeostasis
of these parasites. Specifically, parasites have to respond quickly to sudden environmental
changes, which is facilitated by the rapid change of gene expression profiles where epigenetic
regulatory mechanisms play important roles. However, there is lack of information on how

epigenetic enzymes regulate parasite homeostasis and respond to environmental stress.

Parasites also evolved unique regulatory mechanisms compared to human (Croken,
Nardelli et al. 2012). For instance, pathogens choose many ways to escape the host immune
response. One of them is antigenic variations: the pathogen varies its antigens and try to overcome
host cell antibodies. In the case of Plasmodium, this parasite uses antigenic switching to produce
variants in the var gene to escape from the host cell acquired immune response, and thus can
sustain a long-term infection in the host cell (Merrick and Duraisingh 2010, Robert McMaster,
Morrison et al. 2016). This antigenic switching solely depends on epigenetic regulations in
parasites which restricts the simultaneous expressions of pathogenic genes to vary expression
patterns. Therefore, understanding epigenetic regulations in pathogens can help to dysregulate
antigenic switching, which could be an effective strategy to target pathogens and to increase host

cell immune response (Rivero, Saura et al. 2010, Croken, Nardelli et al. 2012).

Yet, the major epigenetic modification acetylation also plays an important role in parasite
homeostasis and HDACs have been reported as emerging drug targets to treat parasite diseases

(Andrews, Haque et al. 2012). Toxoplasma gondii which causes toxoplasmosis, can switch
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between replicative and non-replicative life cycles upon histone acetylation (Gomez-Diaz, Jorda
etal. 2012).

One major problem with neglected diseases is that the drug discovery process is very time
consuming and beyond the cost-effectiveness for the economic resources allocated for NTDs
research. Clearly large pharmaceutical companies see no market in the treatment of NTDs and the
only funding available is the institutional one. To be able to cope with these restrictions, one
strategy that can be applied is the so-called piggyback strategy. This strategy consists in making
use of already approved drugs and to modify them to be able to target the parasite’s enzymes
(Marek, Kannan et al. 2013). The major advantage of the piggyback strategy is that it speeds up
the initial steps of the drug discovery process and that it should be more cost effective. The major
drawback of the piggyback strategy is that the new drugs designed should not target the human
enzymes anymore, adding another layer of complexity to the selectivity problem discussed

previously.

The importance of epigenetics in parasites makes of approved epidrugs good candidates
for applying such a strategy. My laboratory has pursued this strategy within two large EU-funded
projects, SEtTReND (Schistosoma Epigenetics: Targets, Regulation, New Drugs; 2010-2013) and
A-ParaDDisE (Anti-Parasitic Drug Discovery in Epigenetics; 2014-2017). | have been involved
in the second project which has built on the success of the first project, notably with the
establishment of the proof of concept of the piggyback strategy in the case of the HDACS8 enzyme

from Schistosoma mansoni (Marek, Kannan et al. 2013).

123



1.4.4. Proof of concept: smHDACS a valid drug target to fight
schistosomiasis by a piggyback strategy

1.4.4.1. Schistosomiasis

During the course of European funded SEtTReND project, the piggyback strategy was
investigated and a proof of concept was provided where schistosomiasis was pursued as case study.
Schistosomiasis, also known as bilharzia, is a human neglected disease characterized by the
infection of blood fluke parasite Schistosoma genus flatworms. After malaria, schistosomiasis is
the second deadliest disease, affects nearly 200 million people worldwide (WHO and CDC
reports). Schistosoma is of two types, intestinal schistosomiasis caused by S. mansoni, S.
japonicum and S. mekongi and S. intercalatum and urogenital schistosomiasis caused by the

infection of S. haematobium.

Schistosoma completes its life cycle in two hosts, humans and snails. Infection occurs when
humans come in contact with fresh water that is contaminated with schistosoma infected snail
(Figure 33). Larvae of schistosoma (cercariae) penetrate through the skin, and mature into adult
worms inside blood vessels of the human body. The female produces eggs which can be excreted
through urinary and digestive systems which can be infectious through contaminated water. Few
eggs trapped in body tissues and travel to liver, intestine, lungs and bladder. After years of infection

parasites can damage organs severely through the formation of cysts.
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Figure 33: Schistosoma life cycle.

Picture adapted from CDC. Fresh water contaminated with Schistosoma eggs hatch and release
miracidia which can infect snails to complete two generations of sporocysts. Cercariae released from snails,
penetrate through human skin. In humans cercariae loses its tail and become schistosomulae which migrates
to liver and other organs to mature adult worm. Schistosome adult worms always live in pair which is
important for their homeostasis.

Schistosomiasis treatment solely depends on the oral administration of the drug
Praziquantel (trade name biltricide, Cesol® 600 - Merck) for people above the age of 6. This drug
is also used for the other human trematode diseases like clonorciasis, cysticercosis, tapeworm
infections etc. There is no treatment for children below age 6. The exact mechanism of action of
Praziquantel is not clear. However, praziquantel is expected to increase the permeability of the
parasite membranes leading to Ca+2 uptake, which results in the contraction and death of the
parasites (Pax, Bennett et al. 1978). Praziquantel is a non-specific drug against schistosoma,

includes side effects such as headache, abdominal pain, and disturbance in digestive and nervous
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systems. Also recent reports of increased resistance of schistosoma against Praziquantel stresses
the urgent need for novel drugs against schistosomiasis (Cioli and Pica-Mattoccia 2003).

In schistosomes acetylation has been better characterized than other PTMs. Knock-down
of CBP/300 and GCNS5 acetyl transferases decrease the production of egg shell Smp14 protein and
results in the damaged reproductive system of adult female worms (de Moraes Maciel, de Silva
Dutra et al. 2004, Carneiro, de Abreu da Silva et al. 2014, Liu 2016). Class | HDACs HDAC 1, 2
and 3, and Sirt2 were identified in schistosoma, and upon inhibition with HDACI’s, induced
caspase 3/7 activity and result in death (Marek, Kannan et al. 2013, Schiedel, Marek et al. 2015,
Singh and Pandey 2015). These observations indicate that acetylation is an important mechanism
in schistosomes and has the potential to serve as valid drug targets.

1.4.4.2. smHDACS

Since human HDACs are the targets of the majority of FDA-approved drugs, these
enzymes represented perfect targets for applying a piggyback strategy in schistosomes. In
schistosomes, HDACS is the most abundant HDAC and is expressed at all stages of the life cycle
(Oger, Dubois et al. 2008). This is in contrast to humans where HDACS is the least expressed
HDAC among four classes of HDACs (Zn*? dependent and sirtuins) (Hu, Chen et al. 2000). The
availability of HDACS in all forms of schistosome life cycle gives an advantage over other

HDAC:S, to develop an anti-schistosome drug target.

During the course of the SEtTReND project, SnHDAC8 (HDACS8 of S. mansoni) was
showed as a valid drug target to treat schistosomiasis. RNA interference mediated smHDACS8
down regulation studies in schistosomula suggested that sSmHDACS inhibition in schistosomula
reduces the worm and egg recovery from infected mice, which further demonstrates sSmnHDAC8

importance in parasite infectivity and homeostasis.

Comparison of our crystal structure of SmMHDACS, notably its active site pocket, with the
already available human HDACS structure (and also those of other human HDACS), revealed

important structural differences which provided essential information for structure-guided drug

126



design (Figure 34). Specifically, one important difference between both active sites is the
replacement of M274 in hHDACS8 by H292 in smHDACS. This single amino acid change
introduces a charged amino acid in the highly hydrophobic HDACS active site.

The second important difference concerns the conformation of F151 side chain in
smHDACS that it is observed in flipping-out conformation, turned away from active site pocket,
whereas in hHDACS (and all the other human HDAC:s) this phenylalanine is locked into a flipped-
in conformation, turned towards the active site. The very reason behind this conformational
difference is because L31 of hHDACS sterically prevents the phenylalanine to adopt a flipped-out
conformation in hHDACS. The presence of the smaller serine S18 residue at the equivalent
position in sSmMHDACS8 makes possible for F151 to adopt a flipped-out conformation. Importantly,
S18is well conserved in all HDACS from schistosoma species and in other pathogenic trematodes,

providing an important feature for the design of drugs targeting selectively pathogenic nematodes.

These active site pocket key differences were investigated in presence of pan-HDAC
inhibitors, SAHA and M344. SAHA binds in smHDACS active site pocket in a kinked position
with F151 in a flipped-out conformation and the capping group of SAHA stack over the side chain
of the catalytic tyrosine Y341 (Y306 in hHDACS), whereas in hHDACS active site pocket SAHA
adopts a straight conformation. M344 adopts a kinked orientation in hRHDACS active site pocket
while it is straight in smHDACS active site pocket, and is further, stabilized at the surface of active
site pocket by tyrosine Y99 of smHDACS that makes contact with the capping group of M344.

Interestingly, upon M344 binding, F151 from smHDACS8 adopts a flipped-in
conformation, revealing the conformational flexibility of F151. Importantly, the schistosome-
specific flipped-out conformation widens SmMHDACS active site pocket, which provides, together
with the M274H change, two important physico-chemical/structural changes for the design of
bulkier and charged inhibitors that could selectively inhibit smnHDACS.

Virtual screening by our collaborator Wolfgang Sippl enabled to search for inhibitor
scaffolds with bulky linker groups and yielded several hits. Inhibition assays by our collaborator
Manfred Jung measuring the IC50 (half maximal inhibitory concentration) values for the initial hit
compounds highlighted three compounds, J1037, J1038 and J1075, that retained inhibition of
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smHDACS (as well as hHHDACS and to a lesser extent h(HDACS6) but that had lost their ability to
inhibit hHDAC1 and hHDACS3.

The crystal structures of SmMHDACS8 with J1038 and J1075 revealed that J1038 can form a
hydrogen bond with H292, but lacks schistosome-specific F151 flipped-out conformation, while
J1075 has no interaction with H292 but favors F151 flipped-out conformation. These two
inhibitors used the active site specificities of SmHDACS in two different ways, and revealing the
plasticity of smHDACS active site pocket. Further, in vitro and in vivo studies showed that these

inhibitors can cause the separation of male and female schistosomes, reduce the egg production,

and result in worm death via apoptosis.
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Figure 34: Comparison of catalytic subunit of smHDAC8 with human HDACs

Together, these results provided a successful outcome to the SEtTReND project, and
opened the way to the larger A-ParaDDisE project that used the same strategy but with four

different parasites: schistosomes, Plasmodium falciparum, Leishmania, and Trypanosoma cruzi.
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1.5.PhD thesis rationale: selective inhibition of parasitic enzymes and beyond

The SEtTReND project, by providing a proof of concept for the piggyback strategy, has
brought essential information on how to set up this strategy and to apply it to other parasitic targets.
It has also demonstrated the interest in targeting parasitic epigenetic enzymes. Yet, the selectivity
issue had not been fully addressed since some human HDACs were still inhibited by the first hits

characterized.

During my thesis, within the A-ParaDDisE project, | have further developed these aspects
by looking at the inhibition of other parasitic enzymes. | have also continued the smHDACS8
selective inhibition project in collaboration with the other members of the A-ParaDDisE
consortium. Interestingly, this has also brought me to characterize the human HDACS in
comparison to SmMHDACS, but also as a bona fide target, especially since hHDACS8-selective
inhibitors have already been developed that could be used in my comparative study. This has led
me not only to look at inhibitor binding, but also to analyze precisely the conformation of HDACs’

active sites and to decipher the importance of loops in shaping this active site.

In the introductory part of this thesis, | have discussed of the importance of combining
basic and applicative research in order to progress in these two complementary research directions.
The detailed analysis of the active site conformation of HDACS already led the way to more basic
research, raising the question of the specific recognition of its substrates by HDACS. I have chosen
to study the interaction of HDACS with its best characterized target, the Cohesin complex, to better
understand the function of this enzyme and pave the way to the development of more potent, more

selective and also more complex epidrugs.
Thus, my PhD thesis has aimed at addressing the following three major objectives:

Q) To apply the piggyback strategy to other parasitic enzymes in the acetylation pathway
(i) To further characterize the selective inhibition of HDAC8

(ili)  To investigate HDACS interaction with a multi-protein complex substrate
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Materials and Methods




2. Material and methods

To understand the function of a protein through biochemical, biophysical and structural
methods, the prerequisite is very often a very large amount of purified sample. During this thesis,
I have used an integrated approach by combining molecular biology, biochemical, biophysical and
structural tools, and | have collaborated with other teams on inhibition assays. A pipeline of
experimental setup is provided in Figure 35. All materials used in this thesis are from IGBMC
unless specified. In this section, a brief introduction to the different techniques and protocols used

during my thesis work are summarized.

Cloning
Restriction endonuclease dependent cloning,
Gibson assembly and SLIC

» 4

Expression

Bacterial expression system (eg. BI21 (DE3))
\ J

. 4

Purification
Affinity, IEX, Gel filtration chromatographies
o J

A 4

Biophysical characterization
SDS gel electrophoresis, Dynamic light scattering,
Differential Scanning Fluorimetry

-

Crystallization, X-ray diffraction, data analysis, . L )
U V. ik . Y Determination of IC50, in vitro drug screening
structure determination and validation

X-ray crystallography L Biochemical assays by collaborators J

Figure 35: Experimental approach:
Flow chart of methods used in this thesis.
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2.1.Cloning strategies

In order to produce proteins recombinantly a gene of interest is inserted into an expression
vector which is then transferred into an expression host. Different methods were employed to
perform cloning such as traditional cloning strategy (restriction endonuclease dependent ligation),
but sequence independent cloning techniques were also used (Gibson method, SLIC). Protocols
for cloning are adopted from New England Biolabs and Molecular Cloning: A laboratory Manual
by Sambrook et al.

2.1.1. Expression vectors

An expression vector is a circular DNA that carries the gene of interest (insert) into a host
cell for expression. Expression vectors contain all the necessary elements for multiplication and
expression inside the host cell. Vectors with different origin of replication and antibiotic resistance
can be suitable for co-expression studies and were also used in this thesis. A multi expression tool
was developed by our laboratory: the pET-MCN and pET-MCP vectors which were derived from
the vectors pET, pCDF (Novagen) and pACYC11b (Fribourg et al. 2001) (Table 9). The vectors
are available on the platform maintained by our laboratory for the research teams inside and outside
of the institute. These vectors contain T7-promoters which are compatible with BI21 (DE3)
expression bacteria, and also provide a variety of options in multiple cloning sites, antibiotic
resistance, N- and C-terminal affinity and fusion tags, protease cleavage sites, etc. Example of a
vector from this series is displayed in (Figure 36).

Table 9: Vectors with different options of tags and antibiotic resistance used in this thesis

Affinity and solubility tags Antibiotic options
e His6 (N-ter) e Ampicillin (Amp")
e His10 (N-ter) e Chloramphenicol (Chl")
e His10-Thioredoxin (N-ter) e Kanamycin (Kan")
e GST (N-ter) e Spectinomycin (Sp")
e His10 SUMO (N-ter)
e Hisl0 (C-ter)
e Native (no tag)
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Figure 36: pnEA-tH vector:

pnEA-tH vector displaying important features like multiple cloning sites, lacl promoter, origin of
replication, and ampicillin resistance gene. pnEA-tH is one of the pET-MCN series vectors developed by our
laboratory.

2.1.2. Restriction endonuclease dependent cloning

Traditional cloning refers to restriction endonuclease dependent cloning. The gene of
interest is PCR amplified with gene specific primers having restriction sites as overhangs at both
ends (Figure 37). The amplified product is digested with restriction endonucleases to generate
sticky ends. Simultaneously, the expression vector is also prepared by restriction endonuclease
treatment to provide complementary sticky ends, followed by alkaline phosphatase treatment
which will dephosphorylate the vector to avoid self-ligation. Finally, vector and insert are mixed
with T4 DNA ligase to enable ligation, and the mixture is transformed into the E. coli cloning
strain DH5a and plated onto agar medium containing the antibiotic to select for the cells that have
incorporated the plasmid. Single colonies are then used to inoculate small cultures. After overnight
growth, the cells are used for plasmid preparation which is then sent for sequencing using primers

internal to the expression vector that flank the promoter/gene of interest region.
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Figure 37: Steps in Traditional cloning
Picture adapted from New England Biolabs

2.1.3. Sequence and Ligase Independent Cloning (SLIC)

SLIC does not require restriction enzymes or ligase, instead it depends on the 3’ to 5’
exonuclease activity of the T4 DNA polymerase (Figure 38). The amplified gene contains an
overlapping sequence with the vector. When the mixture of vector and insert is mixed with T4
DNA polymerase in the absence of dNTPs, the nucleotides of double stranded DNA are digested
by T4 DNA polymerase. The exonuclease activity can be stopped by the addition of dCTP (or any
single dNTP), and T4 DNA polymerase acquires polymerase activity and stalled due to lack of all
dNTPs. The result of the reaction is vector and insert with compatible sticky ends. The mixture of
digested vector and insert is transformed into an E. coli cloning strain which will repair the nicks.

The procedure for selection and sequencing is the same as described previously.
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2.1.4. Gibson cloning

The Gibson protocol was developed by Daniel Gibson et al. and depends on three
enzymatic activities (Figure 39). T5 exonuclease creates 3’ overhangs which can be annealed at
50°C and simultaneous inactivation of T5 exonuclease happens at high temperature. Further, the
polymerase fills the gaps, and the ligase activity enables to generate the recombinant plasmid.
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Gibson method is extensively used in this thesis work which has the highest success rate

technique is highly efficient and has eased enormously cloning.
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Figure 39: Overview of Gibson assembly
Picture adapted from New England Biolabs

2.1.5. Site directed mutagenesis

Two different methods, nested PCR and rolling circle plasmid synthesis were used in this

thesis work to obtain mutant clones. In both cases nearly 20 bp long primers were synthesized

(from Sigma) where the mutated sequence was kept in the middle, and the Tm of primers was

maintained close to 60°C.

In the first method, 5° and 3’ sequences were amplified in two independent reactions.

Amplified fragments were purified using spin columns. In the second step purified fragments were

used as template and the whole fragment was amplified with N and C terminal primers. Amplified

fragments were then used for cloning.
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In the second method, the whole plasmid was amplified with the mutated primers. The
protocol used for the rolling circle plasmid synthesis was mentioned in the Table 10 and the
parameters for thermocycler was mentioned in the Table 11. After PCR amplification, Dpnl
digestion was performed for 1hr at 37°C according to manufacturers recommended quantities.
After Dpnl digestion plasmids were purified using spin columns which were further transformed

into DH5a competent cells.

Table 10: Rolling circle plasmid synthesis protocol

Ingredient Volume
Template DNA 50ng
2mM dNTP 2 ul

100 uM Forward primer 0.3 ul
100 uM Reverse primer 0.3 ul
GC buffer 4 ul
100% DMSO 0.6 ul
Phusion polymerase (2U/pl) 0.5l
H20 to 20 pl

Table 11: Thermocycler protocol for rolling circle plasmid synthesis

Temperature (°C) Time Number of cycles
98 5 min 1

98 30 sec 30

55 30 sec

72 30 sec/kb

72 7 min 1

4 hold hold
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2.1.6. Cloning of SMC-HD with linker

In this thesis, all the cloning experiments were based on the above-mentioned methods.
Here | have discussed a special case of SMC-HD cloning. The protocol to clone SMC-HD domains

(by joining N- and C-terminal domains with a linker) was as follows.

In the first step, N- and C- terminal regions (NTD and CTD respectively) were PCR
amplified with four different primers where the middle primers have overlapping sequence by
about 20 nucleotides and additionally a linker of thrombin cleavage site was also introduced in this
region. The linker extensions contain Nhel restriction site in overlapping regions. In the second
step, a nested PCR (for SMC1-HD) was used where two fragments (NTD and CTD) were
amplified with extreme end primers. And then the purified PCR fragment was used for the cloning

as one of the above described methods.

In an alternate approach of second step (used for SMC3HD), both PCR products were
digested with Nhel restriction enzyme which was followed by purification using agarose gel. After
purification, the sticky end containing products were ligated with the help of T4 DNA ligase.
Finally, the ligated product was purified using agarose gel electrophoresis and then the cloning
was finished using one of the above-mentioned methods. Thus, the recombinant SMC-HD contains
SMC NTD, a linker of thrombin cleavage site and CTD.

2.2 .Expression methods

For heterologous recombinant expression, several techniques are available such as bacterial
expression system, yeast expression system, Baculovirus-insect cell expression systems and
eukaryotic expression system. Among these bacterial expression system is the cheapest, simplest,
fastest method and generally yields high quantity of the protein of interest. Since the proteins
studied in this thesis could be expressed in a bacterial system, only this technique has been used

in my thesis work.
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2.2.1. Principle of expression in case of the PET system of expression

A genetically modified E. coli strain contains the T7 RNA polymerase gene integrated in
its chromosome which is under control of a lac promoter. (Studier and Moffatt, 1986; Studier et
al., 1990). Bacteriophage T7 RNA polymerase is a highly selective and active enzyme that can
elongate five times faster than E. coli RNA polymerase. In addition, the promoter sequence of T7
bacteriophage RNA polymerase is rarely present in any other organisms, which makes it selective.
When inducer (IPTG) is added to the system, expression of T7 RNA polymerase is triggered.
Vectors which carry gene of interest under the control of a T7 promoters are recognized by the

RNA polymerase which transcribes the gene of interest (Figure 40).

The gene of T7 RNA polymerase is generally integrated in lacUV5 which is activated upon
addition of inducer (IPTG). Then the T7 RNA polymerase binds to its selective promoters which
provided in the pET expression vectors. As a result, the gene of interest which is cloned down-
stream to T7 promoter is over expressed. T7 RNA polymerase out competes the cellular protein

expression and result in the maximum expression levels.

The strain used in this thesis is BI21(DE3), a genetically modified genotype of F~ ompT
hsdSs (rs” mg~) gal dcm (DE3).

- The designation F- means that the bacteria does not carry the F plasmid which is required
for the conjugation.

- ompT stands for the mutation in outer membrane protein protease VI, which reduces the
proteolysis of over expressed protein.

- hsdSs (rs~ ms~) means endogenous restriction enzymes can’t digest the exogenous DNA

- gal stands for the inability to metabolize galactose as carbon source

- dcm is the gene encoding cytosine methylase that methylates second cytosine of CCWGG
motif (where Wis AorT)

- DE3 means the strain contains A DE3 lysogen that carries the T7 RNA polymerase gene
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Figure 40: Mechanism of pET expression system.
Picture adapted from pET system manual.

2.2.2. Expression protocols

A set of general protocols were applied for all the expressions in this thesis which are
summarized in (Haffke, Marek et al. 2015). First, a mini expression test was performed to check
in parallel different expression conditions and purification buffers. Once optimized conditions

have been found, large scale expression is set up to purify the protein of interest.

For mini expression tests, in general a specialized media was used which was termed
graffinity media which enables to grow cultures at high density, providing enough cells for

analysis.

In the case of large scale expressions, beside Graffinity, different media were used: 2XLB
(double concentrated Luria Bertani media), Terrific Broth (TB) and auto induction. In all cases,
appropriate antibiotics were used. Depending on the expression vector(s) used, the following final
concentrations were used: ampicillin 100 pg/ml, kanamycin 50 pg/ml, chloramphenicol 34 pg/ml

and spectinomycin 50 pg/ml.
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2.2.2.1. Mini expression test

Mini expression tests were performed in a high throughput manner to analyze multiple
conditions in a parallel manner using 24 well plates. In each condition, a 2ml 2XLB media
supplemented with required antibiotics and 0.5% glucose was inoculated with BL21(DE3)
bacterial colony which is transformed with the vector(s) encoding the gene(s) of interest. The
plates were sealed with a porous membrane and incubated at 37°C in a shaker incubator until the
cultures show high density. In a second step, additional 2ml of 2XLB supplemented with required
antibiotics, 0.6% lactose, 20 mM HEPES pH 7.0 and 0.5 mM IPTG, was added. Cultures were
then grown overnight at 25°C on a shaker incubator. The following day, the cells were harvested
by centrifugation and used immediately for purification or stored until next use at -20°C.

2.2.2.2. large scale production

The media used was inoculated with a preculture which was prepared on LB-agar plates of
40 ml in volume from a BL21(DE3) transformed plate. Required antibiotics were supplemented
and cultures were grown at 37°C on a shaker incubator until they reached the ODsoo of 1.5. The
cultures were then cooled down to 25°C and then expression was induced with IPTG with a final
concentration of 0.7 mM. After overnight incubation at 25°C, the cells were harvested by

centrifugation and stored at -20°C until next use.

2.3. Purification techniques

To be characterized by biophysical and structural means, a protein of interest should be
purified to almost homogeneity, i.e. from all other contaminants coming from the expression host.
Chromatography techniques are currently widely used for purification. Chromatography was
derived from the Greek chroma, which means “color’, and graphien, which means ‘to write’, and
was first introduced by Mikhail Tswett in 1903, where he purified plant pigments on calcium
carbonate column. The basic principle involves a mobile phase in which the solutes are dissolved,
which flows over stationary phase and, based upon different properties (e.g. charge, affinity, size,
shape, pH etc.) of the solutes, the separation takes place. In this thesis, three main chromatography

techniques were employed, affinity, ion exchange and gel filtration chromatographies.
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2.3.1. Affinity chromatography

Affinity purification is one of the most commonly used chromatographic technique which
is often used as a first step purification. Affinity chromatography separates proteins on the basis
of an affinity group attached to the protein that interacts with the immobilized matrix (based on
agarose or sepharose beads onto which ligands are attached). The interaction between the affinity
group and the ligand on the matrix is specific and reversible. A variety of systems like
hormone/receptor, antibody/antigen, protein/dye, histidine tag/metal ion, GST tag/glutathione can

be used.

In favorable conditions, the target protein which is expressed with an affinity tag interacts
with the specific ligand. Unbound material is washed out from the column and the bound protein
can then be eluted by applying different conditions such as a non-specific elution by change of pH,
ionic strength, polarity, or by a specific elution with a competitive ligand. Two affinity based
chromatographic techniques were employed in this thesis, GST (Glutathione S-transferase) tag and
metal ion-based affinity purifications. An outline of GST tagged purification is showed in (Figure
41). A GST-tagged protein possess affinity towards glutathione which is immobilized on sepharose
(Glutathione sepharose GE®) beads. In metal ion-based affinity chromatography a metal ion
(Cu*?, Ni*?, Co*?) is immobilized on a chelator matrix (agarose, sepharose), which shows affinity
towards histidine residues (his-tags) in the protein. All the his-tagged affinity purifications were
carried out with Co*? based Talon® resin from Clonetech laboratories Inc. The elution was carried
out with reduced glutathione and imidazole, from GST and Talon beads, respectively. In an
alternate way, the tag was digested on the column with a sequence specific protease (thrombin,
TEV protease, 3C protease) whose recognition sequence is placed between the affinity tag and the

protein.
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Figure 41: Affinity chromatography:
Representation of GST tagged protein purification by affinity chromatography. Picture adapted from
GE healthcare.

2.3.2. lon exchange chromatography

lon exchange (IEX) chromatography involves the separation of molecules based on their
net surface charge. It is a powerful tool capable of separating samples with a single charged amino
acid difference. Proteins are amphoteric molecules whose net surface charge changes as the pH of
the environment changes. An oppositely charged matrix is used to retain the sample while the non-
specific, uncharged or same (charge with the matrix) charged species are washed out of the
column. The retained protein is then eluted by changing the ionic strength or the pH. A protein is
positively charged when the pH of the environment is below its pl, where the cation exchanger is
used. Similarly, a protein is negatively charged when the pH of the environment is above its pl,

and an anion exchanger is used.

Further, weak ion exchangers are susceptible to small changes of pH and loses its charge
beyond small limits (DEAE, ANX weak anion exchangers and carboxymethyl — weak cation
exchanger) while the strong ion exchangers possess a wide range of working pH (sulphopropyl

(SP), sulfonic acid-strong cation exchangers and quaternary ammonium (Q)-strong anion
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exchanger). Cation-exchanger chromatography is depicted in the (Figure 42). Further, in ion
exchange chromatography the sample is being concentrated on the matrix which is eluted in the

small fraction volume and higher the charge, more ionic strength is needed to elute the protein.

In this thesis work, Q-sepharose (strong anion exchanger) was used to purify proteins
where a simple standard protocol was used. Q-sepharose column was equilibrated with a buffer
containing 50 mM Tris pH 8.0, 50 mM NaCl and 2mM DTT. The protein sample was applied and
followed by wash with the same equilibration buffer. Finally, the protein was eluted in a gradient

of increasing salt concentration from 50 to 1000 mM NacCl in the initial buffer.
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Figure 42: lon exchange chromatography:
Representation of a cation exchanger

2.3.3. Gelfiltration chromatography

Gel filtration chromatography or size-exclusion chromatography (SEC) or molecular sieve
chromatography is often used as the final step of purification, as it uses the principle of molecular
size differences to separate the sample (Figure 43). Unlike IEX or affinity chromatography, gel
filtration chromatography doesn’t require an interaction of the sample with the matrix. Hence it is
recommended that the sample should be concentrated before application. SEC provides several
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advantages such as wide range of buffer compatibility, different temperatures, and can also be used
in case of globular proteins to determine the exact size of a molecule by deriving a standard gel

filtration curve.

An inert porous matrix which lacks reactivity or adsorptive capacity is filled in the columns
which acts as a stationary phase. The mobile phase or buffer fills the matrix and the space between
the particles, and the elution occurs over the isocratic flow of a single buffer. Molecules with a
bigger size than the matrix pore diameter are excluded from the resin (hence the term size
exclusion) and elute before the smaller molecules which enter the pores and eventually elute later.
The group separation ability of SEC makes it also suitable for rapid buffer exchange since the
small salt particles elute at the end of the purification step. Different SEC resins are available with
different pore size options for different separation capacity. Sephadex (suitable for desalting),
Superdex, Superpose and Sephacryl (dextran + bisacrylamide polymer) are suitable for high

resolution separation. Gel filtration was used extensively in my thesis as a final step purification.
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Figure 43: Gel filtration chromatography.

Top panel electron micrograph of a bead with a graphical illustration of small molecules that enters
the pores while large molecules are excluded. Bottom panel is the representation of a typical gel filtration
chromatogram with different marks noted. Vo: Void volume where the large molecules are eluted that
doesn’t enter the pores, Vg: retention volume of intermediate molecular size particles and Vi: total volume
where the smallest molecules have eluted. Picture modified from GE Healthcare.

2.3.4. Purification protocols

In the first attempt, a general protocol was used to purify the proteins, from which slight

modifications (buffer compositions, protease cleavage) were adopted during optimization.

Cells were thawed from -20°C and resuspended in lysis buffer containing 50 mM Tris pH
8.0, 150 mM NacCl. A 3 Liter culture pellet was dissolved in nearly 70 ml of buffer, and sonication
was used to lyse the bacteria, at 40 mAmp, with pulse time 0.5 sec on and 0.5 sec off for 180 secs
for three times and mixed after each cycle. Lysate was clarified by centrifugation at 4°C. the

supernatant was applied to pre-equilibrated Talon or GST beads and incubated at 4°C for at least
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2 hrs. on a roller shaker at slow speed. After incubation resin was washed with lysis buffer a
minimum of three times and proceeded for the next step either elution or affinity tag cleavage by
protease 3C or thrombin (1mg/ml) overnight. The eluted or cleaved protein was concentrated if
necessary in an amicon ultra centrifugal device and applied on 16/60 Superdex 75 or 200 gel
filtration column which was pre-equilibrated with gel filtration buffer (50 mM Tris pH 8.0, 150
mM NaCl, 2mM DTT). After each purification step proteins were analyzed using SDS gel

electrophoresis.

2.3.5. smHDACS purification

smHDACS is highly sensitive enzyme to small changes in the expression/purification
conditions such as histidine tag position, expression conditions, buffer composition, etc. A
protocol was optimized prior to my thesis to produce smHDACS8 and which is different from the

above-mentioned protocols. This protocol is described in the following book chapter.

2.3.5.1. Large-Scale Overproduction and Purification of Recombinant
Histone Deacetylase 8 (HDACS8) from the Human-Pathogenic
Flatworm Schistosoma mansoni
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Chapter 8

Large-Scale Overproduction and Purification of Recombinant
Histone Deacetylase 8 (HDAGCS8) from the Human-Pathogenic
Flatworm Schistosoma mansoni

Martin Marek, Tajith B. Shaik, Sylvie Duclaud, Raymond J. Pierce,
and Christophe Romier

Abstract

Epigenetic mechanisms underlie the morphological transformations and shifts in virulence of eukaryotic
pathogens. The targeting of epigenetics-driven cellular programs thus represents an Achilles” heel of human
parasites. Today, zinc-dependent histone deacetylases (HDACs) belong to the most explored epigenetic drug
targets in eukaryotic parasites. Here, we describe an optimized protocol for the large-scale overproduction
and purification of recombinant smnHDACS, an emerging epigenetic drug target in the multicellular human-
pathogenic flatworm Schistosoma mansoni. The strategy employs the robustness of recombinant expression in
Escherichia coli together with initial purification through a poly-histidine affinity tag that can be removed by
the thrombin protease. This protocol is divided into two steps: (1) large-scale production of smHDACS in
E. coli, and (2) purification of the target smHDACS protein through multiple purification steps.

Key words Histone deacetylase, Enzyme, Recombinant expression, Purification, Schistosoma

1 Introduction

Schistosomiasis, or bilharzia, is a parasitic disease caused by trema-
tode flatworms of the genus Schistosoma (S. mansoni, S. japonicum,
and S. haematobinm are the main species of medical relevance) [1,
2]. According to the World Health Organization (WHO) statistics,
schistosomes infect around 230 million people worldwide and
cause at least 300,000 deaths yearly, with about 800 million people
further at risk of infection [3]. The control of schistosomiasis is
dependent on mass treatment with a single drug, praziquantel [4],
and the consequent risk of the appearance of resistant strains raises
the spectrum of widespread drug resistance. Ultimately, praziqu-
antel-resistant schistosome strains have already been reported
[5, 6], and these findings rendered the development of new anti-
schistosomal drugs a strategic priority.

Sibaji Sarkar (ed.), Histone Deacetylases: Methods and Protocols, Methods in Molecular Biology, vol. 1436,
DOI 10.1007/978-1-4939-3667-0_8, © Springer Science+Business Media New York 2016
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Schistosomes, like many eukaryotic pathogens, typically display
various morphologically distinct stages during their complex life
cycles. Epigenetic mechanisms fundamentally underlie the patho-
gens’ morphological transformations, and the targeting of epigenetics-
driven cellular programs therefore represents an Achilles’ heel of
human parasites. Today, zinc-dependent histone deacetylases
(HDAC:S) belong to the most explored epigenetic targets, notably
for anticancer therapies [7-9]. This fact significantly speeds up the
search for new antiparasitic agents since drugs validated against can-
cers can be effectively tailored into antiparasitic therapeutics.
Nevertheless, one of the key bottlenecks in antiparasitic drug discov-
ery is recombinant production in large quantities of parasites’ epigen-
etic targets for structure-based and pharmacological studies.

In this chapter, we describe an optimized protocol for the large-
scale overproduction and purification of Schistosoma mansons
HDACS (smHDACS), an emerging epigenetic drug target in this
pathogenic organism [10-12]. Our protocol employs the robust-
ness of the Escherichia coli expression system that enables cost-effec-
tive production, as well as scale up to industrial-scale fermentation
production. Specifically, our protocol details the various parameters
required during growth, induction and purification that enable the
production of soluble smHDACS in milligram quantities, since
standard parameters only lead to the production of this enzyme in
insoluble inclusion bodies.

2 Materials

2.1 CGell
Transformation

Prepare all solutions and media using ultrapure deionized water
and analytical grade chemicals.

1. Expression plasmid vector pnEA /tH-smHDACS8 [10] (Fig. 1),
where the full-length smHDACS gene is inserted between the
Ndel and BamHI restriction sites of the pnEA-tH expression
vector [13] and is in frame with a sequence encoding a
C-terminal thrombin cleavage site followed by a poly-histidine
affinity purification tag (see Note 1).

2. Chemically competent cells of Escherichia coli BL21(DE3)
strain.

3. Ice bucket.
4. 42 °C water bath.

5. 2 x Luria broth (2 x LB) medium: for 1 L, weigh 20 g tryptone,
10 g yeast extract, and 20 g NaCl. Add distilled water to reach
1 L. Sterilize by autoclaving.

6. 37 °C shaking incubator.

7. LB agar.
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Expression cassette
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Fig. 1 Schematic representation of the plasmid used for the expression of SmHDACS in E. coli. (a) Map of the
pnEA/tH-smHDAC8 plasmid. The smHDAC8 gene is inserted between Ndel and BamHI restriction sites.
Selection in E. coliis performed by the beta-lactamase ampicillin resistance gene (ampR). Origin of replication
sequence (ColE1) is available for maintenance in E. coli cells, and the lacl gene is present for expression of the
Lac repressor protein. (b) Details of the expression cassette. The smHDACS gene is controlled by the T7 pro-
moter and T7 terminator. The smHDACS8 gene is cloned in frame with a sequence coding for a C-terminal
thrombin cleavage site followed by a poly-histidine tag

4000

8. Ampicillin 1000x stock solution; 100 mg/mL (in H,O).
9. Standard petri dishes (diameter of 9 cm) and large petri dishes
(diameter of 15 cm).

10. 37 °C incubator.

2.2 Cell Cultures 1. Salt medium (0.17 M KH,PO,, 0.72 M K,HPO,): for 100 mL,
dissolve 2.31 g of KH,PO, and 12.54 g of K;HPO, in 90 mL
of distilled water. Stir till the salts have dissolved, then adjust
the volume of the solution to 100 mL with distilled water and
sterilize by filtering.

2. Terrific-Broth (TB) rich medium: for 1 L, add 12 g tryptone,
24 gyeast extract and 4 mL glycerol to 900 mL distilled water
and sterilize by autoclaving. Prior to use, add 100 mL of salt
medium.

. Ampicillin 1000x stock solution; 100 mg,/mL (in H,O).
. 5-L flasks.
. Thermostatic shaker Certomat BS-1.

. Single-beam spectrophotometer model BioPhotometer Plus.

N O\ Ul W

. Isopropyl p-d-1-thiogalactopyranoside (IPTG; 1 M stock
solution).

)

. Zinc chloride (100 mM stock solution).
9. 1-L centrifugal bottles for Type JS4.2 rotor.

10. Centrifuge (J6MI floor model centrifuge equipped with Type
JS4.2 rotor).
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2.3 Purification
Steps

11.

NN O U

11.
12.
13.
14.
15.

16.
17.
18.

19.

Resuspension buffer (10 mM Tris-HCl pH=8.0; 50 mM
KCl). For 1 L, dissolve 1.21 g of Trizma base and 3.73 g of
KCl in 900 mL distilled water. After the buffer and salt have
dissolved, adjust pH with HCI to reach a pH value of 8.0.
Finally, adjust volume of the solution to 1 L with distilled water
and sterilize by filtering.

. Lysis buffer (10 mM Tris-HCI pH=8.0; 50 mM KCI). Same

as the resuspension buffer used to resuspend the cell pellets at
the end of the production step.

. High-pressure  homogenizer  Microfluidizer = Processor

M-110EH.

. Ultracentrifuge Beckman Coulter Optima L90K equipped

with Type Ti-45 fixed-angle rotor.

. Thick-wall ultracentrifuge tubes for Type Ti-45 fixed-angle

rotor.

. Talon Metal affinity resin.

. 10-mL glass column with adaptor for use with a peristaltic pump.
. Peristaltic pump model EP-1 Econo Pump.

. Thrombin stock solution (1 U/pl in 25 mM Tris pH=_8.0 and

50% glycerol; kept at 20 °C).

. Rolling mixer model RM-5.
10.

Ton-exchange chromatography buffers. Low-salt buffer (10 mM
Tris—=HCl at pH =8.0; 50 mM KCI) and high-salt buffer (10 mM
Tris=HCl at pH=8.0 and 1 M KCI). The low-salt buffer corre-
sponds to the lysis bufter. The high-salt buffer is prepared as
described for the lysis buffer, with the exception that 74.55 g of
KCl are used to reach 1 M final concentration.

Polypropylene gravity-flow Econo-Pac column.

Bio-Rad Protein Assay reagent.

FPLC protein purification system.

1-mL HiTrap Q FF column.

Gel filtration buffer: 10 mM Tris—-HCl pH=_8.0; 50 mM KCl;
2 mM DTT. The buffer is prepared as the lysis buffer but is

supplemented with 0.31 g of DTT prior to dissolution of the
chemicals in water.

Column for gel filtration (16,/60 Superdex 200).
Amicon Ultra centrifugal filter units with 30-kDa cutoft.

Apparatus for SDS-PAGE model Mini-PROTEAN Tetra
System.

Single-beam spectrophotometer.



Large-Scale Overproduction and Purification of Recombinant Histone... 113

3 Methods

3.1 Cell
Transformation

3.2 Large-Scale
Cultures

3.3 Purification
Procedure

. Mix 50 pl chemically competent BL21(DE3) E. coli cells with

50-100 ng of pnEA/tH-smHDACS plasmid expression vec-
tor and incubate the mix on ice for 20 min. Heat-shock the
mix at 42 °C for 45 s and then incubate on ice for 2 min. Add
300 pL of 2 x LB medium and incubate in a 37 °C shaker for
1 h. After incubation, spread 300 pl of bacterial suspension on
a regular agar plate (9 cm) containing ampicillin (100 pg/
mL). Incubate the plate overnight at 37 °C.

. Inoculate large agar plates (15 cm) containing ampicillin (100 pg/

mL) with several ampicillin-resistant colonies from the transfor-
mation in step 1 (see Note 2). To do so, collect several colonies
from the small agar plate with a kinked plastic tip and spread this
inoculum homogeneously on the large agar plates. Incubate the
plates overnight at 37 °C.

. The next morning, resuspend the film-forming E. coli cells from

the large agar plates. For resuspension, add approximately 10 mL
of fresh sterile 2xLB medium per large agar plate (15 cm).
Scratch the surface of the plate with a kinked Pasteur glass pipette
to release the cells into the 2 x LB medium. Once resuspension is
done, transfer the liquid fraction into a 50-mL Falcon tube.
Measure the ODyy, value of this harvested inoculum.

. Transfer 1 L of Terrific-Broth (TB) medium in a 5-L flat-bot-

tomed Erlenmeyer flask. Add ampicillin to reach a final concen-
tration of 100 pg/mL. Use the harvested inoculum to inoculate
the culture to start with an ODyg, of approximately 0.2.

. Grow the cells at 37 °C with shaking to high-density culture

(ODgop approximately 4.0-6.0).

. Add IPTG (0.5 mM final concentration) and zinc chloride

(100 pM final concentration) and continue to incubate the
cultures at temperature 37 °C.

. After 1 h, recover the cells by centrifuging the cultures for

25 min at 4000 x4 at 4 °C (see Note 3) using 1 L centrifuga-
tion jars.

. Resuspend the cell pellets in an ice-cold resuspension buffer

(10 mM Tris-HCI pH=8.0; 50 mM KCI). Use approximately
15 mL of this buffer to resuspended the cell pellet from 1 L
culture. The cell suspension can be directly used for purification
procedure or stored at —80 °C until further use (see Note 4).

. The following protocol is provided considering the use of cell pel-

lets from 3 L of cultures. First, if required, thaw the resuspended
cell pellets. Adjust the volume of the cell resuspension to 40 mL
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per liter of culture (i.e., final volume of 120 mL for 3 L of culture)
using the lysis buffer (identical to the resuspension bufter).

. Lyse the cell suspension using a Microfluidizer Processor at

high pressure (18,000 psi) using a single round of lysis (see
Note 5). After the lysis, centrifuge the disrupted cell suspen-
sion at 210,000 x4 for 1 h and collect the supernatant in a ice-
cold bottle.

. Apply the supernatant to a column with 2 mL of Talon Metal

affinity resin pre-equilibrated in lysis buftfer. Briefly, connect the
column with pre-equilibrated Talon resin to a peristaltic pump
and pump the supernatant from step 1 through the column with
Talon resin at a flow rate of 4.0-5.0 mL/min. Every 30 min,
disconnect the column from the peristaltic pump and mix the
resin to release the excess pressure. After the loading, wash the
column extensively with approximately 100 mL of the lysis buffer
to remove nonspecifically bound proteins (sec Note 6).

. Release the smHDACS8 enzyme from the Talon resin by

thrombin treatment. Briefly, resuspend the Talon resin with
bound smHDACS-His fusion protein with the lysis buffer and
transfer it to a new sterile 15-mL Falcon tube. The volume of
the resin suspension should be approximately 5 mL. Add 60 pl
of thrombin (1U/pl) and place the tube on a rolling mixer
overnight at 4 °C (sec Note 7).

. Next morning, separate the released smHDACS protein from

the Talon resin particles by applying the resin suspension onto
an Econo-Pac column and collect the unbound flow-through
fraction into a fresh sterile 15-mL Falcon tube. Wash the resin
with additional 3 mL of the lysis buffer to harvest all throm-
bin-released smHDACS enzyme. Check the presence and con-
centration of smHDACS in the flow-through fraction by the
Bio-Rad Protein Assay.

. Load the flow-through containing smHDACS enzyme from

the step 4 onto a 1-mL HiTrap Q FF column pre-equilibrated
with low-salt ion-exchange chromatography buffer (10 mM
Tris—-HCI pH=8.0; 50 mM KCl). Elute the bound protein
with a gradient of KCI (50 mM to 1 M KCI): see Fig. 2a for a
typical ion-exchange purification of smHDACS. Identify frac-
tions containing the smHDACS protein by SDS-PAGE.

. Pool the peak fractions from the ion-exchange chromatogra-

phy from step 5 and load this sample onto a gel filtration col-
umn (16/60 Superdex 200) equilibrated with gel filtration
buffer (sce Note 8). Identify fractions containing the target
protein by SDS-PAGE. See Fig. 2b for a typical gel filtration
purification of smHDACS.

. Pool the peak fractions from gel filtration from step 6, and

concentrate the smHDACS protein with an Amicon Ultra
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Fig. 2 Purification and crystallization of smHDACS. (a) Chromatogram of ion-exchange purification of smH-
DACS8. The gradient used for this purification step is displayed. (b) Chromatogram of gel filtration purification
of smHDACS. (¢) Picture of an smHDAC8 crystal. (d). Atomic structure of SmHDACS represented as ribbons.
Orange sphere catalytic zinc ion, blue spheres potassium ions (Ka and Kg)

centrifugal filter unit to reach a final concentration of 2.5 mg/
mL (see Note 9). Check purity of the purified smHDACS
enzyme by SDS-PAGE and determine protein concentration
by the Bio-Rad Protein Assay reagent (se¢ Note 10).

9. Flash-freeze the final product with liquid nitrogen and store at
-80 °C (see Note 11).

4 Notes

1. Initial affinity purification of smHDACS is suboptimal in pres-
ence ofan N-terminal poly-histidine tag. Therefore,a C-terminal
poly-histidine tag is used. The presence of a BamHI cloning
site and a sequence encoding a thrombin protease cleavage site
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before the sequence encoding the poly-histidine tag leaves
several residues at the C-terminus of smHDACS after throm-
bin cleavage of the poly-histidine tag: GSLVPR. These residues
do not affect the enzyme’s activity [10].

. The expression yields for a protein are often better when using as

starter for large cultures colonies that have grown on petri dishes
rather than a liquid preculture. This is particularly true when using
ampicillin resistance. Since smHDACS is not produced in large
quantities in E. coli, the use of colonies grown on petri dishes as
starters is preferred. To have sufficient colonies for inoculating the
large cultures, streaking of the initial transformed colonies on
larger petri dishes is carried out. In general, one large petri dish is
sufficient to inoculate one liter of large liquid culture.

. Do not exceed 1 h incubation in the presence of IPTG: when

too much smHDACS enzyme is produced in a cell, it goes into
insoluble inclusion bodies. This is essential since during our
pilot experiments longer incubation times led to an almost
complete loss of soluble protein. Reducing the expression time
decreased the quantity of smHDACS proteins produced per
cell and the formation of inclusion bodies. Use of Terrific Broth
medium with induction at high density compensates for the
small quantity of smHDACS present in each cell.

. The cell paste is immediately resuspended in a buffer that cor-

responds to the lysis buffer. This avoids resuspension of the
frozen cell paste in the lysis buffer at the beginning of the puri-
fication procedure. Indeed, this resuspension appears more
deleterious to the solubility of smHDACS than when the cells
are resuspended in the lysis buffer prior to freezing. A possible
explanation for this behavior is that thawing the already resus-
pended cells is less stringent. Importantly, we and others [14]
noted that zinc-dependent HDAC: lose their enzymatic activi-
ties very fast when inappropriately handled. We therefore rec-
ommend the resuspension of the cell pellet immediately after
centrifugation, and storing the cell suspension at -80 °C
promptly to minimize loss of enzyme activity. Note also that
long storage of the cell pellets at -80 °C negatively impacts the
quality of the smHDACS protein: old cell pellets lead to puri-
fied protein that appears well-behaved by SDS-PAGE analysis,
but that has reduced enzymatic activity and poorer behavior
during crystallization.

. The use of a microfludizer for cell lysis is essential for keeping

smHDACS soluble during lysis. Use of sonication leads to the
loss of half of the protein yield compared to the use of the
microfludizer.

. The binding bufter (10 mM Tris-HCI pH=8.0; 50 mM KCl)

may be enriched with 5 mM imidazole to increase the strin-
gency of washing and to eliminate protein contaminants. This
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10.

11.

procedure causes however some loss of smHDACS due to
partial elution from the affinity resin.

. In this step, thrombin specifically cuts the fusion protein at the

thrombin recognition site located between smHDACS and the
poly-histidine tag. This cleavage results in the release of smH-
DACS enzyme from the affinity resin, whilst the poly-histidine
tag and the remaining nonspecifically bound contaminants stay
bound to the Talon resin. Using this procedure a good level of
purity of the smHDACS enzyme is already obtained at the first
purification step.

. We noted that the presence of DTT in the gel filtration buffer

may cause a problem (decreased enzymatic activity) in some
high-throughput deacetylase screening assays. To avoid this
problem, it is possible to replace DTT (2 mM) with TCEP
(1 mM) in the gel filtration bufter.

. We usually concentrate the smHDACS protein to 2.5 mg/mL

with no observable protein precipitation/aggregation. This
purification procedure yields an smHDACS enzyme exhibiting
deacetylase activity similar, if not identical, to its human coun-
terpart, human HDACS8 [10]. In addition, crystallization of
the smHDACS at this concentration yielded diffraction-qual-
ity crystals that enabled structure determination of this enzyme
(Fig. 2¢, d) [10].

Our protocol typically yields 1.0-1.5 mg of highly pure smH-
DACS per 1 L of bacterial culture.

The purified smHDACS enzyme shows rather quickly a
decrease of its activity and of its propensity to crystallize when
kept for 3—4 days at 4 °C. Storage at -80 °C slows down but
does not stop this process. Therefore, it is advisable to use the
enzyme relatively rapidly even when stored at -80 °C.
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2.3.5.2. Modified protocol for smHDC8

The above-mentioned protocol for smHDACS production was very tedious and yielded a
low amount of protein (1 mg per liter of culture), which is somewhat incompatible with repetitive
crystallization experiments. During my thesis, | have optimized the production of sSmHDACS, to
meet the high demand of crystallization experiments and to supply our collaborators for in vitro
activity tests. Two constructs were prepared one with C-terminal his tag and the second with N-
terminal histidine-thioredoxin fusion tag, which were used for mini expression tests to compare

the expression level with different expression conditions.

The construct of pnEA/tH vector which has sSmHDACS coding sequence followed by a
thrombin cleavage site and C-terminal histidine tag was transformed in to BI21(DE3) bacteria and
used for large scale expression. Three liters of 2XLB was inoculated with preculture, with
appropriate antibiotic and expressed at 37°C until it reached the OD above 1.5. The culture was
induced with 0.7 mM IPTG and over expressed at 37°C overnight. After overnight expression,

cells were harvested and frozen at -20°C until next use.

For crystallization experiments a 3 liter culture pellet was used to purify. Cells were
resuspended in lysis buffer containing 50 mM Tris, pH 8.0 and 150mM NaCl. Sonication was used
to break the cells, at 40 mAMP and 0.5 sec on and 0.5 sec off for 90 seconds. After mixing the
bacterial suspension, sonication was repeated three times with same setup. Supernatant was
separated by centrifugation at 4°C, 21,000g and loaded on Talon® affinity beads which were pre-
equilibrated with lysis buffer. After two hours of incubation on a roller shaker at 4°C, beads were
washed with lysis buffer thoroughly. At this stage, an additional wash was conducted with a buffer
containing 10 mM Tris, pH 8.0 and 50mM KCI, and then beads were collected in a falcon tube
and thrombin was added to cleave the tag. After overnight incubation on a roller shaker at 4°C,
flow through was collected from the beads and loaded on to gel filtration column Superdex S200,
which was pre-equilibrated with 210mM Tris pH 8.0, 50 mM KCl and 2 mM DTT. After SDS gel
analysis, peak fractions were pooled together and concentrated in an amicon ultra centrifugal

device for further use of crystallization or in vitro testing.
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2.4.Protein characterization

After protein purification, a number of biophysical methods were employed to check the

quality of the samples. In the following sections principles of these techniques are discussed.

2.4.1. SDS-PAGE gel electrophoresis

SDS polyacrylamide gel electrophoresis serves as a size selective sieve. In the presence of
catalyst ammonium persulfate (APS), acrylamide polymerizes in a radical process which are
further cross linked in presence of N,N’-methylenebisacrylamide. TEMED (N,N,N’,N’
Tetramethylethylene-1,2-diamine) splits APS to form free radicals which is then initiates the
polymerization of acrylamide (Figure 44). The electrophoretic mobility of proteins solely depends
on the size in denatured conditions when sodium dodecyl sulfate (SDS) is used as it masks the
charge on the protein surface. The procedure was obtained from Molecular Cloning: A Laboratory

Manual, Sambrook et al. to run a SDS gel electrophoresis.
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Figure 44: Polymerization of acrylamide
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The composition of SDS-PAGE gels and staining solutions were mentioned in the Table
12 and Table 13 respectively. After electrophoresis gels were washed with solution 1 for five

minutes which was then followed by solution 2 (Table 13) for staining.

Table 12: SDS-PAGE gel composition

Resolving  gel Acrylamide percentage Stacking gel | Volume
composition 10% 12% 15% 20% composition (ml)
(50 ml)
(50 mi) Volume (ml)
40% 12.6 15.2 18.73 25 40% 6.25
Acrylamide/bis Acrylamide/bis
acrylamide acrylamide
(29:1) (29:1)
3M Tris HCI pH 12.5 IM Tris HCI | 6.25
8.8 pH 6.8
10% SDS 0.5 10% SDS 0.5
10% APS 0.5 10% APS 0.5
TEMED 0.01 TEMED 0.01
Water 23.8 21.26 17.76 115 Water 36.5
Table 13: SDS-PAGE staining solution

Solution 1 Solution 2*
Ethanol 500 ml 50 ml
Acetic acid 100 ml 75 ml
Water 400 ml 875 ml

*1 ml of 0.25% Coomassie brilliant blue in ethanol is added to the 50ml of solution 2
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2.4.2. Dynamic Light Scattering

Dynamic Light Scattering (DLS) is a widely used technique to determine the size and the
size distribution profiles in solution or suspension (Figure 45). In structural biology DLS is very
useful to determine the quality of a protein prior to crystallization experiments, to check
aggregation, stability, purity and to some extent the molecular weight of the protein studied. The
laser beam in DLS instrument takes an advantage of the Brownian motion exhibited by the
molecules in the solution. The scattered light from the moving particles reach the detector and
contribute to the scattering signal. Moreover, the changing phase of a molecule may add a
constructive signal or a destructive signal which is directly related to the diffusion coefficient.
Small molecules possess high diffusion coefficient and vice versa. The detectors that measure
fluctuations will convert it to a measure of size which is known as hydrodynamic radius. The
instrument DynaPro NanoStare (Wyatt technology) (LASER wavelength 830 nm) was used for all

the measurements.
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2.4.3. Differential Scanning Fluorimetry

nanoDSF is a differential scanning Fluorimetry which measures tryptophan fluorescence
and correlates with melting curves of the protein. Tryptophan has a fluorescence emission at
wavelengths 330 nm in a non-polar environment and 350 nm in a polar environment. With an
increase in temperature the Tm or meting temperature (the temperature at which half of the protein
is unfolded) can be calculated by measuring the fluorescence of tryptophan at single wavelength
or by the ratio of 330/350 nm. A single wavelength measurement sometimes may not produce a
well-defined transition whereas the ratio of 330/350 nm can do. The Tm of the proteins studied
was measured by using a Prometheus NT.48 in different buffer conditions or in presence of
inhibitors to compare the differences in stability (between different proteins or mutants) or

stabilization (e.g. by small molecules).

2.4.4. In vitro HDAC assay

All in vitro HDAC assays were done by our collaborators using a Fluorimetry drug
discovery kit (commercially available as Fluor de Lys(R)- HDACS8, BML-KI1178 from Enzo Life
sciences). The principle of this assay is a peptide substrate (derived from p53 and H4) containing
methylcoumarin which is attached to the terminal acetylated lysine residue (Figure 46). In the first
step, the substrate peptide is deacetylated by the HDAC, then in the second step trypsin cleaves
the fluorophore off the lysine residue, which increases the fluorescence at 460nm.
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Peptide Representing p53
Ac-Arg-His-Lys{ac)-Lys(ac}-methylcoumarin

Peptide Representing H4
Ac-Lys-Gly-Gly-Ala-Lys|ac)-methylcoumarin
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Figure 46: Fluor de Lys assay: A:

Substrate peptides derived from p53 and H4 that are conjugated with methylcoumarin fluorophore.
B: Scheme of Fluor de Lys assay reactions. Picture adapted from (Wolfson, Pitcairn et al. 2013).

Furthermore, 1C50 values were determined by our collaborators to compare inhibitor
potency. IC50 is the concentration of the inhibitor required to decrease the rate of enzymatic
reaction by half (Figure 47). IC50 values are determined by a series of experiments with a constant
enzyme and substrate concentrations and with varying inhibitor concentration. The rate of reaction
V decreases upon increasing inhibitor’s concentration log [I]. After a set of experiments, V is

plotted against log [I] to generate a sigmoidal curve where the point of inflection corresponds to

the log of inhibitor concentration that decreases V by half.
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Figure 47: 1C50 determination.
At half V, inflection point is log IC50.

2.4.5. Crystallization vapor diffusion Technique

Several crystallization methods are available among which vapour diffusion method was
used during the thesis work, which is one of the easiest and most commonly employed
crystallization method. It separates protein molecules from the solution and simultaneously self-
associates protein molecules to facilitate the formation crystal lattice. A drop composed of protein
and reagent mixture is allowed to equilibrate with reservoir solution in a sealed chamber. Due to
initial low reagent concentration in the drop, water evaporates to attain equilibrium, as a result
protein (and reagent) concentration of the drop increases and attains supersaturation. During the
process phase separation and nucleation takes place which favours the crystal formation. VVapour
diffusion technique can be used in sitting drop and hanging drop methods which is illustrated in
(Figure 48).

P

H,O

T Crystallization drop

|~ Reservoir solution—| |

Sitting drop vapor diffusion Hanging drop vapor diffusion

Figure 48: lllustration of vapor diffusion using Sitting drop and handing drop setup.
Image source: modified from Hampton research.

153



2.5.X-ray crystallography

A three-dimensional structure of a protein defines its function. To determine
macromolecular protein structures, three main techniques are available. Nuclear magnetic
resonance (NMR) is generally limited to small proteins, electron microscopy (EM) is currently
suitable for large proteins and complexes, and X-ray crystallography is widely used, irrespective
of protein size. Other techniques to obtain lower resolution data such as SAXS (small angle X-ray
scattering) are also complementary. To date, 132.428 structures are available in the protein data
bank, which have been solved mostly by crystallography and NMR techniques. The number of
EM structures is however growing at the fastest pace. In this thesis, | have used X-ray
crystallography in order to investigate the protein-ligand and protein-protein interactions.
Different software and methods are available to process the X-ray diffraction data, in the following

section | have summarized few that | have used during my thesis.

2.5.1. Principle of X-ray diffraction

X-ray crystallography is the ultimate tool in the biological macromolecule structure
determination. The major hurdle in solving a protein structure through X-ray crystallography is to
obtain crystals which is time consuming experiment. Crystal is the periodic arrangement of
molecules in three-dimensional space. In order to solve a protein 3D structure from crystal
obtaining to structure determination several steps are involved, and it is an extensive and time-
consuming process. In this section, I have discussed few basics which will help to understand the

process of protein structure determination using X-ray crystallography.

2.5.1.1. Crystal systems

The ordered crystal lattice can be defined by the simplest repeating unit which is called as
unit cell. By definition unit cell has a translational symmetry which can build the whole crystal

lattice. The lattice parameters that define a unit cell includes three axes a, b, ¢ and three angles a,
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B, v. The figure (Figure 49) shows classification of lattice systems in which seven combinations of

crystal systems and four lattice types that makes a total of fourteen possible Bravais lattices.
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Figure 49: Bravais lattices
P: simple cubic, I: body centered, F: face centered cubic, C: side centered

2.5.1.2. Bragg’s law

Bragg’s equation was introduced by Sir William Lawrence Bragg and his father William
Henry Bragg in the year 1913. They have proposed to interpret the scattering as reflection from

lattice planes (Figure 50). According to Bragg’s law when the path difference between diffracted
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planes is equal to the integers of wavelength then constructive interference happens which results
in the reflection on the detector. The destructive interference leads to no reflection.

nA = 2d sinf

Where n is the integer, A is the wavelength of X-rays, d is the distance between two planes

and 0 is the angle of the incident light.

Incident Scattered
waves waves

0 Lattice
A planes

Figure 50: Bragg's law
The extra path travelled by the incident X-rays is equal to AO+OB which is equal to 2d sinB. dh is the
interplanar distance.

2.5.1.3. Ewald’s sphere

Ewald’s sphere is a geometrical construction that represents the visualization of diffraction
patterns which was demonstrated by Paul Ewald in 1921. The superimposition of reciprocal lattice
with Ewald’s sphere, shows the diffraction pattern where the reciprocal lattice point that lies on
Ewald’s sphere will fulfill the diffraction condition (Figure 51). Ewald’s sphere is constructed with
a radius of 1/A from the origin of crystal center. By changing wavelength and or rotating crystal
one can manipulate the diffraction patterns. By rotating the crystal, new lattice points fall on the
Ewald’s sphere that gives rise to the diffraction. Depending upon the symmetry of the crystal few
lattice points will never touch the Ewald’s sphere which is called as blind zone, in such case tilting

of the crystal can help to get the diffraction of (previous) blind zone.
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Figure 51: Construction of Ewald's sphere

Ewald’s sphere constructed with the radius 1/A, the origin O, reciprocal lattice origin O, reciprocal
lattice point represented as grey spheres. Incident X-ray So passes through the origin O and reciprocal lattice
origin O*. the scattering vector OK can only make the diffraction pattern when it fulfils Bragg’s law. n A=2d
sin 8. The difference between incident X-rays and diffracted X-rays is equal to scattering vector which is
1/d"w.

2.5.1.4. Theory of diffraction

. The wavelengths of X-rays 0.01 to 10 nm are in the range of interatomic distances of
biological macromolecules. For instance, the carbon-carbon distance is 1.54 A which falls under
the wavelength of X-rays. When X-rays bombard the crystals, it can interact in three possible ways.
The electrons can be released from the matter as photonization where energy and momentum are
transferred to electrons from the X-rays. In the second type of interaction the electrons are excited
from their ground state but not released from the matter which is also known as Compton
scattering. The first two processes are inelastic scattering where the energy of incident X-rays is
decreased. In the third kind of interaction, when X-rays hit the crystal, the electrons change the
direction of the X-rays without consuming the energy of X-rays. In elastic scattering the outgoing

X-rays should have the same energy as the incident X-rays. In biological macromolecular
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crystallography, elastic scattering results in the diffraction patterns where the diffracted waves are
in constructive interference according to Bragg’s law, and the in-phase diffraction results in the

reflection on the detector.

2.5.2. Structure determination using X-ray crystallography

The information obtained by X-ray crystallography on a macromolecular structure is the
electron density of this macromolecule in the three-dimensional space. Determination of the
electron density from a diffraction experiment involves several mathematical calculations. A
Fourier series is the sum of wave equations that describes a periodic function. Constructing the
Fourier series of a wave can describe all of its properties: amplitude, frequency and phase. Since
the electron density in 3D space is a periodic function, it can also be represented in the following

Fourier expression.

p(x,y,z) = 1/172 Z Z F(hkl) e-ZTL’i(hx+ky+lZ)
h k 1

Where, P ey defines the electron density in 3D space with x,y,z fractional co-ordinates,

1/v is the volume of the unit cell which expresses electron density in the units of e/A3

F (niy 1s the structure factor at miller indices h, k and |

e~ 2mi(hx+ky+lz) gre the coordinates in the real and reciprocal space that is coming from Fourier
synthesis

Since the structure factor F ) is a Fourier series of wave function, it defines its three

components: frequency, amplitude and phase. The frequency is known from the X-ray source, and
the amplitude is the square root of intensities 14,y which are measured during the diffraction

experiment. However, the phase information is being lost during data collection. This is known as
the “phase problem”.

In order to be able to obtain the electron density of a macromolecule from its diffraction
experiment, it is required that the phase problem is solved. Its mathematical representation is
described briefly in the following section.

The two important components of a structure factor from the above equation are the
structure factor amplitude and the phase. These can be represented as complex number in a two-
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dimensional representation (Figure 52). Any unknown number (iB) with a known real number (A)
can be represented as a complex number (A+iB) in a two-dimensional space using the Argand
diagram. A complex number is the one that contains both real and imaginary numbers where i =
(_1)1/2.

Al

% i|B]

Inary axis

Imag

a

Real axis

Figure 52: Argand diagram:

The structure factor is represented as a vector with complex numbers. The length or amplitude of
structure factor F is the square root of intensities (measured in the diffraction experiment) which makes an
angle of alpha (phase) with the real axis (amplitude).

The electron density can be derived with known intensities and unknown phases, from the
above Argand representation of a structure factor. Two expressions can be derived from Figure
52.

cosa = |A|/|F| and sina = i|B|/|F]|
Therefore,
|A| = |F|cosa and i|B| = |F|sina
The complex vector
F = |A| + i|B| isequal to |F|(cos a + i sin a)
According to complex number theory cos 8 + i sin 8 = e'?, the complex vector becomes:
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F = |F|e*

Substituting this expression in the electron density equation, and using phase angle a« = 2mia’
gives:

— Zm'(x’hkl —2mi(hx+ky+1z)
S DN
h k 1

Further simplifying the equation by adding exponents gives:

= —2mi(hx+ky+lz)—a
Pl = 1/vzh:zk:zl: |F,,,| e”2rihetky+l=a pq

This electron density equation is complete by representing as a function of known
amplitudes and unknown phases of each structure factor. This equation represents all three

components of wave frequency h along axis X, y, z, amplitude |Fnk| and phase anki.

Different techniques are available to solve phase problem

Direct methods (limited to small molecules)

Molecular replacement

Isomorphous replacement SIR, MIR

Anomalous dispersion (SAD, MAD)

Combination methods (SIRAS, MIRAS)

Radiation damage induced phasing with anomalous scattering RIP, RIPAS

O O 0O 0O O O

During my thesis, I have used the molecular replacement method which is described in the next
section.

2.5.2.1. Molecular replacement

The molecular replacement method was first developed by Michael Rossmann. With this
method the phases are estimated from the structure factors calculated from a known homologous
model structure. The calculated structure factor |F¢| is compared to the observed structure factor
|Fo| by applying rotation and translational operations to the initial model to get the final model. To
be successful, molecular replacement requires a total of six parameters (o, f, v, X, y, z) for each
structure factor of all the atoms in the unit cell has to be calculated which is computationally

exhaustive.
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In order to simplify the calculation, molecular replacement softwares split these six
parameters into two three-dimensional parameters, i.e. three rotational parameters (o, B, y) and
three translational parameters (X, y, z). After finding a correct rotational fit, the translational search
is implemented. However, after the first step of rotational search, the |F¢| cannot be calculated
when the translation parameters are still unknown. This prevents the comparison of |Fc| with |Fo|.
In order to overcome this barrier, two methods are available for the rotation search (i) a Patterson
search function (i.e. a Fourier transform of intensities), or (Suzuki, Muto et al.) a maximum
likelihood method (i.e. a statistical approach in reciprocal space to average all the possible

translations).

The Patterson method is the Fourier synthesis of squared structure factor amplitudes
without phases. Since the Patterson function uses intensities in place of phases as Fourier

coefficients, the expression of electron density changes to Patterson function of:

Pauwwy = 1/1]2 Z Z |F (niepy|* cos2m [hu + kv + Iz]
Rk 1

The Patterson function of observed data contains intramolecular self-vectors as well as
intermolecular vectors due to crystallographic and non-crystallographic symmetry. The Patterson
function of the model is calculated in a large P1 unit cell with the model’s intramolecular self-
vectors present around its origin. The crystal or observed Patterson is calculated in its actual unit
cell which contains self-vectors and cross vectors of intermolecular and intramolecular vectors

respectively (Figure 53).

a)  Electron density peaks b)  Corresponding Patterson peak
N !
U u
S » L] »
- L 4 Ll -4 >
D, D D+D

Figure 53: Calculation of Patterson peaks from electron density:
a) individual electron density peaks with a distance of U and the width of D1 and D2. b) Patterson
peak derived from the two electron density peaks in a.
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Once the Patterson functions are calculated for both the model and the target, the Patterson
of the large P1 model is placed inside the unit cell of the target and the rotation function is applied.
The overlap between the observed and calculated Pattersons can be measured as a product function
or correlation coefficient or as Patterson product in reciprocal space, which is at its maximum

when the two Pattersons overlap.

Tmax

RER) = [ Povservea (8)Pog (R i
Tmin
RF is the Patterson function of rotation R and is equal to the product of the observed
Patterson P,..rveq (1) and of the rotated model Patterson P,,,4.; (R, u) integrated over all points
of u in the Patterson space. rmax and rmin are the limits of the sphere of radius which is centered on

the origin.

The translation search is related to the crystallographic symmetry. In case of the P1 space
group, the translation result in the same. The translation search for a Patterson is defined as the
product of observed and model Pattersons over the whole unit cell. Translation and rotation result
in the movement of orthogonal coordinates of Patterson into a new frame, where the translation is
straightforward, but the rotation is expressed in different ways such as Polar angles, Eulerian
angles and Lattman angles. A correlation coefficient or R factor is calculated for each translation

search.

R = Z |Fobserved | - |Fcalculated|

Z |Fobeserved |
The model obtained from molecular replacement may contain local errors and systematic
displacement. These errors might be corrected in case of rigid body refinement. In rigid body

refinement, the atoms are fixed relatively to each other.

2.5.2.2. Refinement

Models obtained from the structure determination using experimental phasing and
molecular replacement, are not complete but in general contain enough phase information to build

the missing residues and identify the regions which are not correct in the initial molecular
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replacement model. In order to obtain a better fit between the model and the experimental data,
repeated cycles of map calculations and model building are implemented. Refinement programs
use least square refinement and maximum likelihood methods to modify the model to get the best
agreement between the model and experimental data. In this thesis, | have used programs from
Phenix and CCP4 for the refinement and COOT for the model building.
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Results




3. Results

During my PhD thesis, | have been developing three research axes that all contributed to
address the scientific questions discussed in the introduction of this thesis on epigenetic enzymes
involved in the acetylation pathways, notably on histone deacetylases. Accordingly, this Results
section has been divided into three parts. In the first part, | describe the work that | did on epigenetic
enzymes of the acetylation pathways of eukaryotic pathogens and that have been validated as drug
targets by the A-ParaDDisE consortium. Although | have been studying many different enzymes,
I am describing here mostly the production work done on two enzymes: a histone acetyltransferase
from the pathogen Trypanosoma cruzi, and a deacetylase from the pathogen Leishmania

braziliensis.

In the second part, | describe the work I did on the understanding of the selective inhibition
of HDACS. Here, | have continued the initial work done on smHDACS and | have complemented
it with the work on hHDACS. This second part of my results is divided into five subparts. First
one is the expression, purification and crystallization of HDAC8 (both smHDACS8 and hHDACS).
Second and third subparts are the structural characterization of HDACS selective inhibition, which
are accompanied by two articles, one which is published and a second one which should be soon
submitted for publication. In subparts four and five, | describe additional work done on the
selective inhibition of HDACS that should be published later.

Finally, in the last two subparts, | describe the on-going work I am doing on the Cohesin
complex that is a target of HDACS. This work describes cloning, expression, purification and
crystallization studies on subcomplexes of Cohesin that should be used for looking at the

interaction between Cohesin and HDACS.
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3.1. Purification of acetyl modifying proteins from eukaryotic parasites

Several epigenetic enzymes from eukaryotic parasites have been identified by the partner
laboratories of the A-ParaDDisE consortium and, for some of them, were validated as drug targets.
Among them, potential candidates were selected for the in vitro screening assays for candidate
inhibitors. The aim of my work was to produce some of these proteins recombinantly to analyse
them by structural means and to deliver to our partner laboratories for in vitro inhibition assays. |
describe here the work I did on two such validated epigenetic drug targets: a HAT from

Trypanosoma cruzi (TcHAT1) and a deacetylase from Leishmania braziliensis (LbDAC3).

3.1.1. Histone Acetyltransferase 1 from Trypanosoma cruzi (TcCHAT1)

3.1.1.1. Initial expression tests of TcCHAT1

Bioinformatic analysis suggests that TcHAT1 belongs to the MOZ/SAS family of
acetyltransferases, which has been produced recombinantly. Initially, TcHAT1 full-length protein
was cloned and expressed in bacteria, as mentioned in the materials and methods section (2.2.2 &
2.3.4). The full-length protein expression was poor and | failed to scale up its production.
Bioinformatics analysis was conducted and the sequence alignment studies revealed that TCHAT1
contains an N-terminal additional sequence as well as an insertion in the middle of the protein
(Figure 54). In the first attempt, the N-terminal additional sequence was removed and re-cloned
(TcHAT1-N2C2). Different combinations of expression tags were used. In minitest-expression
assays, an N-terminal histidine-thioredoxin fusion tag showed the most promising results in terms
of yields, notably for the construct TCHAT1-N2C2.
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Figure 54: Sequence alignment of TcHAT1:
BLAST search was conducted for TCHAT1 against protein sequences available in pdb. Insertion was
represented in black border. Image was prepared using Jalview.
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3.1.1.2. TcHAT1-N2C2 Purification

This better behaviour of the TcCHAT1-N2C2 construct in fusion with an N-terminal His-
Thioredoxin let me choose this construct for large scale production studies. After cell lysis with
sonication, Talon affinity binding was done followed by washing and imidazole elution. A final
step of gel filtration chromatography was then performed (Figure 55). The gel filtration buffer was
50 mM Tris, 150mM NaCl and 2mM DTT. | observed however that this protein was highly
degrading, and protein precipitation was observed all over the purification. The degradation was
reduced to some extent by the thioredoxin fusion tag. However, since acetyl-CoA is a cofactor of
HATS, we also supplemented it during purification to look whether it can stabilize the protein.
However, this protein is not well behaved in DLS, as it shows high molecular weight content which
suggests soluble aggregation. Nevertheless, the purified protein was delivered to our partner

laboratories for activity tests.
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Figure 55: Gel filtration purification of TCHAT1-N2C2.

Top panel: gel filtration profile; bottom panel: SDS-PAGE analysis of gel filtration fractions. The
protein (MW of 48 KDa with the thioredoxin fusion tag) is found in two peaks on gel filtration
chromatography.

3.1.1.3. Optimization of production

In order to try to improve the quality of protein, notably by reducing its aggregation state,
I further engineered TcHAT1-N2C2 and modified its purification conditions. The presence of an
insertion in the middle of sequence may be the cause of improper quality of protein. And also, the

high cysteine content is another issue, where TcHAT1-N2C2 has nine cysteine residues, which
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can be addressed in partial by increasing reducing agent concentration. In another attempt, the loop
of TcHAT1 was deleted and two mutants were prepared, one with deleted loop (insertion - Figure
54) (dI-TcHAT1) and in the second case the loop at insertion was replaced with human sequence
(Ih-TcHATZ, Ih for loop human).

Two loop mutants were prepared by cloning TcHAT1 (full length) and TcHAT1-N2C2
one with deleted loop (dlI), other one replaced with human sequence (Ih). All constructs were
maintained N-his-thioredoxin fusion tag. Mini tests were performed as mentioned in the section
(2.2.2.1). In expression profile, TcCHAT1-N2C2 looks more soluble, after Ih--TcCHAT1-N2C2. And
the least soluble is the deleted loop mutant Ih-TcHAT1 and lIh-TcHAT1-N2C2 (Figure 56).
Further, these proteins were used for large scale production.
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Figure 56: TCHAT1 — mini test-expression optimization:

1-6, TcHAT1, dI-TcHAT1, I|h-TcHAT1, TcHAT1-N2C2, dI-TcHAT1-N2C2 and |h-TcHAT1-N2C2
respectively. All proteins are tagged with N-terminal-his-thioredoxin fusion tag. A-C: 50 mM Tris, pH 8.0,
where A—50 mM NaCl, B - 150 mM NaCl and C—500 mM NacCl.

3.1.1.4. Purification of dI-TcHAT1-N2C2

dI-TcHAT1-N2C2 was purified from three liters of culture. Purification was done by
affinity tag purification followed by gel filtration chromatography (Figure 57). The protocol
followed was the same as for the wild-type enzyme. The purification of dI-TcCHAT1-N2C2 was
not successful as hinted in the mini test (Figure 56). The solubility and proteolytic stability of the
protein were highly affected by the loop deletion. These results suggest that this loop is critical for
the TcHAT1 structure and this construct was not further characterized.
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Figure 57: Purification profile of dI-TcHAT1-N2C2:
Gel filtration chromatogram and SDS gel indicating unstable protein.

3.1.1.5. Purification of Ih-TcHAT1-N2C2

The mutant INTCHAT1N2C2 was purified in a similar way to above mentioned wild type

enzyme (Figure 58). Surprisingly, this mutant has better solubility and stability than deleted-loop

mutant and wild type enzymes (Figure 59). There was very little degradation observed, and overall

precipitation during the purification was reduced completely. This observation again supports the

importance of this insertion in the structure of TcCHATL. The purified protein was delivered for

activity and in vitro drug screening tests. This mutant purification was a starting point towards
crystallization trials.
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Figure 58: Purification profile of InTcCHAT1IN2C2:
Gel filtration chromatogram and SDS gel indicates good improvement in the protein yield and

quality. The degradation and precipitation while purification much reduced with this new construct.
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Figure 59: DLS profile of Ih-TcCHAT1-N2C2

a) Purified Ih-TcHAT1-N2C2 protein in presence of thioredoxin fusion tag which is stabilized when
compared to wild type enzyme. Upon addition of acetyl CoA the stability is improved which reflects in the
DLS data b)

3.1.2. Deacetylase 3 from Leishmania braziliensis (LbDAC3)

LbDACS3 is another parasitic epigenetic enzyme that has been validated as a target by the
A-ParaDDisE consortium. It is a homologue of class Il HDACs (Figure 62). LbDAC3 was cloned
and expressed as mentioned in the materials and methods (2.2.2 & 2.3.4). Among different fusion
tags and expression conditions thioredoxin fusion tag was selected with a better solubility. In the
mini expression test, different constructs and buffers were used to optimize protein production

(Figure 60 ). More or less all conditions yield similar solubility profiles.
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Figure 60: LbDAC3 expression optimization:
A: N-his-thrx-3C-LBDAC3, B: N-his-thrx-thrombin-LbDAC3. 1-4 are different buffer conditions, 1: 50

mM KCl, 10 mM Tris, pH8.0, 2: 150 mM KCI, 10 mM Tris, pH8.0, 3: 300 mM KCl, 10 mM Tris, pH8.0 and 4: 150
mM KCl, 10 mM Tris, pH 7.5.

3.1.2.1. Purification of LoDAC3:

PnEA-thX-LbDAC3 with 3C protease site (N-his-thrx-3C-LBDAC3) was expressed and
purified as mentioned in materials and methods section (2.2.2 & 2.3.4). After expression, cell lysis
was done using sonication. The soluble protein was purified using affinity purification followed
by protease 3C treatment and finally gel filtration chromatography was used (Figure 61).
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Figure 61: Purification of LbDAC3
Profile of LbDAC3 purification using gel filtration chromatography

However, the yield was too low to pursue further purification and the protein is highly
degrading. In order to understand the protein behavior bioinformatics analysis were pursued which
revealed a huge insertion in LbDAC3 sequence (Figure 62). The sequence alignment of LobDAC3
with class 1l human HDACSs has indicated that LbDACS is different from human enzymes. It lacks
an N-terminal region but contain insertions in the catalytic domain. In order to optimize the protein,
several constructs were made by deleting insertion at different lengths. Constructs were prepared
with different fusion tag options. In the mini expression tests, protein expression was observed but
failed to scale up the volume. No construct has yielded a stable protein, all were degrading and

precipitating during the purification.
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Figure 62: Sequence alignment of LbDAC3 with HDAC7 and 4.

3.1.2.2. Optimization of expression and purification:

After several trials with cloning different constructs of LbDAC3, which didn’t give good

results, an optimization with expression conditions were tried. The expression conditions were

changed from 2XLB media to auto induction media, which has improved the solubility of the
protein several folds. LobDAC3 (N-his-thrx-3C-LBDAC3) was expressed in auto induction media

and followed by its purification with affinity and ion exchange chromatography. For ion exchange

chromatography, the procedure mentioned in section (2.3.2) was followed.

173



After sonication affinity purification was performed and the protein was eluted with 200
mM imidazole in lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl and 1mM TCEP). Before ion-
exchange chromatography, the salt concentration was reduced to 50 mM. An ion-exchange kit
from GE life sciences was used to check ion-exchanger compatibility with mini tests which
enabled to select Q-sepharose column for the large-scale protein purification. Protein was then
loaded on a Q sepharose column and eluted with a gradient of increasing salt concentration.
Purified protein has many contaminants, and most affectively it was degrading rapidly over time
(Figure 63). Because of degradation the protein was not able to process for additional purification
steps. However, the production wise it has improved comparatively from the previous expression

conditions which can be used for optimization.
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Figure 63: lon exchange profile of LbDAC3

N-his-thrx-3C-LBDAC3 was purified in two steps, affinity chromatography followed by Q-sepharose
chromatography. The resulted protein was degrading and precipitating which didn’t allow to pursue further
purification studies.
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3.1.3. Conclusion:

Acetyl modifying enzymes in eukaryotic parasites are often important for parasite survival
and for maintaining homeostasis, making them valid drug targets. Several epigenetic enzymes of
eukaryotic parasites have been identified by the A-ParaDDisE consortium. The production of these
enzymes recombinantly can be useful to pursue in vitro assays to screen for drug candidates.
However, the presence of long insertions in parasitic enzymes make difficult to purify these
enzymes. LbDAC3 and TcHAT1 are two examples characterized in this thesis that are highly
unstable enzymes, possibly, but not only, due to the presence of additional insertions in comparison

with that of human enzymes.

However, | showed that protein engineering by modifying or deleting insertion sequences
can yield more stable enzymes. In case of TcHAT1 a fusion tag thioredoxin and the replacement
of loop with human enzyme has given interesting results. Additionally, the use of acetyl CoA also
contributed to the stabilization, even if it did not prevent completely oligomerization. The efforts
are less successful with LbDAC3, and suggest that an interacting partner is missing that could

stabilize this protein.

3.2.Elucidating smHDACS selective inhibition mechanism

3.2.1. Production of HDACs

When | joined the lab, S.mansoni HDACS8 was the only HDAC for which a protocol of
purification existed (Marek, Shaik et al. 2016). Human HDACS8 had been shown by other research
groups to be purified fused to a C-terminal his-tag (Decroos, Clausen et al. 2015). To continue the
project on sSmHDACS8 and start the one on hHDACS, | dedicated time to setup purification

protocols that were easier to use and led higher amounts of proteins.

For that purpose, I cloned S. mansoni and human HDACS into different expression vectors
with different fusion tag combinations. For wild-type smHDACS the production was optimized in
a pnEA/tH vector where a thrombin protease site followed by a His tag was fused C-terminal to
the protein of interest. For (HDACS the expression was optimized in pnEA-tX vector in which a
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His tag followed by thioredoxin and a thrombin cleavage site was fused N-terminally to the protein
of interest.
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Figure 64: HDAC8 expression optimization:

1 and 2 are N-his-hHDAC8 expressed at 25°C and 37°C respectively. 3 and 4 are N-his-trx-nHDACS8
expressed at 25°C and 37°C respectively. 5 and 6 are smHDACS8-Chis and N-his-trx-smHDACS8 respectively
expressed at 37°C. SDS gels are edited to match marker.

3.2.1.1. Purification of smHDAC8 and hHDACS

From the above mentioned constructs, a large scale protein production and subsequent
purification were performed. hHDACS8 was purified with a simple protocol as mentioned in
sections (2.2.2 & 2.3.4) whereas two different protocols were employed to purify smHDACS
proteins. The wild type smHDACS8 was purified using the new protocol which was mentioned in
the section 2.3.5.2). This new protocol has yielded three times more protein when compared to old
protocol (3 mg vs 1 mg per 1 Itr culture). However mutant snHDACS could not be purified using
this new protocol. The reason behind this difference is possibly due to the nature of the sSmHDACS8

enzyme. The new protocol has rough expression and purification conditions like overnight
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expression at 37°C, using high salt at 150 mM for cell lysis etc. The very sensitive SmHDACS8
mutant proteins were not compatible with theses harsh conditions but yielded moderate protein

with old protocol which was mentioned in the book chapter and section at (2.3.5.1) (Marek,
Kannan et al. 2013, Marek, Shaik et al. 2016).

Final buffers used for gel filtration chromatography were 10mM Tris pH 8.0, 150mM KCl,
2mM DTT for hHDACS and 10mM Tris pH 8.0, 50mM KCI, 2mM DTT for smHDACS. Peak

fractions of proteins were concentrated to 3 mg/ml for crystallization experiments.
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Figure 65: smHDACS purification profile.

On the left side Superdex S200 gel filtration chromatography of smHDAC8 was shown. The

chromatogram showing a single peak and in the right panel SDS gel with all the peak fractions were showing
the purity of the protein.
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Figure 66: hHDACS purification profile.

Superdex S200 gel filtration chromatogram of hHDAC8 and in the right SDS gel analysis of peak
fraction.
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3.2.1.2. Crystallization and soaking with inhibitors of smHDAC8

smHDACS crystallization was done using hanging drop method. For crystallization, the
protocol was adapted from (Marek, Kannan et al. 2013). After gel filtration chromatography, peak
fractions were pooled and concentrated in a 30 KDa cut off amicon ultra centrifugal device®.
Nearly 3 mg/ml concentration was maintained and the sample was centrifuged prior crystallization
experiment. A fine gradient of PEG 3350 from 13% to 20% in presence of 0.1 M Na*" K tartarate
was used as reservoir solution. Nearly 0.5 ml reservoir solution was used in a 24 well XRL
crystallization plates, and 1 pl of protein was mixed with 1 pl of reservoir solution on a cover slide
and sealed with grease. The crystallization plates were stored at 20 °C, for three days. Crystals
were about 200 um in size and the best crystals were picked and transferred into a new cover slide
containing 1 pl inhibitor solution again the plates were sealed and stored at 20°C overnight. The
inhibitors were obtained from our collaborators, which were used to prepare a 100 mM stock by
dissolving into an appropriate volume of DMF or DMSO. For soaking experiments solution was
prepared with inhibitors at a final concentration of 5-10 mM with a buffer containing 10mM Tris
pH 8.0, 50mM KCI, 18-24% PEG 3350. Structures of all the inhibitors used in this thesis are
mentioned in figures (Figure 67, Figure 68, Figure 69 and Figure 70). After overnight incubation
crystals were harvested using a cryo solution containing 22% glycerol in the soaking buffer.

Crystals were harvested and stored in liquid nitrogen until data collection.

Several inhibitors were used in this thesis work, which are received from different
collaborators, hence the compounds belong to different chemical groups. As a continuation of
SEtTReND, the initial lead compounds of SmMHDACS specific inhibitors J1038 and J1075 were
developed into two different series, named as TH and TB-series respectively (Marek, Kannan et
al. 2013). Apart from these two major series, few other group of compounds were also used which
includes triazole derivatives, uracil based compounds and also pan-HDAC and HDACS selective

commercially available compounds were used to study different aspects of HDACS.
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Figure 70: Triazole and Uracil based compounds
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3.2.2. Publication 1

Summary of publication 1:

The knowledge of smHDCS8 catalytic pocket structural specificities that we obtained during
the SEtTReND project was used to design new smHDACS specific inhibitors by our collaborators
(Wolfgang Sippl’s group at Halle University in Germany). These compounds were tested for
inhibition by our other collaborators (Manfred Jung’s group at Freiburg University, Germany). In
particular, the screening of J1038-derived compounds provided promising results. Particularly,
benzhydroxamate compounds having an internal amide group in their linker and with methyl or
methoxy substitution at para position were showed to be more potent for smHDACS and, for some
of them, showed increased selectivity for snHDACS8 over (HDACS

Our crystal structure of smHDACS in complex with the simplest of these derivative TH31
(13a) revealed that these compounds make use of sSmHDACS8-specific active site specificities for
selective inhibition. TH31 was clamped in the active site pocket by two sSmHDACS residues, K20
and H292 which form a “clamp jaw’. Structural comparison with human HDACSs suggest that the
clamp jaw formation is SmMHDACS specific. Further, these observations were supported by
biochemical data where IC50 values are more favorable towards smHDACS8 over hHDAC1 and 6,
and to some extent towards hHDACS. Cytotoxic studies also suggested that these inhibitors do not
have toxic effects on HEK293 cells (human epithelial kidney cell line). These results suggest that

the new series of compounds are valid candidates for further optimization.

Contribution:

For this project, | have produced the SmMHDACS8 and hHDACS8 enzymes. These

enzymes were used by our collaborators for in vitro assays to determine IC50 values.
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ABSTRACT: Schistosomiasis is a major neglected parasitic disease that affects more than 265 million people worldwide and for
which the control strategy consists of mass treatment with the only available drug, praziquantel. In this study, a series of new
benzohydroxamates were prepared as potent inhibitors of Schistosoma mansoni histone deacetylase 8 (smHDACS).
Crystallographic analysis provided insights into the inhibition mode of smHDACS activity by these 3-amidobenzohydroxamates.
The newly designed inhibitors were evaluated in screens for enzyme inhibitory activity against schistosome and human HDACs.
Twenty-seven compounds were found to be active in the nanomolar range, and some of them showed selectivity toward
smHDACS over the major human HDACs (1 and 6). The active benzohydroxamates were additionally screened for lethality
against the schistosome larval stage using a fluorescence-based assay. Four of these showed significant dose-dependent killing of
the schistosome larvae and markedly impaired egg laying of adult worm pairs maintained in culture.

B INTRODUCTION observed resistance in laboratory strains underline the need to

. . . . 7810,11
Schistosomiasis is one of the major neglected parasitic consider alternative therapeutic strategies. Indeed, drug

diseases," second in importance only to malaria. It is caused
by parasites from the genus Schistosoma,” with Schistosoma
mansoni being the most widely distributed species.* Worldwide
more than 265 million individuals are infected,’ of whom
280000 die annually.”® To date there is no effective vaccine
available, and control depends on mass drug administration

resistance represents an increasing problem for the treatment of
a number of parasitic diseases for which only a few drugs are
available. Thus, novel potential drug targets and drug
candidates against eukaryotic parasites are urgently required."

Histone modifying enzymes (HMEs), which are responsible
for post-translational modifications of histone and non-histone

using the only available treatment, praziquantel, which is substrates, have been reported as drug targets for many diseases
effective against all species of human schistosomiasis.”* In 2013 such as cancer, inflammation, metabolic diseases, and neuro-
over 30 million people were treated in sub-Saharan Africa,” and

this raises serious concerns about the selection of drug Received: September 23, 2015

resistance. The reduced efficiency of praziquantel and the Published: March 3, 2016
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Figure 1. Chemical structures of pan-HDAC inhibitor 1 (SAHA) and reported hHDACS inhibitors.

o . . o 13-16
psychiatric disorders as well as in regenerative medicine.

One of the best-investigated post-translational modifications is
acetylation/deacetylation of lysine residues in histone and non-
histone proteins. The processes of acetylation and deacetylation
are controlled by histone acetyl transferases (HATs) and
histone deacetylases (HDACs), respectively. The equilibrium
between acetylated and non-acetylated histone proteins must
be maintained for proper transcriptional activity and cellular
function.'” Additionally, an increasing number of non-histone
proteins have been reported as substrates of HDACs."® These
proteins may be involved in transcription complexes, which
play a pivotal role in the regulation of gene expression as well as
cell proliferation, migration, death, and angiogenesis.18 HDACs
are a family of enzymes found in many organisms, including
bacteria, fungi, plants, and animals. Eighteen different members
of the HDAC family have been annotated in the human
genome and have been classified into four categories on the
basis of their homology to yeast HDACs."” Class I consists of
four different subtypes (HDACI, -2, -3, and -8) and shows
homology to the yeast protein RPD3. Class II includes six
subtypes, which are divided into two subclasses: class Ila with
subtypes HDAC4, -5, -7, and -9 and class IIb with HDAC6 and
-10. HDACI1 is placed in class IV. While the activity of the
enzymes belonging to class I, II, and IV HDACs depends on a
zinc-based catalytic mechanism, class III enzymes, also called
sirtuins, use nicotinamide adenine dinucleotide as a cofactor.”’
Hereafter, the term HDAC will refer only to the classical zinc-
dependent deacetylases.

Numerous HDAC inhibitors (HDACi) have been identified
in the past decade; several are in clinical trials, and five are
currently approved for the treatment of cancer, for example, the
aliphatic hydroxamate SAHA (1) (Figure 1), marketed under
the name Vorinostat.”’™>® The pan-inhibitor 1 is a weak
inhibitor of HDAC8 (uM range). Several aromatic”’ >’ and
cinnamic acid-based®® hydroxamates have recently been
developed as selective inhibitors of human HDACS8 (2—6;
Figure 1). The indole derivative 4”7 is the most selective
HDACS inhibitor in vitro, with an ICg, of 10 nM for HDACS8
and selectivity indexes of 290 and 400 for HDAC8 over
HDAC6 and HDACI, respectively. Recent investiga-
tions'#'¥*"** have shown that eukaryotic parasites possess
HDAC orthologues and that histone acetylation seems to play a
key role in gene-transcription regulation and cell-cycle
progression. Also, many human parasites share several
characteristics with tumor cells, including high metabolic
activity, a dependence on lactate fermentation as an energy
source within the human host, uncontrolled cell division, and a

2424

degree of invisibility to the host immune responses.'* The
therapeutic potential of HDAC inhibitors as antiparasitic agents
was first shown for the cyclic tetrapeptide apicidin.’' In
addition, several studies using various HDACi demonstrated
the antiproliferative and antiparasitic activities of these
inhibitors on major human parasitic diseases such as
leishmaniasis, malaria, schistosomiasis, toxoplasmosis, and
trypanosomiasis.14’15

To date, only class I (smHDAC]I, -3, and -8) and class III
(smSirt1, -2, -5, -6, and -7) HDACs of S. mansoni have been
cloned and characterized.”>** Treatment of schistosomes with
generic HDAC inhibitors caused protein acetylation and dose-
dependent mortality of schistosome larvae (schistosomula) and
adult worms.”> All three S. mansoni class I HDACs
(smHDACI, -3, and -8) are expressed at all life-cycle stages,
with HDACS transcripts always being the most abundant,”
indicating that this latter enzyme is a potential target for the
design of schistosome-specific inhibitors. This observation was
quite surprising because normal levels of HDACS transcripts
are generally lower than those of HDAC1 and HDACS3 in
human cells, with the exception of some cancers, where
HDACS expression is often strikingly upregulated.*

The potential of smHDACS as a therapeutic target was
supported by biochemical and in vivo assays.”® RNA
interference (RNAi)-mediated downregulation of smHDACS
expression in schistosomula followed by their intravenous
injection into mice and harvesting of the surviving worms 35
days later showed significantly reduced worm recovery
compared with that from mice infected with schistosomula
treated with control double-stranded RNA.*° Finally, the crucial
roles of zinc-dependent HDAC:s in schistosome biology were
confirmed by the use of small-molecule HDAC inhibi-
tors.”>***” Therefore, a therapy with small-molecule HDACi
represents a promising approach for the treatment of
schistosomiasis.

In a previous study, we were able to identify the first small-
molecule inhibitors of smHDACS by a combination of virtual
screening and in vitro testing.”® Two of the identified hits were
cocrystallized with smHDACS, paving the way for structure-
based optimization.*® In the present work, we applied structure-
based design on a benzohydroxamate template, taking into
consideration appropriate synthetic strategies, to obtain
compounds with smHDACS inhibitory activity in vitro and
antischistosomal activity in cellular assays. A major goal of the
current work was to identify compounds that show selectivity
for smHDACS8 over major human HDAC isoforms, especially
hHDACI and hHDACG.
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J. Med. Chem. 2016, 59, 2423—2435


http://dx.doi.org/10.1021/acs.jmedchem.5b01478

Journal of Medicinal Chemistry

Scheme 17

HoN

10a: X = H; Y = benzyl

10b: X = H; Y = cyclohexyl

10c: X = H; Y = N,N-dimethyl
10d: X = H; Y = N,N-dibenzyl
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13a: X =H; Y = phenyl

13b: X = methyl; Y = phenyl
13c: X = methoxy; Y = phenyl
13d: X = fluoro; Y = phenyl
13e: X = chloro; Y = phenyl
13f: X =bromo; Y = phenyl
13g: X = trifluoromethyl; Y = phenyl 13n: X = methoxy; Y = 4-chloropheny!

13h: X = ethoxy; Y = phenyl

13i: X = propoxy; Y = phenyl

13j: X = isopropoxy; Y = phenyl
13k: X = methyl; Y = quinolinyl
13l: X = methoxy; Y = 4-biphenyl

130: X = methoxy; Y = 2-chlorophenyl
13p: X = methoxy; Y = 2,4-dichlorophenyl
13qg: X = methoxy; Y = 3-biphenyl

13r: X = methoxy; Y = 4-ethoxyphenyl
13s: X = methoxy; Y = benzyl

13m: X = methoxy; Y = 4-methoxyphenyl 13t: X = chloro; Y = 4-methoxyphenyl

13v: X = chloro; Y = 3-phenoxyphenyl
13w: X = chloro; Y = 4-phenoxyphenyl
13x: X = chloro; Y = 4-chlorophenyl
13y: X = chloro; Y = 4-nitrophenyl

13z: X = chloro; Y = 2,4-dichlorophenyl
13za: X = ethoxy; Y = 4-biphenyl

13u: = chloro; Y = 3-benzyloxyphenyl

“Conditions: (a) SOCl,, MeOH; (b) DIPEA, THF; (c) aq. NaOH sol, MeOH; PyBOP, DIPEA, NH,OTHP, THF; cat. HC], THF.

B RESULTS AND DISCUSSION

Structural Validation. From the available X-ray structure
of smHDAC8/2*® (Figure 1) it was known that a hydrogen
bond is formed between the amide NH group of the inhibitor
and His292.*® Therefore, open-ring analogues that maintained
this hydrogen bond were designed. This resulted in the
synthesis of the first series of inhibitors, 3-aminobenzohydrox-
amates 10a—e (Scheme 1) and 3-amidobenzohydroxamates
13a—c (Scheme 2). In vitro testing showed that all compounds
exhibit specificity for the HDAC8 isoforms over the other
human HDACs tested (HDACI and -6). However, while the 3-
aminobenzohydroxamates (10a—e) are micromolar inhibitors
of both human and schistosomal HDACS, they show a
significant preference for the human isoform (Table 1). In
contrast, the 3-amidobenzohydroxamates (13a—c) are active in
the nanomolar range and show very similar inhibitory activities
against hHDACS8 and smHDACS. These results prompted us
to focus on the derivatization of 13a—c, since this seemed to be
a more promising strategy to obtain selective compounds.

However, prior to the synthesis of derivatives of this series,
we looked at the binding mode of this scaffold to smHDACS.
Toward this aim, the crystallographic structure of the complex
between smHDACS and compound 13a at 2.2 A was solved
and refined (Table SI in the Supporting Information). The
crystal structure of the smHDACS/13a complex reveals that
the inhibitor binds in the smHDACS8 active-site pocket,
forming specific interactions with the protein (Figure 2). First
and as expected, the hydroxamate warhead of 13a interacts with
the catalytic zinc ion and three residues, namely, Hisl41,
His142, and Tyr341 (Figure 2). The last of these residues
adopts the flipped-in conformation typically observed in most
HDAC/hydroxamate complexes.'" Second, reminiscent of what
was observed in the smHDAC8/2 complex,® smHDACS
H292 is able to interact with inhibitor 13a, with its side chain
forming a hydrogen bond (3.0 A) with the amine group of the
amide (Figures 2 and 3).
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Strikingly, two additional smHDACS-specific features were
observed in this complex. First, and in contrast to what was
observed for the snHDAC8/2 complex,*® smHDACS Phel51
is observed to be in its flipped-out position (Figures 2 and 3)
despite the fact that binding of 13a would not prevent the
PhelS1 side chain from adopting a flipped-in conformation. A
major consequence of this flipped-out conformation of PhelS51
is that Lys20 also adopts a flipped-in conformation, with the
aliphatic part of its side chain lying on the PhelS1 side chain
and its amine forming a hydrogen bond (2.8 A) with the
carbonyl oxygen of the 13a amide group.

Interestingly, this is the first time that Lys20 has been
observed to interact clearly with the inhibitor in an smHDACS8/
inhibitor complex. Such a conformation had only been
observed previously in the noninhibited structure of smHDACS
in which Lys20 also interacted with an L-tartrate molecule that
was present in the crystallization buffer and was observed to
bind to the catalytic zinc (Figure 3). In all of the other
smHDACS8/inhibitor complexes solved to date, the Lys20 side
chain was either not seen in density or was prevented from
reaching into the active site by the flipped-in conformation
adopted by Phel51.%”

In addition to these hydrogen bonds formed between
smHDACS8 and 13a, hydrophobic contacts between the two
molecules are also observed, building on the overall hydro-
phobic character of the smHDACS active site and further
stabilizing the smHDACS8/13a interaction. However, the
schistosome-specific clamp formed by smHDACS8 Lys20 and
His292, which distinctively interacts with the 13a amide group,
helps anchor 13a in the enlarged (because PhelS1 is flipped
out) smHDACS active site, thus suggesting the molecular basis
for the improved inhibitory activity of the 3-amidobenzohy-
droxamates toward smHDACS.

Synthesis. We then continued the optimization of the 3-
amidobenzohydroxamate inhibitors. Toward this aim and to
guide the optimization process, docking studies using the

DOI: 10.1021/acs.jmedchem.5b01478
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Table 1. ICy, Values for 3-Aminobenzohydroxamate Derivatives

X o X
H H
JY N~on JJ\N N~on
H 10 O H 13 O
compound X Y smHDACS IC, (nM) hHDACS ICy, (nM) hHDACI ICy, (M) hHDAC6 ICy, (uM)
10a H benzyl 1080 + 250 1434 £ 73 41.4% @ 10 uM n.d.
10b H cyclohexyl 3630 + 620 830 + 40 129.9 + 18.5 n.d.
10c H N,N-dimethyl 1576 + 146.0 70.2 + 10.8 37.4% @ 10 uM n.d.
10d H N,N-dibenzyl 9290 + 1500 2190 + 420 423 + 3.8 8.6 + 1.9
10e methyl cyclohexyl 600.3 + 195.5 104.3 + 12.0 49.5% @ 10 uM n.d.
13a H phenyl 4682 + 79.0 582.0 £ 48.0 336 + 1.8 3003
13b methyl phenyl 1162 + 382 204.0 + 22,0 84 20 09 + 0.4
13c methoxy phenyl 189.8 + 54.2 88.3 + 24.0 23+ 12 25+ 1.1
13d fluoro phenyl 177.6 £ 8.1 317.8 £ 54.2 223+ 77 0.50 £ 0.01
13e chloro phenyl 67.0 + 10.2 120.0 + 36.7 11.6 £ 3.9 0.12 + 0.02
13f bromo phenyl 1504 + 8.5 191.4 + 26.0 74 + 08 0.15 £ 0.01
13g trifluoromethyl phenyl 139.6 + 8.3 3422 + 76.1 24 +0.1 0.14 + 0.02
13h ethoxy phenyl 1293 £ 7.6 171.5 + 15.6 46 +03 13+ 01
13i propoxy phenyl 266.9 + 49.5 n.d. n.d. n.d.
13j isopropoxy phenyl 220.1 + 562 29.0 £ 0.2 36+03 2.6 + 04
13k methyl 2-quinolinyl 96.1 + 13.7 303 £73 2.7 £ 08 0.09 + 0.01
131 methoxy 4-biphenyl 754 + 25.5 261 + 17.6 63+ 2.1 0.390 + 0.002
13m methoxy 4-methoxyphenyl 106.0 + 17.5 77.1 + 10.6 26 +£02 04 £+ 0.1
13n methoxy 4-chlorophenyl 146.0 + 4.3 239.7 £ 96.0 29+03 0.9 £ 0.1
130 methoxy 2-chlorophenyl 699.3 + 274 211.16 + 27.59 9.6 + 1.0 3.1 +£07
13p methoxy 2,4-dichlorophenyl 121.6 + 18.7 548.3 + 939 13.0 +£ 1.9 23 £04
13q methoxy 3-biphenyl 289.7 + 20.0 n.d. n.d. n.d.
13r methoxy 4-ethoxyphenyl 305.0 + 35.0 4384 + 48.0 44 + 0.6 1.0 = 0.1
13s methoxy benzyl 182.7 + 39.3 5122 +29.8 289 + 8.6 S.1+£07
13t chloro 4-methoxyphenyl 147.1 £ 4.8 235.6 + 49.5 41+ 09 0.13 £+ 0.01
13u chloro 3-benzyloxyphenyl 378.1 + 44.9 2144 + 270 94 £ 28 1.5+ 01
13v chloro 3-phenoxyphenyl 3964 + 433 448.6 + 100.4 64 + 0.7 03 +0.1
13w chloro 4-phenoxyphenyl 979.1 = 1100 1080 + 300 85 +21 0.15 £ 0.01
13x chloro 4-chlorophenyl 2347 = 10.3 292.0 + 53.3 3.8 +02 0.09 + 0.05
13y chloro 4-nitrophenyl 393.6 + 50.5 n.d. n.d. n.d.
13z chloro 2,4-dichlorophenyl 1914 + 16.7 1184.0 + 45.1 316 £ 19.8 0.8 0.1
13za ethoxy 4-biphenyl 92.0 £ 26.0 148.7 + 22.7 2.08 + 0.14 0.6 £ 0.1
14a 8205 + 1300 582.3 + 88.5 n.d. n.d.
15a 2682 + 21.1 239 + 4.7 12.1 + 8.7 29+03
16a 485.0 + 1582 19.8 + 5.9 20.0 + 5.9 24 £09
17a na. na. n.a. n.a.
17b n.a. n.a. na. na.
1 1560 + 200 400 + 100 0.117 + 0.006 0.042 + 0.011
2 1480 + 460 970 £ 110 27.5 £ 83 3.6+ 06
3 1220 + 280 620 + 80 9.8 +£ 0.7 1.3 +£02
4 435.6 + 61.0 777 + 28.1 48% @ 100 uM 41% @ 100 uM

available inhibited hHDACS8 and smHDACS structures were
carried out. Examination of the crystal structures showed that
there is the possibility to use more bulky and more lipophilic
residues at position 4 of the benzohydroxamate moiety.
Recognizing that physicochemical properties might also play
an important role in the antischistosomal activity, lipophilic
substituents were also included. Taking this into consideration,
we synthesized compounds 13d—j containing different halides
and alkoxy groups at position 4 to examine the effects of these
substituents on the activity and selectivity for smHDACS
(Scheme 2). The compounds containing halogen at position 4
of the benzohydroxamate moiety (13d—f) were slightly more
selective for smHDAC8 compared with the 4-methoxy
derivative 13c. Compound 13h with an ethoxy group at
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position 4 did not show an increase in the activity against
smHDACS8 but was less active on hHDAC8 compared with
13c.

Meanwhile, analogues containing more lipophilic alkoxy
residues at position 4, such as 13i and 13j (Scheme 2),
exhibited decreased activity and selectivity for smHDACS8
compared with 13h. Further modifications were introduced on
the benzamide moiety, including chloro, nitro, and alkoxy
groups (13m—p, 13r, 13t, 13x—z). In addition, the
introduction of aromatic lipophilic residues to address the
hydrophobic side pocket of smHDACS (13k, 131, 13q, 13u—w,
13za) was investigated. Compound 13k bearing a quinolinyl
residue and compound 131 bearing a 4-biphenyl residue
showed increased activity against smHDAC8 and hHDACS.

DOI: 10.1021/acs.jmedchem.5b01478
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Figure 2. Overall structure of inhibitor 13a bound to smHDACS. (A) Structure of smHDACS (shown in ribbon representation) with bound 13a
(shown in space-filling representation). The orange sphere represents the catalytic zinc ion. (B) Close-up view of the binding mode of 13a in the
smHDACS active-site pocket. Protein residues are shown as gray sticks, and 13a is shown as cyan sticks. Yellow dashed lines represent salt bridges
made by smHDACS, 13a, and the catalytic zinc ion. (C) LigPlot-generated two-dimensional schematic overview of molecular interactions between
13a and smHDACS active-site zinc and protein residues. Hydrogen bonds and interactions are indicated by yellow dashed lines, and the
corresponding distances between the atoms (in A) are given. Hydrophobic contacts are shown by brown arcs with spokes radiating toward the atoms

involved.

Substitution at the meta position (as in 13q) or the ortho
position (as in 130) decreased the activity on the tested
enzymes.

Interestingly, the combination of para and ortho substitution
(as in 13p) restored the activity against smHDACS without
increasing the activity against the human enzymes. To prove
that this substitution pattern is important for the selectivity of
this compound, we synthesized compound 13z, which was
indeed found to be more active on the schistosomal enzyme
than on the human counterpart. Increasing the distance
between the two aromatic rings by a further methylene group
(13s) led to increased smHDACS selectivity.

In addition, we tested other linker groups between the two
aromatic rings (Scheme 3). The introduction of an ether (15a)
or sulfonamide (16a) resulted in loss of activity for smHDACS
and increased activity for hRHDACS8 compared with 13c. Also,
using another scaffold such as a condensed aromatic ring
system (14a) did not result in an improvement of the activity
or selectivity compared with 13c.

To check the impact of the zinc-chelating moiety, we
synthesized two analogues of 131 containing a carboxylate or
carboxyl ester group instead of the hydroxamate (17a and 17b,
respectively; Scheme 4). As expected neither compound
showed any effect in the enzymatic HDAC assay.
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Docking Studies. To rationalize the obtained biochemical
data, notably to understand the change in specificity between
the schistosomal and human enzymes, the synthesized
inhibitors were docked to the available crystal structures of
smHDACS8, hHDACS, and hHDACI and a homology model of
hHDAC6. The applied docking method (for details, see
Experimental Methods) was first successfully validated on the
X-ray structures of hHDAC8 and smHDACS. By means of this
docking setup, consistent binding models were derived for both
hHDACS8 and smHDACS. In the case of smHDACS, all of the
derivatives having an amide linker between the two aromatic
rings showed hydrogen bonds to Lys20 and His292, as
observed for 13a in its crystal structure.

Most importantly, the hydrogen bond between the amide
linker and His292 cannot be formed in hHDACS since His292
is replaced by a methionine in this latter enzyme. However, in
the available crystal structures of hRHDACS a conserved water
molecule bound to the zinc-coordinating histidine (His180 in
hHDACS) is observed, which was found to be a hydrogen-
bonding partner with most of the amides in the docking studies
(Figure 4). Thus, the observed hydrogen bond in the case of
hHDACS (as well as in the homology model of HDAC6) could
partially explain the same range of activity of some of the

DOI: 10.1021/acs.jmedchem.5b01478
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Figure 3. Specific structural interactions observed in the smHDACS active-site pocket in (A) the smHDAC8/13a complex, (B) the smHDACS8/L-
tartrate complex, and (C) the smHDAC8/2 complex. Upper panels: close-up views with protein and small molecules shown as ribbon and sticks,
respectively. Middle panels: surface representations. Lower panels: cutaway surface representations of the active site. For clarity, in (C) the 2
molecule was removed from the cutaway surface representation. In the smHDAC8/13a complex structure in (A), specific structural arrangements
are observed, notably involving two specific residues: Lys20 and PhelS1. The flipped-out conformation of PhelS1 enables Lys20 to flip in and
contact inhibitor 13a. This unique active-site conformation is not observed in other smHDACS/inhibitor complexes. In addition, the schistosome-
specific residue His292 together with the flipped-in Lys20 form a clamp that promotes stabilization and binding of 13a in the smHDACS active-site
pocket.

Scheme 3“ gain in hHDACS potency (e.g, 13b, 13¢, and 13e compared
with 13a; Table 1). Increasing the size of the substituent at the

N .
on > n para position enables additional interactions at the entrance of
—
N “OH the pocket. Furthermore, the nature of the para substituent
14a O

might influence the biologically active conformation of the
compounds, which affects not only the potency but also the

A0 0 .
— H selectivity. In the case of compound 13a, the X-ray structure
OH N . . i
©/\O ©Ao “OH shows an out-of-plane orientation of the amide linker (® =

15a O —60° to —102°; Table S2 in the Supporting Information) that

| (|) is stabilized by two hydrogen bonds to Lys20 and His292

H H (Pigure 2). A substituent at the para position of the

/S\ N;S\\ N on benzohydroxamate favors the out-of-plane conformation of
O Ota O the amide linker, which might explain the higher inhibitory

potency of the para-substituted compounds. Measuring the

“Conditions: PyBOP, DIPEA, NH,OTHP, THF; cat. HCl, THF. dihedral angle @ between the amide linker and the first
aromatic ring observed in the docking poses shows a clear

compounds on the human HDACS and HDAC6 isoforms as preference for the out-of-plane conformation of the amide
on smHDACS. group (—77° to —90°; Table S2). In the case of hHDACS, the
Adding a substituent at the para position of the parent predicted conformation of the amide linker is close to a
compound 13a (methyl, alkyloxy, or halide) results in a 2- to 7- coplanar orientation (29—51°, 148° for 13g) because of the

fold gain in smHDACS inhibitory potency and a 2- to 20-fold modified hydrogen-bonding pattern (Figure 4).
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Scheme 4

Figure 4. Docking poses of compound 13a (cyan carbon atoms) in (a—c) the X-ray structures of (a) smHDACS (this study), (b) hHDACS8 (PDB
ID 2VsX), and (c) hHDAC1 (PDB ID SBKX) and (d) the homology model of hHDAC6. The protein backbone is depicted in ribbon
representation, and the side chains of important residues are shown in stick representation with carbons colored gray. The conserved water molecule
that should help stabilize the binding of 13a in the active sites of hHDAC6 and hHDACS is shown as a red ball, and the zinc ion is shown as an
orange ball. Hydrogen bonds and interactions with the metal ion are depicted as yellow dashed lines.

The decreased HDACI activity might be attributed to the
narrower pocket of hHDACI in comparison to hHDACS8 and
-6. In the docking poses, this can be clearly seen in a
comparison of the distances from the zinc-binding groups of
meta-substituted benzohydroxamates to the zinc ion. In the
case of hHDACI, the distance is higher than in the other
investigated HDAC isoforms (Figure 4). The docking results
and structure—activity relationship studies suggest that meta
substitution of benzohydroxamates is important to gain
HDACS8 selectivity. This is also supported by previous
publications showing that meta-substituted benzohydroxamic
acids are more active on human HDACS8 and -6 in comparison
with HDAC1 and other class I HDACs.***%*9~*

Adding hydrophobic substituents such as halides or further
aromatic rings to the second aromatic ring (e.g., 13k, 131, 13p,
13z, and 13za) resulted in additional van der Waals interactions
with Phe216, Pro291, and Phe343 of smHDACS. However, the
higher selectivity of 13s and 13z (3—6-fold hHDACS/
smHDACS selectivity, 4—28-fold hHDAC6/smHDACS selec-
tivity) could not be explained on the basis of the derived
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docking solutions. More sophisticated methods that take into
account protein flexibility and binding free energy calculations
might be helpful to track down the subtle differences in the
protein—ligand interactions deep inside the binding pocket.
Phenotypic Response. We next analyzed the effect of the
developed compounds on the parasites maintained in culture.
The compounds were initially tested for their toxicity toward S.
mansoni schistosomula using an Alamar Blue-based viability
assay (see Experimental Methods). Initial testing was done at a
concentration of 10 uM, and selected compounds were also
tested at 20 M in order to determine the dose dependence.
Two biological replicates were carried out in triplicate, and the
results are shown in Table 2. In addition to the compounds
developed during this study, the selective HDACS8 inhibitor 4
and praziquantel, the drug used for treatment of schistoso-
miasis, were also included in the assay. Of the tested
compounds, 131 and 13za provoked the most marked dose-
dependent reductions in schistosomula viability. In this assay, 4
showed only very modest activity against schistosomula, and
praziquantel was inactive at the concentrations used. This latter
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Table 2. Toxicity Studies on S. mansoni Schistosomula
(Alamar Blue Assay)

% viability + SEM

compound 10 uM 20 uM
10b 82.7 + 24 n.d.

10c 92.6 + 7.4 n.d.

10d 779 + 2.6 74.6 + 0.4
10e 843 + 1.7 n.d.

13a 792 + 0.5 75.6 + 5.1
13b 829 + 2.0 724 £ 2.4
13c 774 £ 32 74.8 + 2.3
13d 82.0 + 8.1 78.6 + 9.5
13e 847 + 14 n.d.

13f 70.8 + 44 63.1 + 1.7
13g 99.9 + 0.8 774 + 34
13h 89.7 + 10.3 n.d.

13j 75.0 + 0.8 68.7 + 0.7
13k 749 + 4.1 594 + 4.2
131 64.8 + 3.5 334+ 35
13m 74.6 + 6.7 64.6 + 1.0
130 895 +72 66.5 + 0.8
13p 77.8 + 2.4 50.7 + 2.7
13q $8.8 £1.6 57.0 £ 1.2
13s 833 + 4.2 82.8 + 5.8
13t 632 + 0.5 60.7 + 0.3
13u 73.8 + 5.4 68.6 + 2.4
13v 629 + 2.7 55.0 £ 3.9
13x 71.8 + 4.1 49.3 + 0.6
13y 853 + 6.8 68.1 + 1.2
13z 72.5 + 0.3 59.3 +£9.9
13za 779 £ 3.9 358 +0.8
14a 95.6 + 4.4 n.d.

16a 77.7 £ 5.0 73.8 + 4.2
4 70.6 + 0.5 62.3 + 3.5
praziquantel 920 £ 7.5 89.0 + 5.7

result is in line with previous findings*® and was thought to be
due in part to the relatively weak activity of praziquantel on
schistosomula and to stimulation of enzyme or ion channel
activity, leading to high fluorescence signals in the assay. In
view of its selectivity of inhibition with regard to human
HDACI and -6, inhibitor 131 was chosen for further testing.
We first showed that the EC;, value for this compound using
the Alamar Blue-based assay was 16.1 yuM (Figure S1 in the
Supporting Information). We next showed that compound 131
is lethal to schistosomula in a microscopy-based assay within 2
days of incubation at 10 uM and 1-2 days at 20 uM (Figure
SA,B). We further tested 17a and 17b (Scheme 4), derivatives
of 131 that were synthesized as negative controls, to check 131
for off-target effects. In the same assay, compound 17a, an
analogue of 131 with a carboxyl ester instead of the
hydroxamate that showed no inhibitory activity on smHDACS,
had only a very minor effect on schistosomula after S days of
incubation compared with the dimethyl sulfoxide (DMSO)
solvent control (Figure SA,B). This suggested that the activity
of 131 on schistosomula is indeed related to its capacity to
inhibit smHDACS. We finally tested compound 13l for its
capacity to affect adult schistosomes maintained in culture
(Figure SC,D). At concentrations of 10 and 20 uM, 131 caused
a marked separation of adult male and female worm pairs, with
90% of the pairs being separated after S days in the presence of
20 uM 13l A corresponding reduction in egg laying by these
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worm pairs was also induced (Figure SD), reaching 80% for the
20 puM dose. Therefore, compound 131 affects the viability of
both larvae and adult worms of S. mansoni, most probably
through the inhibition of smHDACS.

Cytotoxicity Assay. It was important to test the selectivity
of the compounds against smHDACS and to exclude possible
toxic effects caused by targeting of human HDACs or other
proteins. Therefore, a cytotoxicity assay in a human epithelial
kidney cell line (HEK293) was performed. The cells were
incubated for 45 h with the indicated compounds at a
concentration of 50 uM, and the cell viability was determined
using the Alamar Blue assay. All of the tested inhibitors
exhibited only relatively low cytotoxicity in the human cell
system used (Table 3).

B CONCLUSIONS

Our initial work on HDACS8 from Schistosoma mansoni
provided a proof of concept that HDAC inhibitors of this
enzyme could be used to target pathogens.36 Here a weak
screening hit with suboptimal physicochemical properties
characterized in that initial study was optimized against
HDACS from S. mansoni using critical structure-guided insights.
Central to this optimization was the inclusion of a methyl/
methoxy group at the para position and an amide linker at the
meta position of the benzohydroxamate. Previous crystallo-
graphic studies highlighted the binding of the inhibitors at the
acetyllysine tunnel and featured a flexible phenylalanine that is
able to shift in response to binding of compound to
smHDACS. The series disclosed here builds on this initial
structural feature and represents a novel smHDACS inhibition
template that provides the possibility to develop potent and
selective inhibitors for the therapy of schistosomiasis. The
presented compounds demonstrated high selectivity for
smHDACS over the major human HDAC isoforms HDACI1
and -6, and some compounds even showed a preference for
smHDACS over its human orthologue hHDACS. It has been
reported that inhibition of human HDACS8 shows limited
effects on many cell types® and that an HDACS inhibitor had
the most limited effect on the human acetylome among a panel
of inhibitors of HDACs with different selectivites.*” Cytotox-
icity studies of the tested compounds showed that the
compounds exhibit a relatively low effect on cell proliferation,
indicating that the inhibition of human HDACS does not result
in intrinsic toxicity. Thus, while we recognize that selectivity
over human HDACS still needs optimization, there are strong
indications that the high selectivity with respect to hHDACI
and -6 that we have already obtained is more important for a
potential therapeutic setting. The most potent derivatives were
also shown to impair the viability of schistosomula without
affecting cell viability of HEK293 cells. One such compound,
131, killed schistosomula in vitro and caused significant
separation of adult worm pairs and a significant decrease in
egg laying. An analogue of 13l without inhibitory activity
toward smHDACS8 had no effect on the parasite, confirming
that inhibition of smHDACS is the basis of the antiparasitic
effects of these inhibitors and underlining their potential as
antischistosomal drug leads.

B EXPERIMENTAL METHODS

Synthetic Chemistry. Unsubstituted and 4-substituted 3-amino-
benzoic acids were used as starting points for the synthesis of the
inhibitors under study. Alkyl and aryl residues were introduced on the
aromatic NH, group via reductive amination of the imines obtained by
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Figure S. (A) Viability assay of S. mansoni schistosomula with up to S days of incubation with 10 M 13l or 17a compared to the DMSO solvent
control. (B) The same assay with 20 M 131 or 17a. (C) Separation of adult worm pairs for up to S days in culture in the presence of 10 or 20 uM
131 (D) Cumulative reduction (%) in egg laying by adult worm pairs in culture in the presence of 10 or 20 4M 131 compared with the DMSO

solvent control.

Table 3. Cytotoxicity Studies in HEK293 Cells

% viability”
compd (%) compd % viability” compd % viability”
10a nd? 13h 704 13t 62.5
10b 70.7 13i 974 13u 744
10c 927 13 128.6 13v 62.0
10d 7.7 13k 662 13w n.d.
10e 70.2 131 123 (199 uM)° | 13x 81.6
13a 72.0 13m 619 13y 79.1
13b 712 13n 926 13z 704
13c 67.3 130 969 13za 80.3
13d 81.8 13p 951 l4a 733
13e 722 13q 762 15a 69.1
13f 643 13r 877 16a 80.2
13g 96.0 13s 887 17a 472

“Percent viability of cells in the presence of 50 M compound in
comparison with an untreated sample. Daunorubicin was used as a
positive control, and an ICy, value of 12.55 =+ 0.07 uM was
determined. “n.d. = not determined. “IC,, value.

reaction of the amino group of the 3-aminobenzoic acids and an
aldehyde using sodium triacetoxyborohydride as a reducing reagent.
To avoid byproducts in the following synthetic steps, the secondary
amine was protected by a fert-butyloxycarbonyl (Boc) group. The
corresponding hydroxamates (10a—e) were obtained using PyBOP as
an activating reagent and O-(tetrahydro-2H-pyran-2-yl)hydroxylamine
and the subsequent cleavage of the protecting groups (Scheme 1). The
4-amidobenzohydroxamate derivatives 13a—g and 13k—z were
prepared from different 3-aminobenzoic acids with modifications at
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position 4 and various benzoic acid derivatives (14a—16a). The
conversion of the amino group to the corresponding amide was
accomplished by the reaction with activated benzoic acid derivatives
and N,N-diisopropylethylamine (DIPEA). Different methods for
activation of the carboxylic acids were tested. PyBOP, DCC, and
chloroethyl formate were insufficient and formed byproducts, so
activation with thionyl chloride was selected as the method of choice.
Using methyl 3-aminobenzoate derivatives instead of 3-aminobenzoic
acid derivatives increased the yields and also facilitated the purification.
The corresponding hydroxamates were obtained using PyBOP and O-
(tetrahydro-2H-pyran-2-yl)hydroxylamine followed by cleavage of the
protecting group (Scheme 2). Generally, using tetrahydropyran
(THP)-protected hydroxylamine increased the yields of the desired
benzohydroxamates compared with other methods using hydroxyl-
amine hydrochloride and KOH or potassium methanolate.

Several inhibitors (14a—16a) were synthesized directly from
commercially available carboxylic acids (Scheme 3). In other cases
(13h—j, 13za), the inhibitors were synthesized via compounds 20a—c,
which were obtained starting from 4-alkoxybenzoic acids via a methyl
esterification/nitration/reduction sequence (Scheme S5). For the
nitration step, nitrating acid, which is a mixture of 1 mL of nitric
acid (68%) and 1.2 mL of sulfuric acid (98%), was used. This method
is suitable for the reaction of 10 mmol of moderately activated
aromatic rings. After the purification step, the nitro group was reduced
to the corresponding amine group using Fe’ and dilute hydrochloric
acid.

Materials. All of the materials and reagents were purchased from
Sigma-Aldrich Co. Ltd. and Carbolution Chemicals. All of the solvents
were analytically pure and dried before use. Thin-layer chromatog-
raphy was carried out on aluminum sheets coated with silica gel 60
F254 (Merck, Darmstadt, Germany). For column chromatography
under normal pressure, silica gel 60 (0.036—0.200 mm) was used.
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Scheme 5“

R/o a

18 O

R: 20a) CHz-CHy-; 20b) CHy~(CHyp),~; 20¢) (CHg),-CH-

“Conditions: (a) SOCl,, MeOH, HNO,/H,SO,; (b) Fe’, dil. HCl, MeOH.

Final compounds were confirmed to be of >95% purity based on
HPLC. The purity was measured by UV absorbance at 256 nm. The
HPLC system consisted of an XTerra RP18 column (3.5 ym 3.9 X 100
mm) from the manufacturer Waters (Milford, MA, USA), two LC-
10AD pumps, an SPD-MI10A VP PDA detector, and a SIL-HT
autosampler, all from the manufacturer Shimadzu (Kyoto, Japan). The
mobile phase was in all cases a gradient of methanol/water (starting at
95% water and going to 5% water).

Mass spectrometry analyses were performed with a Finnigan MAT
710C mass spectrometer (Thermo Separation Products, San Jose, CA,
USA) for the ESI-MS spectra and with an LTQ_(linear ion trap)-
Orbitrap XL hybrid mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany) for the HRMS-ESI (high-resolution mass
spectrometry) spectra. For the HRMS analyses, the signals for the
isotopes with the highest prevalence (**Cl, Br) were given and
calculated.

'H and C NMR spectra were recorded on Varian Gemini 2000
and Varian Inova 500 spectrometers using deuterated chloroform
(CDCl,;) and deuterated DMSO ((CD;),SO) as solvents. Chemical
shifts are referenced to the residual solvent signals. The following
abbreviations for solvents and reagents were used: ethyl acetate
(EtOAc), methanol (MeOH), tetrahydrofuran (THF), chloroform
(CHCly), water (H,0).

Computational Studies. Homology modeling of hHDAC6 was
performed using the program MODELLER® as described in a
previous publication.*® Molecular docking of all of the inhibitors to the
X-ray structures of smHDACS8, hHDACS, and hHDACI and the
homology model of hHDAC6 was carried out with the program
Glide® (Schrédinger, LLC, New York, NY, USA) using the same
protocol as in a previous study.”” Briefly, the protein structures were
prepared using Schrédinger’s Protein Preparation Wizard. Hydrogen
atoms were added, protonation states were assigned, and a restrained
minimization was performed. Inhibitor structures were prepared in
MOE 2012.10 (Chemical Computing Group, Montreal, Canada). All
of the compounds were docked in neutral form with multiple low-
energy starting conformations to produce more unbiased results.

Enzymes and in Vitro Inhibition Assays. Recombinant human
HDAC1 and -6 were purchased from BPS Biosciences, and
recombinant human HDAC8 was produced as described before.*®
Recombinant smHDAC8 enzyme was overproduced in Escherichia coli
cells and purified by a method described previously.* Inhibition assays
of smHDACS8 and human HDACs were performed as described
earlier.*” Briefly, the commercial Fluor de Lys drug discovery kit
(BML-KI178) was used to test the inhibition of smHDACS and
human HDACS. The test compound, Fluor de Lys-HDACS substrate
(50 uM), and enzyme were incubated for 90 min at 37 °C with
subsequent addition of SO uL of Developer II (BML-KI176) and
further incubation for 45 min at 30 °C. Fluorescence was measured in
a plate reader (BMG Polarstar) with excitation at A = 390 nm and
emission at 4 = 460 nm. Inhibition tests of human HDACI and -6
were conducted using Cbz-(Ac)Lys-AMC (ZMAL) as the substrate
and trypsin as the developer. After incubation of the test compound,
ZMAL (10.5 uM), and enzyme for 90 min at 37 °C, 60 uL of trypsin
was added, and the mixture was further incubated for 20 min at 37 °C.
Trichostatin A (2 4uM) was used in both assays to stop the reaction.
Fluorescence was measured as mentioned above. ICg, values were
determined with OriginPro version 9.0.0 (OriginLab, Northampton,
MA, USA). Values in Table 1 represent mean =+ standard error.
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Cytotoxicity Studies. HEK293 cells (DSMZ Braunschweig,
ACC305) were incubated at 37 °C in a humidified incubator with
5% CO, in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal calf serum (FCS) and S mM glutamine.
Cells were seeded out at 1.5 X 10° cells per well in a 96-well cell-
culture plate (TPP, Trasadingen, Switzerland). The test compound
was added immediately to the medium at SO uM or increasing
concentrations to determine ICg, values. After 24 h, Alamar Blue
reagent (Invitrogen, CA) was added according to the manufacturer’s
instructions, and the mixture was incubated again for 21 h before
samples were analyzed. Detection of viable cells, which convert the
resazurine compound of the reagent into the highly fluorescent
resorufin, was performed using a FLUOstar OPTIMA microplate
reader (BMG Labtec, Ortenberg, Germany) with the following filter
set: Ex 560 nm/Em 590 nm. All of the measurements were performed
in triplicate, and the reported data are means with standard deviations
of <12%. Daunorubicin was used as a positive control, and an ICs,
value of 12.55 + 0.07 uM was determined.

Phenotypic Screening. The screening assay to determine the
effects of novel inhibitors targeting smHDACS on the viability of S.
mansoni schistosomula was carried out as previously described.*’
Briefly, newly transformed schistosomula (NTS) were obtained in
vitro by mechanical transformation of S. mansoni cercaria as previously
described.>* An NTS suspension was prepared at a concentration of
100 NTS per 100 L using Medium 199 (Invitrogen) supplemented
with 10% FCS (Gibco), penicillin (50 units mL™"), streptomycin (50
ug mL™") and rifampicin (60 yg mL™"). Schistosomula were kept in
culture for 3 h at 37 °C and 5% CO, prior to use in screening. Drug
stock solutions (20 mM in DMSO) were used. Mid-dilutions were
performed in 100% DMSO, and 1 uL was added to 100 uL of M199
medium in the wells of black 96 well plates (Nunc, UK) supplemented
with Medium 199 and 100 uL of prepared NTS suspension (100
NTS/well). Live and dead schistosomula (treated with 70% ethanol)
were used as positive and negative controls. Experiments were carried
out in triplicate wells in two biological replicates, and the compounds
were tested at final concentrations of 10 and 20 uM. After 48 h of drug
exposure, 20 L of resazurine solution (AbdSerotec) was add to each
well. Finally, after a further 24 h of exposure, the fluorescence intensity
of the highly red-fluorescent resorufin product was measured at an
excitation wavelength of 530 nm and an emission wavelength of S90
nm in an Infinite M200 Pro microplate reader (TECAN). Background
fluorescence of the drug-containing medium was determined for each
drug dilution using wells containing only DMSO as a control. The
ECs, for compound 131 was measured using the same assay with
different concentrations of the compound.

The effect of selected compounds on the viability of schistosomula
was further tested using a microscopy-based assay as described
elsewhere.’” Schistosomula (2000 per well) prepared as described
above were maintained in six-well plates in M199 medium kept at pH
7.4 with 10 mM HEPES and supplemented as above at 37 °C in a
humid atmosphere containing 5% CO,. Inhibitor (at 10 or 20 uM)
was added, dissolved in DMSOQ, and the culture medium was refreshed
each day. The assessment of parasite mortality was carried out after
microscopic examination on the basis of three criteria: granular
appearance, tegumental defects, and absence of motility. At least 300
schistosomula were observed at each time point for each condition,
and the results were expressed as a percentage of viable larvae
remaining. Three biological replicates (different batches of larvae)
were examined in duplicate for each condition.
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The stability of adult worm pairs and egg laying was assayed as
previously described.>’ Worm pairs were obtained from infected
hamsters by perfusion as described previously®® and washed in M199
medium, and 10 pairs were placed in 2 mL of M199 buffered complete
medium (as for schistosomula above) in each well of a six-well culture
plate. Worms were maintained in culture for S days at 37 °C (humid
atmosphere, 5% CO,) before the addition of smHDACS inhibitors
dissolved in DMSO as above. Both the culture medium and the
inhibitors were refreshed daily. The number of couples remaining as
pairs was determined daily by microscopy, and the medium of each
well containing eggs laid by the couples was recovered and centrifuged
to allow the eggs to be counted under the microscope. Two biological
replicate experiments were performed in triplicate.

Crystallization and X-ray Data Collection. Diffraction-quality
crystals of native smHDACS8 enzyme were obtained at 17 °C after 3—4
days by mixing of equal volumes of smHDACS (2.5 mg/mL) with
reservoir solution composed of 21% PEG 3350 (Fluka) and 0.2 M
Na®/K* L-tartrate and crystallization using the hanging-drop vapor
diffusion technique. After 3 days, grown crystals were soaked in
mother liquor supplemented with inhibitor 13a (10 mM final
concentration of the inhibitor) for 20 h. Crystals used for X-ray data
collection were briefly transferred in reservoir solution supplemented
with 22% glycerol and flash-frozen in liquid nitrogen. Crystallographic
data obtained in this project were collected at 100 K on SOLEIL
beamline PROXIMAL.

Structure Determination, Model Building, and Refinement.
The crystallographic data were processed and scaled using
HKL2000.>* Since the crystals of the smHDAC8/13a complex
belonged to the same space group (P1) and had the same unit cell
as native snHDACS crystals,”® only rigid-body refinement was used to
adapt to the slight differences in unit cell constants using Phenix.*®
The initial model was refined through several cycles of manual
building using Coot™ and automated refinement with Phenix*® and
Buster.”” The final model was validated using tools provided in Coot.>®
Visualization of structural data was done with Pymol,*® and a two-
dimensional diagram summarizing the molecular interactions between
inhibitor 13a and smHDACS8 enzyme was prepared using the LigPlot
program.”’ Atomic coordinates and structure factors of the
smHDAC8/13a complex were deposited in the Protein Data Bank
under PDB ID SFUE.
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sodium triacetoxyborohydride; n.a,, not active; n.d., not
determined; NH,OTHP, O-(tetrahydro-2H-pyran-2-yl)-
hydroxylamine; smHDACS, Schistosoma mansoni histone
deacetylase 8; SOCL,, thionyl chloride; sol, solution; t-BuOH,
tert-butyl alcohol; TEA, triethylamine; TFA, trifluoracetic acid;
THE, tetrahydrofuran; TLC, thin-layer chromatography
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Table S1. smHDACS8/13a X-ray structure. Data collection and refinement statistics.

smHDACS8/13a
complex

Data collection
Space group
Cell dimensions

a, b, c(A)

o, B,y (°)
Resolution (A)
Rsym or Rmerqe
/ol
Completeness (%)
Redundancy

Refinement

Resolution (A)

No. reflections

Rwork/ Rfree

No. atoms
Protein
Ligand/lons
Water

B-factors
Protein
Ligand/lons
Water

R.m.s. deviations
Bond lengths (A)
Bond angles (°)

P1

70.96, 70.67, 98.66
77.99, 75.41, 85.40
50.0-2.20 (2.24-2.20)"
0.119 (0.289)

17.88 (4.75)

96.4 (94.8)

2.8 (2.7)

44.15-2.20
88494
0.148/0.196

12988
167
517

28.06
41.52
31.76

0.007
0.98

“Values in parentheses are for highest-resolution shell.



Table S2. Dihedral angle (®) analysis of docking poses of meta-phenylamido-

benzohydroxamates with different para-substituents.

Cpd. para- Dihedral angle ® Dihedral angle ‘¥ Activity gain | Activity gain
substitutent  (C4-C3-N-C, deg.) (O-C-C1’-C2’, deg.) compared to | compared to
X 13a 13a
smHDAC8 hHDACS smHDAC8 hHDACS @ (smHDACS) | (hHDACS)
-60 to -102 -15to0-51
13a H (X-ray) 29 (X-ray) 30
-82 -33
13b methyl -88 51 -39 30 4.0 2.9
13¢ = methoxy -89 43 -36 29 2.5 6.6
13d fluoro -83 41 -36 28 2.6 1.8
13e chloro -85 49 -36 28 7.0 4.9
13f bromo -90 50 -38 28 3.1 3.0
trifluor-
13g -95 148 -35 31 34 1.7
methyl
13h ethoxy -83 41 -40 27 3.6 34
. not
13i propoxy 77 44 27 28 1.8 determined
13j  isopropoxy -90 33 -33 50 2.1 20.1




Figure S1. The activity on schistosomula shown as ECsp-value of compound 13l using the

AlamarBlue-based viability-assay.

131

1004 I I

(o)
<

[&)]
o
L

Lo EC50 = 16.1 uM

% Viability
N
-

N
<

0 LI | LU | ELELALILLAAY | LA ALILLLAY |
j [ofu 10°8 10°¢ 104 102

Concentration [M]



SYNTHESIS
General procedures

General procedure for the synthesis of the amines (10a-e)

The 3-amino-benzoic acid (2 mmol) derivative was dissolved in toluene (100 ml), the aldehyde (4
mmol) was added and the reaction mixture was heated for 2 h under reflux using a water trap.
The reaction was monitored by TLC. Subsequently, the solvent and the excess of the aldehyde
were evaporated under reduced pressure. The crude product was dissolved in THF and cooled to
0 °C then sodium triacetoxyborohydride (16 mmol) was added and the reaction mixture was
stirred for 15 minutes after which acetic acid was given to the reaction and stirring was continued
over night at room temperature®. The reaction was stopped by adding water and adjusting the pH
to 5 with ag. potassium hydrogen carbonate solution. The mixture was extracted with EtOAc (3 X
25 ml), the organic layers were combined and evaporated under vacuum. The crude amine was
dissolved in MeOH (50 ml) and t-BuOH (50 ml) then Boc,O was added and the reaction was
stirred at room temperature over night. The product was purified by column chromatography

(chloroform/ methanol, 98:2).
Cleavage of the Boc-protecting group

The boc-protected hydroxamate derivative was dissolved in a mixture of CHCI3 (80 ml) and TFA
(20 ml) and stirring was continued for 1 h at room temperature®. After that the mixture was
cooled to 0 °C and an ag. potassium carbonate solution was added to adjust the pH to 6-7. The
reaction mixture was extracted with CHCI; (3 x 25 ml), the organic layers were combined and
evaporated under vacuum. The product was purified by column chromatography (chloroform/

methanol/ formic acid, 95:4.95:0.05).



General procedure for the synthesis of the amides (13a—za)

The 3-amino-benzoic acid derivative (1 eg.) was dissolved in MeOH (50 ml) and the solution was
cooled to 0 °C. Thionylchloride (3 eq.)* was added dropwise and the reaction mixture was heated
under reflux for 1 h. After evaporating the solvent and the excess of thionylchloride under

vacuum, the obtained methyl ester was dissolved in dry THF (50 ml) and DIPEA (2.5 eq.).

Method A:Activation of the carboxylic acid with PyBOP (13b, 13c, 13e, 13k, 13I, 13m, 13p,

13r—x, 132)

The solution of methyl 3-amino-benzoate derivatives and DIPEAIn THF was added to a mixture
of benzoic acid (1.2 eq.) and PyBOP (1,5 eq.)*® and stirred at room temperature overnight. The
solvent was subsequently evaporated under vacuum and the mixture was dissolved in EtOAc (50
ml) and washed with ag. potassium hydrogen carbonate solution and brine. The organic layer was
evaporated under vacuum and the obtained amide was purified by column chromatography

(chloroform/ methanol, 99:1).

Method B: Activation of the carboxylic acid with thionylchloride (13a, 13l, 13n, 130, 13q, 13y

and 13za)

The carboxylic acid was cooled to 0 °C and then thionylchloride (2 eq.) was added dropwise. The
mixture was heated under reflux for 30 minutes®’. After evaporating the excess of thionylchloride
under vacuum the acid chloride was dissolved in dry THF (50 ml) and added to a solution of the
3-amino-methyl-benzoate and DIPEA in THF. The reaction was monitored by TLC.
Subsequently, the solvent was evaporated under vacuum and the mixture was dissolved in EtOAc
(50 ml) and washed with ag. sodium hydroxide solution. The organic layer was evaporated under

vacuum and the amide was purified by column chromatography (chloroform/ methanol, 99:1).



Method C: Using benzoyl chloride as activated benzoic acid (13d, 13f—j)

The benzoyl chloride was dissolved in dry THF (50 ml) and added to a solution of the 3-amino-
methyl-benzoate and DIPEA in THF. The reaction was monitored by TLC. Subsequently, the
solvent was evaporated under vacuum and the mixture was dissolved in EtOAc (50 ml) and
washed with ag. sodium hydroxide solution. The organic layer was evaporated under vacuum and

the amide was purified by column chromatography (chloroform/ methanol, 99:1).
Hydrolysis of the methyl ester (12a, 12b, 12d, 12f—za) to the carboxylic acid derivatives.

The amide was dissolved in MeOH (25 ml) and 1M ag. sodium hydroxide solution (10 ml) and
heated to 50 °C for 2 h. The reaction was monitored by TLC. After that the solvent was
evaporated under vacuum and the product was dissolved in EtOAc and washed with 1M HCI

solution, the organic layer was evaporated under vacuum.
General procedure for the synthesis of the hydroxamate
Method A: (13a-c)

The substituted benzoic acid derivative (1 eq.) was dissolved together with TEA (1.3 eq.) in dry
THF and cooled to 0 °C. After that CEF was added and stirred for 30 minutes at room
temperature and then the reaction mixture was filtered directly into a mixture of a freshly

prepared hydroxyl amine solution* with an excess of hydroxyl amine®.

*A calculated amount of hydroxyl amine hydrochloride was added to a solution of sodium
methanolate in methanol. After stirring for 30 minutes at room temperature, the flask was cooled

to 0 °C and filtered.



Method B: (13d-za)

The substituted benzoic acid derivative (1 eq.) was dissolved in dry THF (50 ml) and PyBOP (1.2
eq.) was added. To the activated acid a mixture of NH,OTHP (1.5 eq.) and DIPEA (2.5 eq.) in
dry THF (5 ml) was added and the reaction mixture was stirred at room temperature
overnight*>"®, The solvent was evaporated under vacuum and the mixture was dissolved in
EtOAc (50 ml) and washed with ag. potassium hydrogen carbonate solution and brine. The
organic layer was evaporated under vacuum and the amide was purified by column
chromatography (chloroform/ methanol/ TEA, 99.5:0.45:0.05). The obtained product was
dissolved in THF and a catalytic amount of diluted HCI was added and it was stirred at room
temperature. The reaction was controlled by TLC. After that the solvent was evaporated under
vacuum and the mixture was dissolved in EtOAc (50 ml) and washed with brine. The organic
layer was evaporated under vacuum and the amide was purified by column chromatography

(chloroform/ methanol/ formic acid, 95:4.95:0.05).
General procedure for the synthesis of the 3-amino-4-alkoxy-methylbenzoate derivatives (20a—c)

At first the 4-alkoxybenzoic acid derivative (1 eq.) was dissolved in methanol and cooled to 0 °C
Thionyl chloride was added dropwise and the reaction mixture was heated under reflux for 1 h.
After evaporating the solvent and the excess of thionyl chloride under vacuum?® the obtained
methyl ester was cooled to 0 °C again and nitro sulfuric acid (1.5 eq.) was added dropwise while
cooling the reaction. To form the nitro sulfuric acid 1 ml nitric acid 68% (1.5 mmol) was cooled
to 0 °C and then 1.2 ml concentrated sulfuric acid was added.’ The reaction mixture stirred for 30
min at 50 °C, crushed ice was subsequently added to the reaction mixture and the precipitated

product was filtered and washed with water. The product was recrystallized from ethanol. The



methyl 3-nitro-4-alkoxybenzoate (1 eq.) was added to a mixture of MeOH and 1 M HCI (4:1) and
iron powder (10 eq.)'® and the reaction mixture was heated under reflux for 1 h. After that the
solvent was evaporated and the product was dissolved in 50 ml 1 M NaHCOj; solution and
extracted with ethyl acetate (3 x 25 ml).The organic layer was evaporated under vacuum and the

product was purified by column chromatography (chloroform/ methanol, 99.5:0.5).



Characterization data

3-N-Benzylamino-benzohydroxamate (10a)

MS m/z: 241.29 [M-H]

1H NMR (400 MHz, DMSO) 6 10.95 (s, 1H, -HN-OH), 8.83 (s, 1H, -NH-OH), 7.38 — 7.24 (m,
4H, Ar-H), 7.20 (t, J = 6.9 Hz, 1H, Ar-H), 7.06 (t, J = 7.8 Hz, 1H, Ar-H), 6.95 (s, 1H, Ar-H), 6.84
(d,J=7.6 Hz, 1H, Ar-H), 6.66 (d, J = 8.0 Hz, 1H, Ar-H), 6.41 (t, J = 5.9 Hz, 1H, Ar-H), 4.27 (d,
J=5.9 Hz, 2H, -CH,-).

HR-MS m/z: 243.1130 [M+H]+; calculated C14H15N202+: 243.1128

HPLC: rt 7.02 min (95.07%)

Yield: 7 mg; 0.03 mmol; 3%

3-(N-Cyclohexyl)-amino-benzohydroxamate (10b)

MS m/z: 233.36 [M-H]

1H NMR (400 MHz, DMSO) & 10.96 (s, 1H, -HN-OH), 8.83 (s, 1H, -NH-OH), 7.15 — 7.09 (m,
1H, Ar-H), 7.09 — 7.02 (m, 1H, Ar-H), 6.89 (d, J = 1.8 Hz, 1H, Ar-H), 6.80 (d, J = 7.7 Hz, 1H,
Ar-H), 6.68 — 6.62 (m, 1H, -NH-Ar), 5.56 (d, J = 7.7 Hz, 1H, CH,-NH-Ar), 1.95 - 1.84 (m, 2H, -
CHy-), 1.74 — 1.64 (m, 2H, -CH>-), 1.62 — 1.54 (m, 1H, -CH,-), 1.37 — 1.06 (m, 6H, -CH-).
HR-MS m/z: 235.1442 [M+H]"; calculated C13H19N,0,": 235.1441

HPLC: rt 5.67 min (96.62%)

Yield: 25 mg; 0.11 mmol; 11%

3-(N,N-Dimethylamino)-benzohydroxamate (10c)

MS m/z: 181.13 [M+H]"

1H NMR (500 MHz, DMSO) & 11.07 (s, 1H, -HN-OH), 7.24 — 7.19 (m, 1H, Ar-H), 7.05 (s, 1H,
Ar-H), 7.00 (d, J = 7.3 Hz, 1H, Ar-H), 6.84 (d, J = 8.3 Hz, 1H, Ar-H), 2.92 (s, 6H, -N-(CHs),).
HR-MS m/z: 181.0973 [M+H]"; calculated CoH;3N,0,": 181.0972

HPLC: rt 2.31 min (95.41%)

Yield: 90 mg; 0.5 mmol; 50%

3-Dibenzylamino-benzohydroxamate (10d)

MS m/z: 331.29 [M-H]

1H NMR (400 MHz, DMSO) & 10.99 (s, 1H, -HN-OH), 8.84 (d, J = 1.6 Hz, 1H, -NH-OH), 7.37
—7.27 (m, 4H, Ar-H), 7.27 - 7.16 (m, 6H, Ar-H), 7.14 — 7.06 (m, 2H, Ar-H), 6.92 (d, J = 7.6 Hz,
1H, Ar-H), 6.78 — 6.74 (m, 1H, Ar-H), 4.70 (s, 4H, -N-(CHz-Ar),).

HR-MS m/z: 333.1599 [M-H]"; calculated: C,1H21N,0,": 333.1598

HPLC: rt 13.35 min (95.68%)

Yield: 110 mg; 0.33 mmol;

3-(N-Cyclohexyl)-amino-4-methyl-benzohydroxamate (10e)

MS m/z: 249.03 [M+H]"

1H NMR (500 MHz, DMSO) & 10.99 (s, 1H, -HN-OH), 8.81 (s, 1H, -NH-OH), 6.99 (d, J = 7.6
Hz, 1H, Ar-H), 6.90 (d, J = 11.9 Hz, 1H, Ar-H), 6.87 (d, J = 6.6 Hz, 1H, Ar-H), 2.08 (s, 3H, Ar-
CHj3), 1.98 — 1.90 (m, 2H, -CH,-), 1.77 — 1.69 (m, 2H, -CH,-), 1.66 — 1.58 (m, 1H, -CH,-), 1.41 —
1.11 (m, 6H, -CH,-).

HR-MS m/z: 249.1598 [M+H]"; calculated C14H,1N,O,": 249.1598
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HPLC: rt 6.70 min (95.18%)
Yield: 140 mg; 0.56 mmol; 11.2%

3-Benzamido-benzohydroxamate (13a)

MS m/z: 255.23 [M-H]

1H NMR (400 MHz, DMSO) 6 11.11 (s, 1H, -NH-OH), 9.47 (s, 1H, -CONH-Ar), 9.02 (s, 1H, -
NH-OH), 8.22 — 8.15 (m, 1H, Ar-H), 8.02 — 7.87 (m, 3H, Ar-H), 7.64 — 7.47 (m, 3H, Ar-H), 7.47
—7.33 (m, 2H, Ar-H).

HR-MS m/z: 257.0923 [M+H]"; calculated C14H;3N,03": 257.0921

HPLC: rt 9.88 min (86.11%)

Yield: 20 mg; 0.08 mmol; 8%

3-Benzamido-4-methyl-benzohydroxamate (13b)

MS m/z: 269.25 [M-H]

1H NMR (500 MHz, DMSO) & 11.17 (s, 1H, -NH-OH), 9.97 (s, 1H, -CONH-Ar), 8.97 (s, 1H, -
NH-OH), 8.00 — 7.95 (m, 2H, Ar-H), 7.77 (s, 1H, Ar-H), 7.62 — 7.50 (m, 4H, Ar-H), 7.34 (d, J =
8.2 Hz, 1H, Ar-H), 2.26 (s, 3H, Ar-CHg).

HR-MS m/z: 271.1079 [M+H]"; calculated C15H15N,05": 271.1077

HPLC: rt 9.83 min (96.67%)

Yield: 35 mg; 0.13 mmol; 6.5%

3-Benzamido-4-methoxy-benzohydroxamate (13c)

MS m/z: 285.31 [M-H]

1H NMR (400 MHz, DMSO) 6 11.09 (s, 1H, -NH-OH), 9.53 (s, 1H, -CONH-Ar), 8.90 (d, J = 1.6
Hz, 1H, -NH-OH), 8.17 (d, J = 2.2 Hz, 1H, Ar-H), 7.99 — 7.92 (m, 2H, Ar-H), 7.65 — 7.56 (m,
2H, Ar-H), 7.55 - 7.49 (m, 2H, Ar-H), 7.14 (d, J = 8.7 Hz, 1H, Ar-H), 3.87 (s, 3H, -O-CHj).
HR-MS m/z: 287.1028 [M+H]"; calculated C15H15N20,": 287.1026

HPLC: rt 10.28 min (96.31%)

Yield: 70 mg; 0.25 mmol; 12.5%

3-Benzamido-4-fluoro-benzohydroxamate (13d)

MS m/z: 273.18 [M-H]

1H NMR (400 MHz, DMSO) & 11.01 (s, 1H, -NH-OH), 9.44 (s, 1H, -CONH-Ar), 8.90 (s, 1H, -
NH-OH), 8.22 (d, J = 1.9 Hz, 1H, Ar-H), 7.99-7.91 (m, 2H, Ar-H), 7.62 — 7.45 (m, 4H, Ar-H),
7.12 (d, J = 8.6 Hz, 1H, Ar-H).

HR-MS m/z: 273.0676 [M-H]’; calculated: C14H10FN,O3": 273.0681

HPLC: rt 8.47 min (98.23%)

Yield: 20 mg; 0.07 mmol; 4.7%

3-Benzamido-4-chloro-benzohydroxamate (13e)
MS m/z: 289.25 [M-H]/ 291.15 [M-H]"
1H NMR (400 MHz, DMSO) & 11.32 (s, 1H, -NH-OH), 10.15 (s, 1H, -CONH-Ar), 9.10 (s, 1H, -
NH-OH), 8.04 — 7.92 (m, 3H, Ar-H), 7.68 — 7.58 (m, 3H, Ar-H), 7.57 — 7.48 (m, 2H, Ar-H).
HR-MS m/z: 313.0351 [M+Na]*; calculated C14sH1;*CIN,03Na*: 313.0350
HPLC: rt 4.72 min (95.17%)
Yield: 170 mg; 0.58 mmol; 58%
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3-Benzamido-4-bromo-benzohydroxamate (13f)

MS m/z: 334.95 [M-H]/ 337.01 [M-H] ™

1H NMR (400 MHz, DMSO) 6 11.33 (s, 1H, -NH-OH) 10.13 (s, 1H, -CONH-Ar), 9.10 (s, 1H, -
NH-OH), 7.99 (d, J = 7.4 Hz, 2H, Ar-H), 7.93 (s, 1H, Ar-H), 7.80 (d, J = 8.4 Hz, 1H, Ar-H), 7.64
—7.51 (m, 4H, Ar-H).

HR-MS m/z: 332.9875 [M-H]’; calculated: C14H10"°BrN,O5": 332.9880

HPLC: rt 9.75 min (95.95%)

Yield: 120 mg; 0.36 mmol; 33%

3-Benzamido-4-trifluoromethyl-benzohydroxamate (13g)

MS m/z: 323.25[M-H]

1H NMR (400 MHz, DMSO) & 11.49 (s, 1H, -NH-OH), 10.23 (s, 1H, -CONH-Ar), 9.24 (s, 1H, -
NH-OH), 7.97 — 7.92 (m, 2H, Ar-H), 7.90 (d, J = 7.9 Hz, 3H, Ar-H), 7.64 — 7.58 (m, 1H, Ar-H),
7.58 —7.50 (m, 2H, Ar-H).

HR-MS m/z: 323.0638 [M-H]’; calculated: Ci5H10 F3N2O3™: 323.0649

HPLC: rt 9.04 min (99.75%)

Yield: 75 mg; 0.23 mmol; 11.8%

3-Benzamido-4-ethoxy-benzohydroxamate (13h)

MS m/z: 300.73 [M-H]

1H NMR (400 MHz, DMSO) 6 11.01 (s, 1H, -NH-OH), 9.44 (s, 1H, -CONH-Ar), 8.90 (s, 1H, -
NH-OH), 8.22 (d, J = 1.9 Hz, 1H, Ar-H), 7.94 (d, J = 7.3 Hz, 2H, Ar-H), 7.64 — 7.47 (m, 4H, Ar-
H), 7.12 (d, J = 8.6 Hz, 1H, Ar-H), 4.14 (q, J = 6.9 Hz, 2H, -O-CH,-CHj3), 1.35 (t, J = 6.9 Hz, 3H,
-O-CH,-CHj).

HR-MS m/z: 299.1030 [M-H]’; calculated: C16H15N,O,47: 299.1037

HPLC: rt 10.28 min (99.05%)

Yield: 140 mg; 0.47 mmol; 12.7%

3-Benzamido-4-propoxy-benzohydroxamate (13i)

MS m/z: 313.24 [M-H]

1H NMR (400 MHz, DMSO) 6 11.08 (s, 1H, -NH-OH), 9.46 (s, 1H, -CONH-Ar), 8.90 (s, 1H, -
NH-OH), 8.17 (d, J = 1.9 Hz, 1H, Ar-H), 7.93 (d, J = 7.2 Hz, 2H, Ar-H), 7.62 — 7.49 (m, 4H, Ar-
H), 7.12 (d, J = 8.6 Hz, 1H, Ar-H), 4.03 (t, J = 6.4 Hz, 2H, -O-CH,-CH,-), 1.78 — 1.70 (m, 2H, -
CH,-CH,-CHj3), 0.95 (t, J = 7.4 Hz, 3H, -CH,-CH,-CHy).

HR-MS m/z: 313.1187 [M-H]’; calculated: C;17H17N20,4: 313.1194

HPLC: rt 10.59 min (99.23%)

Yield: 30 mg; 0.1 mmol; 7.5%

3-Benzamido-4-isopropoxy-benzohydroxamate (13))
MS m/z: 313.14 [M-H]
1H NMR (400 MHz, DMSO) & 11.06 (s, 1H, -NH-OH), 9.34 (s, 1H, -CONH-Ar), 8.88 (s, 1H, -
NH-OH), 8.25 (d, J = 2.0 Hz, 1H, Ar-H), 7.92 (d, J = 7.4 Hz, 2H, Ar-H), 7.62 — 7.49 (m, 4H, Ar-
H), 7.13 (d, J = 8.7 Hz, 1H, Ar-H), 4.71 (dt, J = 11.9, 5.9 Hz, 1H, -O-CH-(CHj3),), 1.30 (d, J = 6.0
Hz, 6H, -O-CH-(CH3),).
HR-MS m/z: 313.1189 [M-H]-; calculated: C17H17N,O4: 313.1194
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HPLC: rt 10.38 min (98.35%)
Yield: 80 mg; 0.25 mmol; 5%

3-(Quinaltin-2-amido)-4-methyl-benzohydroxamate (13k)

MS m/z: 320.03 [M-H]

1H NMR (400 MHz, DMSO) 6 11.18 (s, 1H, -NH-OH), 10.54 (s, 1H, -CONH-Ar), 8.97 (s, 1H, -
NH-OH), 8.65 (d, J = 8.5 Hz, 1H, Ar-H), 8.31 — 8.23 (m, 2H, Ar-H), 8.21 (d, J = 8.5 Hz, 1H, Ar-
H), 8.13 (d, J = 8.0 Hz, 1H, Ar-H), 7.96 — 7.86 (m, 1H, Ar-H), 7.79 — 7.72 (m, 1H, Ar-H), 7.53 —
7.57 (m, 1H, Ar-H), 7.37 (d, J = 7.9 Hz, 1H, Ar-H), 2.40 (s, 3H, Ar-CHy).

HR-MS m/z: 322.1186 [M+H]"; calculated C1gH15N305": 322.1186

HPLC: rt 13.00 min (97.95%)

Yield: 180 mg; 0.59 mmol; 59%

3-(4-Biphenylamido)-4-methoxy-benzohydroxamate (13I)

MS m/z: 361.38 [M-H]

1H NMR (400 MHz, DMSO) & 11.09 (s, 1H, -NH-OH), 9.58 (s, 1H, -CONH-Ar), 8.89 (s, 1H, -
NH-OH), 8.18 (d, J = 2.1 Hz, 1H, Ar-H), 8.05 (d, J = 8.3 Hz, 2H, Ar-H), 7.82 (d, J = 8.3 Hz, 2H,
Ar-H), 7.74 (d, J = 7.3 Hz, 2H, Ar-H), 7.66 — 7.59 (m, 1H, Ar-H), 7.50 (t, J = 7.6 Hz, 2H, Ar-H),
741 (t,J=7.4 Hz, 1H, Ar-H), 7.14 (d, J = 8.6 Hz, 1H, Ar-H), 3.88 (s, 3H, -O-CHy3).

HR-MS m/z: 363.1341 [M+H]"; calculated: C,;H19N»O4": 363.1339

HPLC: rt 13.45 min (95.98%)

Yield: 50 mg; 0.14 mmol; 3.5%

3-(4-Methoxy-benzamido)-4-methoxy-benzohydroxamate (13m)

MS m/z: 315.34 [M-H]

1H NMR (400 MHz, DMSO) 6 11.06 (s, 1H, -NH-OH), 9.36 (s, 1H, -CONH-Ar), 8.88 (s, 1H, -
NH-OH), 8.15 (d, J = 1.7 Hz, 1H, Ar-H), 7.94 (d, J = 8.7 Hz, 2H, Ar-H), 7.65 — 7.55 (m, 1H, Ar-
H), 7.12 (d, J = 8.6 Hz, 1H, Ar-H), 7.04 (d, J = 8.7 Hz, 2H, Ar-H), 3.86 (s, 3H, Ar-O-CHj3), 3.80
(s, 3H, Ar-O-CHy).

HR-MS m/z: 315.0981 [M-H]’; calculated: C16H15N205": 315.0986

HPLC: rt 8.96 min (95.35%)

Yield: 20 mg; 0.06 mmol; 6%

3-(4-Chloro-benzamido)-4-methoxy-benzohydroxamate (13n)

MS m/z: 319.30 [M-H]/ 321.31 [M-H] ~

1 H NMR (400 MHz, DMSO) & 11.08 (s, 1H, -NH-OH), 9.66 (s, 1H, -CONH-Ar), 8.90 (s, 1H, -
NH-OH), 8.10 (d, J = 1.9 Hz, 1H, Ar-H), 7.97 (d, J = 8.4 Hz, 2H, Ar-H), 7.66 — 7.54 (m, 3H, Ar-
H), 7.13 (d, J = 8.6 Hz, 1H, Ar-H), 3.85 (s, 3H, -O-CHy).

HR-MS m/z: 319.0482 [M-H]; calculated: C15H1,>°CIN,O,47: 319.0491

HPLC: rt 8.33 min (97.65%)

Yield: 12 mg; 0.04 mmol; 4%

3-(2-Chloro-benzamido)-4-methoxy-benzohydroxamate (130)
MS m/z: 319.13 [M-H]/ 321.13 [M-H] ~
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1H NMR (400 MHz, DMSO) & 11.09 (s, 1H, -NH-OH), 9.70 (s, 1H, -CONH-Ar), 8.88 (s, 1H, -
NH-OH), 8.32 (s, 1H, Ar-H), 7.61 — 7.38 (m, 5H, Ar-H), 7.11 (d, J = 8.6 Hz, 1H, Ar-H), 3.84 (s,
3H, -O-CHj).

HR-MS m/z: 319.0484 [M-H]; calculated: C15H1,>CIN,O,47: 319.0491

HPLC: rt 9.12 min (96.34%)

Yield: 100 mg; 0.31 mmol; 38%

3-(2,4-Dichloro-benzamido)-4-methoxy-benzohydroxamate (13p)

MS m/z: 353.18 [M-H] /355.13 [M-H] ™

1H NMR (400 MHz, DMSO) 6 11.10 (s, 1H, -NH-OH), 9.82 (s, 1H, -CONH-Ar), 8.90 (s, 1H, -
NH-OH), 8.33 (s, 1H, Ar-H), 7.71 (s, 1H, Ar-H), 7.63 — 7.45 (m, 3H, Ar-H), 7.11 (d, J = 8.5 Hz,
1H, Ar-H), 3.84 (s, 3H, -O-CHy).

HR-MS m/z: 353.0094 [M-H]’; calculated: C15H11**CI,N20,7: 353.0101

HPLC: rt 10.24 min (97.43%)

Yield: 200 mg; 0.57 mmol; 28.5%

3-(3-Biphenyl)-4-methoxy-benzohydroxamate (13q)

MS m/z: 361.26 [M-H]

1H NMR (400 MHz, DMSO) & 11.11 (s, 1H, -NH-OH), 9.74 (s, 1H, -CONH-Ar), 8.92 (s, 1H, -
NH-OH), 8.24 (s, 1H, Ar-H), 8.12 (d, J = 1.5 Hz, 1H, Ar-H), 7.93 (d, J = 7.6 Hz, 1H, Ar-H), 7.88
(d, J = 7.5 Hz, 1H, Ar-H), 7.76 (d, J = 7.5 Hz, 2H, Ar-H), 7.67 — 7.58 (m, 2H, Ar-H), 7.50 (t, J =
7.5 Hz, 2H, Ar-H), 7.40 (t, J = 7.2 Hz, 1H, Ar-H), 7.15 (d, J = 8.6 Hz, 1H, Ar-H), 3.86 (s, 3H, -O-
CHsy).

HR-MS m/z: 361.1182 [M-H]’; calculated: C,;H17N,0,4: 361.1194

HPLC: rt 12.08 min (99.00%)

Yield: 60 mg; 0.17 mmol; 8.5%

3-(4-Ethoxy-benzamido)-4-methoxy-benzohydroxamate (13r)

MS m/z: 329.22 [M-H]

IH NMR (400 MHz, DMSO) & 11.06 (s, 1H,-NH-OH), 9.34 (s, 1H,-CONH-Ar), 8.87 (s, 1H,-
NH-OH), 8.16 (d, J = 2.1 Hz, 1H,Ar-H), 7.92 (d, J = 8.8 Hz, 2H,Ar -H), 7.61 — 7.57 (m, 1H,Ar-
H), 7.12 (d, J = 8.7 Hz, 1H,Ar-H), 7.02 (d, J = 8.9 Hz, 2H,Ar -H), 4.10 (q, J = 7.0 Hz, 2H, -O-
CHz-CHg), 1.34 (t, J=70 HZ, 3H,-O-CH2-CH3).

HR-MS m/z: 331.1289 [M+H]"; calculated: C17H19N»Os": 331.1289

HPLC: rt 10.01 min (98.72%)

Yield: 200 mg; 0.6 mmol; 30%

3-[(Phenylacetyl)amino]-4-methoxy-benzohydroxamate (13s)

MS m/z: 299.38 [M-H]

IH NMR (400 MHz, DMSO) & 11.00 (s, 1H,-NH-OH), 9.33 (s, 1H,-CONH-Ar), 8.82 (s, 1H,-
NH-OH), 8.31 (s, 1H,Ar-H), 7.47 (dd, J = 8.6, 2.0 Hz, 1H,Ar-H), 7.36 — 7.28 (m, 4H,Ar-H), 7.26
—7.20 (m, 1H,Ar-H), 7.06 (d, J = 8.6 Hz, 1H,Ar-H), 3.86 (s, 3H,-O-CHj3), 3.73 (s, 2H, -CH,-).
HR-MS m/z: 301.1187 [M+H]"; calculated: C1¢H17N,0O,": 301.1183

HPLC: rt 8.58 min (99.31%)

Yield: 195 mg; 0.65 mmol; 32.5%
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3-(4-Methoxy-benzamido)-4-chloro-benzohydroxamate (13t)

MS m/z: 320.99 [M+H]" /322.99 [M+H] ™

1H NMR (400 MHz, DMSO) § 11.31 (s, 1H, -NH-OH), 9.97 (s, 1H, -CONH-Ar), 9.09 (s, 1H, -
NH-OH), 8.00 — 7.93 (m, 3H, Ar-H), 7.66 — 7.60 (m, 2H, Ar-H), 7.06 (d, J = 8.8 Hz, 2H, Ar-H),
3.83 (s, 3H, Ar-O-CHy).

HR-MS m/z: 319.0488 [M-H]; calculated: C15H1,CIN,O,47: 319.0491

HPLC: rt 9.62 min (97.22%)

Yield: 50 mg; 0.16 mmol; 8.2%

3-(3-Benzyloxy-benzamido)-4-chloro-benzohydroxamate (13u)

MS m/z: 395.17 [M-H] /397.15 [M-H] ™

1H NMR (400 MHz, DMSO) 6 11.32 (s, 1H, -NH-OH), 10.13 (s, 1H, -CONH-Ar), 9.10 (s, 1H, -
NH-OH), 7.96 (s, 1H, Ar-H), 7.64 (s, 2H, Ar-H), 7.63 — 7.59 (m, 1H, Ar-H), 7.57 (d, J = 7.8 Hz,
1H, Ar-H), 7.50 — 7.42 (m, 3H, Ar-H), 7.39 (t, J = 7.3 Hz, 2H, Ar-H), 7.36 — 7.30 (m, J = 7.2 Hz,
1H, Ar-H), 7.28 — 7.22 (m, 1H, Ar-H), 5.18 (s, 2H, Ar-CHx-O-Ar).

HR-MS m/z: 395.0797 [M-H]; calculated: C,1H16 CIN,O,4: 395.0804

HPLC: rt 12.25 min (99.49%)

Yield: 50 mg; 0.13 mmol; 5.5%

3-(3-Phenoxy-benzamido)-4-chloro-benzohydroxamate (13v)

MS m/z: 381.20 [M-H] /383.20 [M-H] "~

1H NMR (400 MHz, DMSO) 6 11.31 (s, 1H, -NH-OH), 10.21 (s, 1H, -CONH-Ar), 9.10 (s, 1H, -
NH-OH), 7.93 (s, 1H, Ar-H), 7.76 (d, J = 7.8 Hz, 1H, Ar-H), 7.65 — 7.62 (m, 2H, Ar-H), 7.60 —
7.56 (m, 1H, Ar-H), 7.54 (d, J = 7.9 Hz, 1H, Ar-H), 7.42 (t, J = 7.9 Hz, 2H, Ar-H), 7.27 — 7.23
(m, 1H, Ar-H), 7.18 (t, J = 7.4 Hz, 1H, Ar-H), 7.07 (d, J = 7.9 Hz, 2H, Ar-H).

HR-MS m/z: 381.0641 [M-H]; calculated: C,oH1,CIN,O,4: 381.0648

HPLC: rt 12.18 min (99.83%)

Yield: 165 mg; 0.43 mmol; 19.3%

3-(4-Phenoxy-benzamido)-4-chloro-benzohydroxamate (13w)

MS m/z: 381.17 [M-H] /383.17 [M-H] ™

1H NMR (400 MHz, DMSO) 6 11.32 (s, 1H, -NH-OH), 9.91 (s, 1H, -CONH-Ar), 9.10 (s, 1H, -
NH-OH), 8.02 (d, J = 8.8 Hz, 2H, Ar-H), 7.96 (s, 1H, Ar-H), 7.66 — 7.60 (m, 2H, Ar-H), 7.45 (t, J
=7.9 Hz, 2H, Ar-H), 7.22 (t, J = 7.4 Hz, 1H, Ar-H), 7.10 (t, J = 8.0 Hz, 4H, Ar-H).

HR-MS m/z: 381.0638 [M-H]; calculated: CzoH14>°CIN,0,47: 381.0648

HPLC: rt 12.35 min (99.00%)

Yield: 10mg; 0.03 mmol; 0.59%

3-(4-Chloro-benzamido)-4-chloro-benzohydroxamate (13x)

MS m/z: 323.15 [M-H] /325.26 [M-H] ™

1H NMR (400 MHz, DMSO) & 11.32 (s, 1H, -NH-OH), 10.26 (s, 1H, -CONH-Ar), 9.11 (s, 1H, -
NH-OH), 8.05 — 7.92 (m, 3H, Ar-H), 7.67 — 7.59 (m, 4H, Ar-H).

HR-MS m/z: 322.9992 [M-H]; calculated: C14Ho>CI,N,03": 322.9996

HPLC: rt 10.46 min (97.07%)

Yield: 140 mg; 0.43 mmol; 21.5%
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3-(4-Nitro-benzamido)-4-chloro-benzohydroxamate (13y)

MS m/z: 334.27 [M-H] /336.28 [M-H]

1H NMR (400 MHz, DMSO) & 11.34 (s, 1H, -NH-OH), 10.55 (s, 1H, -CONH-Ar), 9.12 (s, 1H, -
NH-OH), 8.38 (d, J = 8.6 Hz, 2H, Ar-H), 8.20 (d, J = 8.5 Hz, 2H, Ar-H), 8.00 — 7.93 (m, 1H, Ar-
H), 7.69 — 7.64 (m, 2H, Ar-H).

HR-MS m/z: 334.0227 [M-H]; calculated: C14Hs*>CIN3O5": 334.0236

HPLC: rt 9.15 min (97.24%)

Yield: 30 mg; 0.09 mmol; 4.5%

3-(2,4-Dichloro-benzamido)-4-chloro-benzohydroxamate (13z)

MS m/z: 357.67 [M-H] /359.44 [M-H] "/361.37 [M-H]

1H NMR (400 MHz, DMSO) & 11.34 (s, 1H,-NH-OH), 10.37 (s, 1H,-CONH-Ar), 9.11 (s, 1H,-
NH-OH), 8.06 (s, 1H,Ar-H), 7.76 (d, J = 1.6 Hz, 1H,Ar-H), 7.68 — 7.60 (m, J = 6.0 Hz, 3H,Ar-
H), 7.58 — 7.54 (m, 1H,Ar-H).

HR-MS m/z: 358.9753 [M+H]"; calculated: C14H10*°CIsN,05": 358.9752

HPLC: rt 8.60 min (99.89%)

Yield: 30 mg; 0.09 mmol; 4.5%

3-(4-Biphenylamido)-4-ethoxy-benzohydroxamate (13za)

MS m/z: 375.24 [M-H]

1H NMR (400 MHz, DMSO) & 11.09 (s, 1H, -NH-OH), 9.51 (s, 1H, -CONH-Ar), 8.90 (s, 1H, -
NH-OH), 8.23 (d, J = 1.4 Hz, 1H, Ar-H), 8.04 (d, J = 8.1 Hz, 2H, Ar-H), 7.83 (d, J = 8.1 Hz, 2H,
Ar-H), 7.75 (d, J = 7.5 Hz, 2H, Ar-H), 7.62 — 7.56 (m, 1H, Ar-H), 7.50 (t, J = 7.4 Hz, 2H, Ar-H),
7.44 — 7.37 (m, 1H, Ar -H), 7.13 (d, J = 8.6 Hz, 1H, Ar-H), 4.15 (q, J = 6.7 Hz, 2H, -O-CH-
CHj3), 1.36 (t, J = 6.8 Hz, 3H, -O-CH,-CHy).

HR-MS m/z: 375.1341 [M-H]’; calculated: C,H19N204: 375.1350

HPLC: rt 12.66 min (98.10%)

Yield: 60 mg; 0.16 mmol; 8%

Quinaltic-2-hydroxamate (14a)

MS m/z: 189.11 [M+H]"

1H NMR (400 MHz, DMSO) 6 (bs, 1H, -HN-OH), 8.53 (d, J = 8.5 Hz, 1H, Ar-H), 8.10 — 8.02
(m, 3H, Ar-H), 7.88 — 7.80 (m, 1H, Ar-H), 7.73 — 7.65 (m, 1H, Ar-H).

HR-MS m/z: 189.0657 [M+H]"; calculated C1oHgN,O,": 189.0659

HPLC: rt 8.70 min (96.06%)

Yield: 65 mg; 0.35 mmol; 35%

3-Benzyloxy-4-methoxy-benzohydroxamate (15a)

MS m/z: 274.04 [M+H]"

1H NMR (400 MHz, DMSO) 6 11.03 (s, 1H, -HN-OH), 8.87 (s, 1H, -NH-OH), 7.47 — 7.41 (m,
3H, Ar-H), 7.41 — 7.35 (m, 3H, Ar-H), 7.35 — 7.29 (m, 1H, Ar-H), 7.01 (d, J = 8.4 Hz, 1H, Ar-H),
5.09 (s, 2H, O-CH,-Ar), 3.79 (s, 3H, Ar-O-CHj).

HR-MS m/z: 274.1073 [M+H]"; calculated C15H1sNO,4": 274.1074

HPLC: rt 10.85 min (98.46%)

Yield: 110 mg; 0.4 mmol; 40.25%
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3-(N-para-touluenyl)-sulfonamido-4-methoxy-benzohydroxamate (16a)

MS m/z: 335.32 [M-H]

1H NMR (400 MHz, DMSO) & 11.25 (s, 1H, -HN-OH), 9.87 (s, 1H, -CONH), 8.98 (s, 1H, -NH-
OH), 8.13 (s, 1H, Ar-H), 7.90 (d, J = 7.0 Hz, 1H, Ar-H), 7.20 (d, J = 8.7 Hz, 1H, Ar-H), 7.03 —
6.87 (m, 3H, Ar-H), 4.03 — 3.83 (m, 3H, -O-CHj3), 2.12 (s, 3H, Ar-CHy).

HR-MS m/z: 337.0855 [M+H]"; calculated C15H17N,05": 337.0853

HPLC: rt 8.24 min (99.51%)

Yield: 25 mg; 0.08 mmol; 25.8%

3-(4-Biphenylamido)-4-methoxy-methylbenzoate (17a)

MS m/z: 362.04 [M+H]"

1H NMR: (400 MHz, DMSO) 6 9.60 (s, 1H, -CONH), 8.44 (d, J = 2.2 Hz, 1H, Ar-H), 8.05 (d, J
= 8.4 Hz, 2H, Ar-H), 7.87 — 7.79 (m, 3H, Ar-H), 7.79 — 7.71 (m, 2H, Ar-H), 7.50 (t, J = 7.5 Hz,
2H, Ar-H), 7.41 (t, J = 7.4 Hz, 1H, Ar-H), 7.22 (d, J = 8.7 Hz, 1H, Ar-H), 3.93 (s, 3H, -O-CHjy),
3.83 (s, 3H, -COOCHp).

HPLC: rt 14.08 min. (95.79%)

Yield: 900 mg; 2.49 mmol; 71.15%

3-(4-Biphenylamido)-4-methoxy-benzoic acid (17b)

MS m/z: 348.06 [M+H]"

1H NMR (400 MHz, DMSO) & 12.67 (s, 1H, -COOH), 9.57 (s, 1H, -CONH), 8.39 (d, J = 2.1 Hz,
1H, Ar-H), 8.05 (d, J = 8.4 Hz, 2H, Ar-H), 7.88 — 7.77 (m, 3H, Ar-H), 7.75 (d, J = 7.0 Hz, 2H,
Ar-H), 7.50 (t, J = 7.6 Hz, 2H, Ar-H), 7.42 (d, J = 7.2 Hz, 1H, Ar-H), 7.19 (d, J = 8.8 Hz, 1H, Ar-
H), 3.91 (s, 3H, -O-CHs).

HPLC: rt 13.52 min (95.47%)

Yield: 835 mg; 2.41 mmol; 96.79%
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3.2.3. Publication 2

Summary of publication 2:

Several smHDACS specific inhibitors and HDACS selective inhibitors were used
to understand the basis of HDACS selective inhibition. Crystal packing in hHDACS crystals is
made in head to head manner, where active site residues and inhibitors are involved in crystal
packing and make difficult to study the mechanism of selective inhibition in a non crystal-biased
way. In contrast, SmMHDACS provides a tool to pursue these studies since the lack of crystal

contacts at the active site make it an ideal system for inhibitor binding studies.

Crystal structures of smHDAC8 with hHDACS-selective and with TH compounds
(benzhydroxamate derivatives) consistently showed that the binding onto sSmHDACS catalytic
tyrosine Y341 and additional contacts with active site loop L6 contribute to HDACS selective
inhibition. Specifically, HDACS8 crystal structure with pan-HDAC inhibitor quisinostat and
smHDACS crystal structures with TH compounds and hHDACS-selective inhibitors showed that
small changes at the inhibitor level can influence dramatically inhibitor conformation without
changing the binding pocket. In addition, mutational analysis of loops composing the active site
revealed the importance of the loops conformation, not only for inhibitor binding but also for
activity. In conlusion, this article provides comprehensive information on the selective inhibition
of HDACS.

Contribution:

I have done all the structural work in this article (except TH33, TH39 and TH65),
production of enzymes, crystallization, data collection at synchrotrons and data processing, and
contributed to analysis of the data. | have also purified the proteins which were used for in vitro

biochemical assays by our collaborators.
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Abstract

Currently approved epigenetic drugs (epidrugs) target mainly zinc-dependent histone deacetylases
(HDACs). Yet, cross-reactivity of these drugs for the structurally similar but functionally different HDAC
isozymes hampers their broad usage in clinical settings. Selective inhibitors targeting single HDAC
isozymes are being developed, but our precise understanding in molecular terms of their selectivity
remains sparse. PCI-34051 and NCC-149 were among the first inhibitors displaying isozyme-specificity
for their target, HDACS8. Here, we show how HDACS8-selective inhibitors build their selectivity on
specific interactions, notably with the HDACS active site catalytic tyrosine, but also through contacts
with the HDAC8 L6 loop that is forming, together with L1 loop, a HDAC8-specific pocket. These
interactions are enabled by the specific size and conformation of HDAC8 L1 and L6 loops, which leave
the catalytic tyrosine uncovered, and by the constrained L-shape of HDACS8-selective inhibitors.
Collectively, our results highlight the importance of HDAC active site loops and architecture, and pave

the way for the design of next-generation selective HDAC inhibitors.



Introduction

Acetylation of lysine residues in proteins is a major signaling mark that impacts most cellular
processes’3. In the cell nucleus, acetylation of histones has been shown to be essential for modulating
chromatin structure and for acting in epigenetic signaling that drives and regulates nuclear
mechanisms and development®®*, Protein lysine acetylation is a reversible process relying on the
opposing effect of acetyltransferases and deacetylases*>®. In addition, the acetylation marks on lysines
are recognized by epigenetic readers harboring structural modules (e.g. bromodomains) that enable
the recruitment of cellular effectors to specific subcellular and genomic loci®’.

Due to the functional importance of acetylation mechanisms, deregulation of these mechanisms has
been linked with multiple human diseases, including cancer*®!. The reversibility of acetylation and
the possibility of modulating recognition of acetylated lysines by bromodomains provide a way to act
on acetylation pathways. Thus, epigenetic effectors involved in these pathways represent important
therapeutics targets*&10:12:13,

Accordingly, among the currently approved epigenetic drugs, a majority (Vorinostat (SAHA),
Romidepsin, Belinostat, Panobinostat and Chidamide) target lysine deacetylases 3>, The family of
lysine deacetylases has been divided into four classes depending on their folds and their sequence
similarities. Classes |, Il (Ila and 1lb), and IV adopt an arginase-deacetylase o/f3 fold and rely on a zinc
ion for activity (thereafter referred to as histone deacetylases or HDACs)®. The class Il deacetylases
are referred to as sirtuins and adopt a Rossmann fold, relying on NAD* for activity®. Eleven HDACs and
seven sirtuins are found in human.

The currently approved drugs against lysine deacetylases target only proteins from the HDAC family.
Yet, these drugs show poor selectivity against a single member of the structurally similar but
functionally different human HDAC isozymes, thus hampering their broader therapeutic usage *%°.
Several small-molecule inhibitors exhibiting selectivity for specific HDACs have been developed. PCI-
34051 and NCC-149 were among the first HDAC isozyme-selective inhibitors discovered!®’. These two
aromatic hydroxamate derivatives show high selectivity for human HDAC8 (hHDAC8), an HDAC

1820 and whose mutations can

isozyme that has been shown to be overexpressed in several cancers
lead to the Cornelia de Lange syndrome?%. Specifically, PCI-34051, which is an indole-based
derivative, is currently the most selective HDACS8 inhibitor with a selectivity index of 290 and 400 for
HDACG6 and HDAC1, respectively, making it a strong chemical tool for studying the biological role of
HDAC8 in vivo'®?*?’, In addition, our work on HDAC8 from the human-pathogenic flatworm
Schistosoma mansoni (smHDAC8) has led to the design of new selective HDACS inhibitors?®%.

To date, the structural and mechanistic basis underlying HDAC-selective inhibition remain poorly

understood. To address this issue, we have dissected the molecular basis of HDAC8-selective inhibition

by combining biochemical, biophysical and crystallographic studies on hHDAC8 and smHDACS8. Our
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results reveal that HDAC8-selective inhibitors bind into a specific HDAC8-selective pocket formed by
the active site catalytic tyrosine and by residues from L1 and L6 loops. This specific enzyme-ligand
recognition is favoured by the constrained L-shaped conformation of HDAC8-selective inhibitors. This
selective binding relies on a specific conformation of HDAC8 L6 loop and a shorter L1 loop that are not
observed in any other HDAC isozymes. Collectively, our results highlight the structural/functional
similarities and dissimilarities between the various HDAC isozymes and pave the way for the
development of new HDAC isozyme-selective inhibitors to treat human diseases.

Results

In vitro and in vivo effects of PCI-34051 and NCC-149

PCI-34051 and NCC-149 have been developed to target human HDAC8 (hHDACS) selectively!®'’. To
investigate whether these inhibitors also target smHDAC8, we have looked at their inhibition and
binding to smHDACS. As a comparison, we have used the highly potent but non-selective Phase Il HDAC
inhibitor Quisinostat (QSN)3%3%,

Measurements of the maximal-half inhibitory concentration (ICso) showed that all three inhibitors
possess inhibitory activity in the submicromolar range against hHDAC8 and smHDAC8. NCC-149
showed the most potent inhibition, followed by QSN and PCI-34051 (Fig. 1). Measurement of the
thermodynamic parameters using Isothermal Titration Calorimetry (ITC) confirmed the inhibition
results obtained, the equilibrium dissociation constant (Kd) values determined being in the same range
that the corresponding ICso values, with the exception of QSN that showed a lower Kd value for
smHDACS (Fig. 1; Suppl. Fig. 1).

The biological effects, especially anti-cancer properties of PCI-34051 and NCC-149 in various cell types
have been well characterized!®'’?*2’ and we have previously shown that pan-HDAC inhibitors affect
schistosome pathogens?>32, We therefore asked whether PCI-34051 and NCC-149 could also have anti-
parasitic effect on schistosomes. Our various biological assays confirmed that PCI-34051 and NCC-149
affect the pathogens, triggering their apoptosis (Suppl. Fig. 2). These results demonstrated that both
hHDAC8 and smHDACS can be used for studying HDAC8 inhibition by PCI-34051 and NCC-149.

So far, few structures of HDACs in complex with selective inhibitors have been solved. Moreover, in
many HDAC/inhibitor structures, the active site of the HDAC and the bound inhibitor are involved in
extensive crystal packing contacts. This complicates the delineation between biologically-relevant and
crystal packing-driven HDAC-inhibitor interactions. Therefore, in addition to the co-crystallization
attempts of hHDACS8 with inhibitors, we have used the possibility offered by apo smHDACS crystals to
look at HDACS8/inhibitor interactions in a crystal lattice-open environment?°.

Despite intensive efforts, we were not able to obtain well-diffracting crystals of hHDACS8 in complex

with PCI-34051, NCC-149 and QSN. In contrast, soaking experiments of apo smHDACS crystals with all



three inhibitors were successful and yielded high resolution structures in complex with smHDACS (Fig.
2; Suppl. Table 1).
Binding mode of QSN to HDAC8

Analysis of the smHDAC8/QSN structure revealed that QSN adopts a straight conformation as its
piperidine-pyrimidine linker allows limited conformational flexibility (Fig. 2c). QSN hydroxamate
warhead coordinates the catalytic zinc and simultaneously interacts via hydrogen bonding with the
histidine dyad, H141 and H142 (hHDAC8 H142 and H143) and with the catalytic tyrosine Y341 (hHDAC8
Y306) hydroxyl, as commonly observed for most other hydroxamate-containing HDAC inhibitors.
Furthermore, QSN piperidine-pyrimidine linker is sandwiched between the side chains of smHDACS8
F151 (hHDACS8 F152) and F216 (hHDAC8 F208), where it forms planar w-n stacking and non-polar
contacts.

Specifically, QSN piperidine ring adopts a chair conformation, which allows QSN methyl-amino-methyl
linker to form a hydrogen bond (2.4 A) with the carboxyl group of smHDAC8 D100 (hHDAC8 D101), a
conserved class | HDAC residue that has been shown to interact with the backbone of incoming
acetylated peptides®*3*. Finally, QSN capping methyl-indole group is solvent exposed, making minimal
non-polar contacts with Y99 (hHDAC8 Y100). Interestingly, we previously observed a very similar
binding mode to smHDACS for the other pan-HDAC inhibitor M344, including an interaction between
D100 and the M344 internal amide group?. The M344 conformation is less constrained by its linker,
which suggests that this binding mode is common to and favoured by many pan-HDAC inhibitors. In
agreement, such a binding was also observed upon SAHA binding to hHDAC2 in a crystal-lattice open
environment®.

Binding mode of PCI-34051 to HDAC8

PCI-34051 hydroxamate warhead interacts with the catalytic zinc and active site residues as observed
for QSN (Fig. 2a). However, in contrast to QSN, the hinge connecting the central indole-based spacer
and the methoxyphenyl group of PCI-34051 favours binding of its capping group onto the side chain of
smHDAC8 Y341 (hHDACS8 Y306). This tyrosine, together with the catalytic zinc, has been shown in
hHDACS to be involved in catalysis by polarizing the leaving acetyl group of the incoming acetylated
lysine. Here, the methoxyphenyl capping group is perpendicularly (86°) oriented over the aromatic
ring of this tyrosine, which favours T-shaped 7-7 stacking (4.9 A). Thus, the binding of PCI-34051 onto
Y341 is favoured by the L-shape of this inhibitor.

Further, the methoxyphenyl capping group of PCI-34051 is positioned in close vicinity to the smHDAC8
L6 loop, being inserted in a small pocket shaped by the side chains of P291 and H292 (hHDAC8 P273
and M274). While the methoxy group forms non-polar contacts with the pyrrolidine ring of P291, the

phenyl ring of the inhibitor interacts (4.3 A) via either -7 or cation- interaction with H292, depending



upon the protonation state of the histidine residue (Fig. 2a). These interactions complement the
aromatic interaction made with Y341.

smHDAC8 and hHDACS differ by one residue in their active sites, where hHDAC8 M274 is replaced by
smHDAC8 H292. Since this latter residue is involved in inhibitor binding, we asked whether the
smHDAC8-H292M mutant binds PCI-34051 in the same way as the wild-type (WT) enzyme. The crystal
structure of PCI-34051 bound to the “humanized” smHDAC8-H292M mutant reveals that PCI-34051
still adopts an L-shaped conformation when bound to the smHDAC8-H292M mutant, but this
conformation is slightly different from the one adopted with the WT enzyme (Suppl. Fig. 3a-c; Suppl.
Table 1). Specifically, PCI-34051 still lies over Y341 catalytic tyrosine but appears more centred in the
pocket created by smHDACS8 Y341, F151 and the L6 loop. In contrast to the WT enzyme, the central
indole group of PCI-34051 is axially rotated by an angle of ~20°, which favours the positioning of the
capping methoxyphenyl group over the aromatic ring of Y341 (4.8 A), effecting nearly parallel (8.9°) 7t
7 stacking. As a consequence, PCI-34051 capping group is interacting differently with the L6 loop than
observed with the WT enzyme, still making close non-polar contacts with the aliphatic ring of P291 and
the side chain of M292 in this loop (Suppl. Fig. 3a).

Binding mode of NCC-149 to HDACS8

NCC-149 hydroxamate also binds in a canonical way to the catalytic zinc and active site residues, and
the rest of the L-shaped inhibitor is turned towards and interacts with Y341 and the smHDACS8 L6 loop
(Fig. 2b). Specifically, the 1,2,3-triazole ring of the linker is oriented in a position (4.9 A) that is slightly
off perpendicular (~83°) to the aromatic ring of Y341, indicating their m-n contacts. At the same time,
the 1,2,3-triazole ring packs against L6 loop H292, which allows their mutual T-shaped (~67°) aromatic
interactions. In addition, and as observed for PCI-34051, the phenylthiomethyl capping group of NCC-
149 is inserted in the small subpocket of HDAC8 L6 loop, where it makes both upright (~76°) n-n
stacking with H292 and hydrophobic contacts (3.6 A) with P291.

We also solved the structure of NCC-149 bound to the smHDAC8-H292M mutant. Here, the
hydroxamate and linker of NCC-149 bind very similarly to the smHDAC8-H292M mutant and to the WT
enzyme, and show fewer conformational changes than observed with PCI-34051. Interestingly, the
1,2,3-triazole ring is closer to the L6 loop, where it interacts with M292 via a sulphur-aromatic
interaction (3.7 A), suggesting a similar interaction with hHDAC8 (Suppl. Fig. 3d-f). This binding mode
still favours T-shaped (82°) m-n stacking between the 1,2,3-triazole and Y341 (4.7 A), as well as
hydrophobic contacts between the internal benzene ring and the two phenylalanines, F151 and F216.
However, the terminal phenylthiomethyl capping group of the inhibitor changes its position and is

turned away from the L6 loop, lying in another binding subpocket formed by smHDAC8 K20 and F21



(L1 loop) and Y341 and F343 (L7 Loop) whose hydrophobic character is conserved in hHDACS (Suppl.
Fig. 3d).

The conformational adaptation of NCC-149 to the smHDAC8-H292M selective pocket is eased by the
intrinsically higher conformational flexibility of this inhibitor that allows the repositioning of its capping
group. In the case of PCI-34051, which is more rigid as it contains only a one-atom hinge, a major part
of the inhibitor had to be repositioned. Yet, these changes do not affect the major interaction of
HDAC8-selective inhibitors with the uncovered aromatic ring of the catalytic tyrosine and with residues
of the L6 loop showing the importance of these elements as key binding surfaces for these inhibitors.

Selective inhibition of smHDACS8 over other human HDACs

Previous work on the selective inhibition of smHDACS8 has yielded the development of an inhibitor
series of 3-benzamido-benzohydroxamates that show strong selectivity for smHDAC8 and hHDACS8
over other human HDACs?. The structure of smHDACS8 with the simplest inhibitor of this series (1)
reveals that the capping benzamido moiety binds to HDACS in a similar way to PCI-34051 and NCC-
149, laying over Y341 (3.9 A), its benzene ring capping group further making non-polar contacts with
smHDACS L6 loop, notably with P291 (3.6 A) (Fig. 3a). This inhibitor also exploits smHDAC8-specific
interactions with residues K20 and H292 (hHDACS8 K33 and M274)%,

Many of the 3-benzamido-benzohydroxamate inhibitors that were subsequently developed displayed
higher potency than 1 in inhibiting smHDAC8%. To understand the molecular basis of these
observations, we have further solved the structures of smHDACS8 bound to several of these inhibitors
(compounds 2-14) (Fig. 3; Suppl. Fig. 4; Suppl. Table 2; Suppl. Table 3).

All these compounds showed a similar mode of binding to smHDACS8 that 1. Yet, slight differences in
chemical composition impacted specific interactions, potentially relating to the differences in the ICso
values observed. Compounds 2-4 only have different substitutions at the para position of the
benzohydroxamate moiety compared to 1. These compounds bind very similarly to smHDACS8 as 1
(Suppl. Fig. 4). Their lower ICso values most likely stem from the additional contacts of their substituent
groups with F216, as well as the possible stabilization by these groups of the non-canonical geometry
of the amide group of these inhibitors.

In the case of 5 and 6, which have respectively larger biphenyl and benzothiophene capping groups,
these latter form more extensive hydrophobic contacts (3.5 A) with P291 (Fig. 3b; Suppl. Fig. 4). In the
case of 7, which only has an inverted internal amide compared to 1, the orientation and the length of
the hydrogen bonds between 7 and smHDAC8 K20 and H292 appear more favourable for interaction
(Suppl. Fig. 4).

Compounds 8-10 are particularly interested since they also show a higher selectivity for smHDACS8 over
hHDACS (3-, 4.5-, and 6-fold; respectively) (Fig. 3c; Suppl. Fig. 4; Suppl. Table 2). 8 has one additional

methylene group between the internal amide and the phenyl capping group compared to 1. 8 appears
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to bind less deeply in the pocket to maximize its interactions with Y341 and the L6 loop. This change is
compatible with the presence of smHDAC8 H292, but would be sterically unfavourable with hHDAC8
M274, which possibly explains the weaker inhibition observed for the human enzyme.

Compounds 9 and 10 both have a dichlorophenyl rather than a phenyl capping group, and bind
perfectly into the pocket formed by smHDACS Y341 and the L1 and L6 loops (Fig. 3¢c; Suppl. Fig. 4). The
presence of the halogen atoms in the capping group of 9/10 forces the inhibitor to be slightly tilted
towards the L6 loop, where it forms cation-n interaction (4.3 A) with smHDAC8 H292. The bulkier
character of the dichlorophenyl capping group may complicate the adaptation of 9/10 to the active
site pocket of hHDACS8. Modelling studies show that the dichlorophenyl capping group of 9 and 10 is
turned around 180° in comparison to its position in smHDAC8 and is making van der Waals interactions
with the hydrophobic residues of the L6 loop P273 and M274. In this case, both chloro-substituents
are surface-exposed, which presents a possible explanation for their decreased affinities towards
hHDACS8 (Suppl. Fig. 5).

We have used another 3-benzamido-benzohydroxamate inhibitor (11) which has an internal amine
rather than an internal amide in its linker and shows a low nM ICso for hHDACS8 but only a low pM ICsg
for smHDACS (Suppl. Table 2). The smHDAC8/11 structure reveals that this inhibitor does not form any
strong interaction with K20 and H292 and its capping group interacts less extensively with the L6 loop
(Suppl. Fig. 6). The inhibitor binds centrally into the pocket, where it forms hydrophobic contacts with
F216 (3.4 A) and Y341 (3.7 A), in a conformation identical to that observed for PCI-34051 when bound
to the smHDAC8-H292M mutant (Suppl. Fig. 6). This suggests that HDAC8-selective inhibitors bind
more centrally in this pocket in hRHDAC8 than in smHDACS8 due to the slight different physico-chemical
properties of the active sites of these two proteins.

Finally, an unrelated compound, 12, which has a triazole linker, binds similarly to smHDACS, interacting
with Y341 and the L6 loop (Suppl. Fig. 4). This compound also adopts an L-shaped conformation to bind
to the enzyme. 12 does not make direct contact to K20 and H292, which might explain its higher 1Cso
value for smHDACS (Suppl. Table 2). This compound display however a 4-fold higher potency for
smHDAC8 over hHDACS, and is also unable to inhibit strongly HDAC1 and HDACG6. Collectively, our
results highlight how small chemical variations may be used to influence inhibition potency.

Structural specificity of HDAC8-selective pocket

Our findings show an HDACS8-selective inhibition relying on the common binding of the HDACS8
isozyme-selective inhibitors to a HDACS8 pocket that forms a shallow groove and that we have termed
HDACS8-selective pocket. This pocket is defined by the catalytic tyrosine side-chain (L7 loop), which
forms the pocket bottom, and residues from L6 loop and, to a lesser extent, of L1 loop of HDACS, that

both form the sides of the pocket. This pocket is highly specific to HDACS.



In class Ila HDACs, the catalytic tyrosine is replaced by a histidine whose side chain is turned away from
the active site and cannot provide the same interaction surface as HDACS8 catalytic tyrosine (Fig. 4).
The situation is different for HDAC isozymes 1, 2, 3, 6 and 10 (thereafter called HDAC1-3,6,10) that all
have retained a catalytic tyrosine at the same position. In addition, these isozymes have a L6 loop that
displays a similar conformation to that observed in HDACS (Fig. 4). L6 loops in HDAC1-3,6,10 however
protrude slightly more over the catalytic tyrosine side chain than in the case of HDAC8 and could
sterically clash with and perturb the binding of HDAC8-selective inhibitors (Fig. 4), as supported by
docking studies of PCI-34051 and NCC-149 with other HDAC isozymes (Suppl. Fig. 7).

Yet, our results with the smHDAC8-H292M mutant show that HDAC8-selective inhibitors can adapt to
small changes within the HDAC8-selective pocket and could potentially overcome a more protrusive
L6 loop. Actually, another specific and conserved feature of HDAC1-3,6,10 is a larger L1 loop that
extends towards the L6 loop. Notably, at the tip of HDAC1-3,6,10 L1 loop, a proline (or an isoleucine
residue in HDAC10) is present that forms hydrophobic interactions with L6 loop residues and the
catalytic tyrosine, thus forming a lock over the catalytic tyrosine and preventing the formation of a
pocket similar to the HDACS8-selective pocket (Fig. 4; Suppl. Fig. 7).

In HDACS, the L1 loop, together with L2 loop, have been shown to display flexibility, being able to
change their conformation to adapt to larger inhibitors, such as largazole analogues® (Suppl. Fig. 8).
This raises the question whether the same L1 loop flexibility might exist in HDAC1-3,6,10. Current
structural data on HDAC1-3,6,10, however, show that their L1 loops make much more extensive
contacts with the rest of the enzyme. This likely explains their more constrained conformation.

Essential roles of L1 and L6 loops in HDACS catalysis and inhibition

To further question HDAC8 L1 and L6 loops conformation and functional importance in catalysis and
inhibitor binding, we have performed a mutational analysis of these loops in HDACS8 and studied the
effect of these mutations by biochemical, biophysical and structural means. Despite an identical
number of residues, HDACS8 L6 loop has a conformation that is slightly different from the one adopted
by the corresponding loops in HDAC1-3,6,10. This slight conformational change prevents L6 loop
residues to protrude over the catalytic tyrosine (Fig. 4).

Sequence and structural comparison highlighted two residues that could, in first place, be responsible
for this specific conformation of HDAC8 L6 loop: hHDAC8 P273/smHDAC8 P291 and hHDACS
C275/smHDACS8 R293. However, we could not exclude that larger rearrangement are required, and we
therefore created several different mutants for both hHDAC8 and smHDACS (Suppl. Table 4).

First, specific point mutants (hHDAC8 P273R and P273R/C275G and smHDAC8 P291R and
P291R/R293G) were made, where the residues were replaced by their HDAC1 counterparts. Second,
we created mutants where we exchanged the HDACS8 L6 loop completely with the one of HDAC1. We

also constructed mutants where not only the L6 loop but also the L1 loop had been exchanged. Finally,

9



triple mutants were also generated where a leucine (RHDACS8 L179/smHDACS8 L187) was replaced by
an isoleucine, as observed in HDACI1, since this mutation could possibly facilitate L6 loop
conformational change (Fig. 4; Suppl. Table 4).

Except for the point mutants, all smHDACS8 mutants turned out to be insoluble. In contrast, all hLHDAC8
mutants were soluble. Surprisingly, activity assays showed however that all mutants had drastically
reduced activity (Suppl. Table 4). While smHDACS single point mutants lost around one third of their
activity, hHDACS8 point mutants or L6 loop replacement mutants showed around 10-fold activity loss.
Mutants of hHDAC8 combining L6 loop replacement with either L1 loop replacement or the L1791 point
mutation showed a 50-fold loss of activity, and the triple mutant displayed almost no more activity.
We used Thermal Shift Assay experiments to assess whether the mutations had an effect on the
stability of the various mutants. All mutants only showed a decreased Tm of only about 5°C compared
to the WT enzymes but did not indicate partial or complete unfolding of the proteins (Suppl. Table 4).
Due to the residual activity of the mutants, we next measured the I1Cso values for PCI-34051, NCC-149
and QSN for all mutants. All inhibitors showed significantly higher ICso values indicative of a poorer
inhibition capacity (Suppl. Table 5). This was most pronounced for inhibitor PCI-34051, with more than
64-fold increase of the 1Cso value for the triple HDAC8 mutant. The ICso values for NCC-149 were also
significantly increased, but not as much as for PCI-34051. QSN also displayed decreased inhibition,
albeit to a much lesser extent, possibly mirroring only the slight stability decrease of the mutants, but
supporting our conclusions on the crucial role of L1 and L6 loops for HDACS selective inhibition.

To investigate the molecular basis of L1 and L6 loops conformational changes upon mutations, we
attempted to solve the structures of the different HDAC8 mutants in complex with PCI-34051, NCC-
149 and QSN. Although different mutants gave crystals in presence of some of these inhibitors, only
the crystals obtained with the hHDAC8-mL6/QSN complex led to exploitable structural data (Suppl.
Table 6). To our knowledge this is the first structure of compound QSN bound to human HDACS8. Here
again the capping group of the inhibitor is extensively involved in crystal packing and it is impossible
to understand whether the binding conformation of QSN, which is different to that observed when
bound to smHDACS, represents a favoured binding conformation in solution to hHDACS (Suppl. Fig. 9).
Strikingly, the structure of this complex (Fig. 5) revealed that, despite the complete exchange of the L6
loop, the conformation of this loop remains as observed in hHDAC8 WT. The hHDAC8 P273R
replacement however leads to the partial occupation of the HDAC8-selective pocket by the side chain
of the arginine replacing the proline (Fig. 5). Actually, the only mutation common to all mutants is the
hHDACS8 P273R/smHDAC8 P291R change. This corresponds to the arginine in HDAC1 and HDAC3 that
is important for activity and is involved in inositol phosphate binding3*3”*, Our results therefore

further highlight the importance of the L6 loop for class | HDACs activity and inhibitor binding, and
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pinpoint differences between HDAC8 and the other members of this class that can be used for selective
inhibition of the former enzyme.

Discussion

The results described here provide a comprehensive and detailed molecular view of HDACS8 selective
inhibition, highlighting a specific HDAC8-selective pocket where selective inhibitors form preferential
interactions with HDACS8 catalytic tyrosine and L6 loop residues. They particularly emphasize the
balance between chemical structure and inherent conformational flexibility of the inhibitors, on one
hand, and small changes at the protein level, on the other hand, with important implications for
selective inhibition. Specifically, the restricted conformation of HDACS8 L6 loop, compared to the more
flexible character of the L1 loop point out the importance of the L6 loop for selective inhibition.
Actually, the constrained conformation of the L7 loop that bears the catalytic tyrosine also appears as
an essential feature of HDACS selective inhibition.

Interestingly, in class Ila HDACs the replacement of the catalytic tyrosine by a histidine creates a
specific pocket at the position of the tyrosine side chain. This feature prevents HDAC8-selective
inhibitors from binding to class lla HDACs and has been exploited to design class lla-selective inhibitors
that cannot distinguish, however, between the different class lla isozymes®.

In case of HDAC1-3,6,10, although the catalytic tyrosine is conserved and the L6 loop is similar in these
isozymes, the HDACS8-selective pocket is not present in these isozymes due to a larger L1 loop in
HDAC1-3,6,10 that covers the catalytic tyrosine and forms a lock over this selectivity pocket. The recent
structures of HDAC6 obtained with HDAC6-selective inhibitors show that the capping group of these
inhibitors actually interacts with the proline at the tip of the L1 loop as well as with the preceding
histidine residue®. This mirrors somehow the interaction observed between the HDACS8-selective
inhibitors and smHDACS8 L6 loop P291-H292 motif. On a structural basis, it remains however difficult
to appreciate why the HDACG6-selective inhibitors do not bind to the same conserved motif in HDAC1-
3.

Interestingly, the HDAC8-selective pocket could adapt bulkier inhibitors that could also interact with
the back of the pocket, as partially observed for compound NCC-149 when bound to the smHDAC8-
H292M mutant, thus potentially paving the way for the design of more potent HDACS8-selective
inhibitors. Yet, the reduced conformational flexibility of compound PCI-34051, if it prevents this
inhibitor to adapt easily to small changes within HDACS active site, might also explain why this inhibitor
is so selective for this enzyme.

The existence of a unique selective specific pocket in HDACS8 and the effects observed on activity when
this pocket is partially occupied indicate that it might also be essential for the recognition of specific
targets. Collectively, our results unravel for the first time the structural determinants underlying

HDACS selective inhibition and pave the way to the design of more potent HDAC selective inhibitors,
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towards the development of novel epidrugs and the delineation of HDACs specific biological role

through chemical biology approaches.
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Material and Methods

Small-molecule inhibitors

The inhibitors PCI-34051 and NCC-149 were purchased from Selleck Chemicals (USA). The smHDACS8-
selective inhibitors were synthesized and characterized as described previously?41,

Compound 6 (3-(Benzthiophene-7-carboxamido)-4-chlorobenzohydroxamate) was synthetized as
follows, in a manner analogous to the smHDACS8-selective inhibitors mentioned above (Suppl. Fig. 10a).
Procedure. (a) Benzthiophene-7-carboxylic acid (1.4 mmol) was cooled to 0 °C and then thionyl
chloride (3 mmol) was added dropwise. The mixture was heated under reflux for 30 minutes. After
evaporating the excess of thionylchloride under vacuum, the obtained acid chloride was dissolved in
dry THF (50 ml) and added to a solution of methyl 3-amino-4-chlorobenzoate (1.4 mmol) and DIPEA (3
mmol) in THF. The reaction was monitored by TLC. Subsequently, the solvent was evaporated under
vacuum and the mixture was dissolved in EtOAc (50 ml) and washed with aq. sodium hydroxide
solution. The organic layer was evaporated under reduced pressure and the product was purified by
column chromatography (chloroform/ methanol, 99:1). (Yield: 88.8 %). (b) The obtained amide was
dissolved in MeOH (25 ml) and 1M agq. sodium hydroxide solution (10 ml) and heated to 50 °C for 2 h.
The reaction was monitored by TLC. Subsequently, the solvent was evaporated under reduced
pressure and the product was dissolved in EtOAc and washed with 1M HCI solution, the organic layer
was finally evaporated under reduced pressure. (Yield: 85.0 %). (c) The substituted benzoic acid
derivative (1 mmol) was dissolved in dry THF (50 ml) and PyBOP (1.2 mmol) was added. To the activated
acid, a mixture of NH,OTHP (1.5 mmol) and DIPEA (2.5 mmol) in dry THF (5 ml) was added, and the
reaction mixture was stirred at room temperature overnight. The solvent was evaporated under
reduced pressure and the mixture was dissolved in EtOAc (50 ml) and washed with ag. potassium
hydrogen carbonate solution and brine. The organic layer was evaporated under reduced pressure and
the product was purified by column chromatography (chloroform/ methanol/ TEA, 99.5:0.45:0.05).
The obtained product was dissolved in THF and a catalytic amount of diluted HCl was added and it was
stirred at room temperature. The reaction was controlled by TLC. After that, the solvent was
evaporated under reduced pressure and the mixture was dissolved in EtOAc (50 ml) and washed with
brine. The organic layer was evaporated under reduced pressure and the product was purified by
column chromatography (chloroform/methanol/formic acid, 95:4.95:0.05). (Yield: 35 %).

Analytical data. MS m/z: 345.23 (CI*)| 347.24 (CI*®)[M-H]-.

IH NMR (400 MHz, DMSO) & 11.37 (s, 1H), 10.42 (s, 1H), 9.14 (s, 1H), 8.22 (d, J = 7.3 Hz, 1H), 8.15 (d, J
=7.7 Hz, 1H), 8.02 (s, 1H), 7.85 (d, ) =5.2 Hz, 1H), 7.74-7.63 (m, 2H), 7.59 (t, J = 7.5 Hz, 1H), 7.53 (d, J
=5.2 Hz, 1H).

HRMS m/z: 369.0072 [M+Na]*; calculated: C16H11N203CISNa* 369.0071. HPLC: rt 10.68 min (99.65%).
Yield: 120 mg; 0.35 mmol; 25 %.
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Compound 12 (1-[5-chloro-2-(4-fluorophenoxy)phenyl]-N-hydroxy-1H-1,2,3-triazole-4-carboxamide)
was synthetized as follows (Suppl. Fig. 10b). Procedure: (a) 2-Amino-4-chlorophenol (7.0 mmol) was
dissolved in 1 M HCI (20 mL). At -5 °C, a solution of sodium nitrite (8.4 mmol) in water (2 mL) was added
dropwise over a period of 5 min. After stirring additional 5 min, urea (50 mg) was added. Then the
mixture was added to a cold solution of sodium azide (14 mmol) and sodium acetate (0.06 mmol) in
water (10 mL). The resulting mixture was stirred for 2 h at -5 °C. Then it was extracted with diethyl
ether (3x). The combined organic layers were dried (Na;SO,), filtered, and the solvent was removed in
vacuo. The residue was purified by flash column chromatography (cyclohexane/ethyl acetate = 10/1).
(Yield: 86 %). (b) The obtained azide (3.0 mmol) was dissolved in a 1:1 mixture of water and tert-butyl
alcohol (15 mL). Methyl propiolate (4.0 mmol), sodium ascorbate (0.20 mmol), and copper(ll) sulfate
pentahydrate (0.04 mmol) were added and the mixture was stirred for 18 h at room temperature. Then
water was added and the mixture was extracted with ethyl acetate (3x). The combined organic layers
were dried (Na,;S0,), filtered, and the solvent was removed in vacuo. The residue was purified by flash
column chromatography (cyclohexane/ethyl acetate = 2/1). (Yield: 89 %). (c) A 100 mL round-bottom
flask was charged with the obtained triazole (0.59 mmol), Cu(OAc), (0.59 mmol), 4-
fluorophenylboronic acid (0.71 mmol), and powdered 4 A molecular sieves. Then dichloromethane (4.5
mL) was added. After the addition of triethylamine (2.9 mmol), the reaction mixture was stirred at
ambient temperature overnight. Then the suspension was filtered. The filtrate diluted with water and
extracted with ethyl acetate (3x). The combined organic layers were dried (Na;SO.), filtered, and the
solvent was removed in vacuo. The residue was purified by flash column chromatography
(cyclohexane/ethyl acetate = 9/1 - 3/1). (Yield: 13 %). (d) A 5.4 M solution of sodium methoxide in
methanol (1.1 mmol) was added to a solution of the obtained diphenyl ether (0.11 mmol) and
hydroxylamine hydrochloride (0.55 mmol) in dry methanol (3 mL). The mixture was stirred at ambient
temperature overnight. Then the solvent was removed in vacuo and the residue was purified by
automatic flash column chromatography using a Biotage purification apparatus (5% - 50% ACN in
H,0, Biotage® SNAP KP-C18-HS 12 g). Fractions containing the desired product were combined, dried
from acetonitrile under reduced pressure and then subjected to lyophilization. (Yield: 95 %).
Analytical data: *H NMR (DMSO-dg): & [ppm] = 7.02 — 7.06 (m, 1H), 7.15 - 7.20 (m, 2H), 7.22 — 7.28 (m,
2H), 7.53 — 7.57 (m, 1H), 7.87 — 7.90 (m, 1H), 8.31 (s, 1H); 3C NMR (DMSO-ds): & [ppm] = 116.9 (d, J =
23.7 Hz, 2C), 120.4 (1C), 121.1 (d, J = 8.7 Hz, 2C), 123.1 (1C), 125.7 (1C), 127.4 (1C), 128.8 (1C), 130.2
(1C), 147.1 (1C), 148.4 (1C), 151.3 (d, J = 2.4 Hz, 1C), 158.3 (1C), 158.8 (d, J = 241 Hz, 1C); HRMS (m/z):
[M+H]" calcd for Ci15H11CIFN4O3: 349.0498, found: 349.0522; HPLC: tg = 16.3 min, purity 92.4 %.
Cloning, expression and purification of HDACS8 proteins

The full-length cDNA constructs (WT and mutants) for hHDAC8 and smHDAC8 were amplified by

polymerase-chain reaction (PCR) and cloned into bacterial expression vectors. The hHDAC8 (WT and
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mutant) gene was inserted between the Ndel and BamHI restriction sites of the pnEA-3HT expression
vector*?, where it is in in frame with a sequence coding for a N-terminal poly-histidine affinity
purification tag followed by thioredoxin and a protease 3C cleavage site. The smHDAC8 (WT and
mutant) gene was cloned between the Ndel and BamHI restriction sites of the pnEA-tH expression
vector*? and is in frame with a sequence coding for a C-terminal thrombin cleavage site followed by a
poly-histidine affinity purification tag.

For wildtype smHDACS8 overproduction, a modified protocol was used than the one published
previously. Expression was carried out in BI21 (DE3) cells in 2xLB medium. Cultures were and induced
at 37°C with 0.7mM IPTG, in presence of 100 uM ZnCl,. After overnight incubation at 37°C, cells were
harvested and resuspended in lysis buffer A (150mM NaCl, 50mM Tris pH 8.0). Lysis was done by
sonication, lysate was clarified by centrifugation. The supernatant was loaded onto Talon Superflow
Metal Affinity Resin (Clontech) pre-equilibrated with the lysis buffer A. The his-tagged protein was
released from the Talon resin by thrombin protease treatment in buffer B (50mM KCI, 10mM Tris pH
8.0) and subsequently loaded onto 16/60 Superdex 200 gel filtration column (GE Healthcare) pre-
equilibrated with buffer C (50 mM KCI, 10 mM Tris-HCl pH 8.0 and 2 mM DTT). Peak fractions were
concentrated with an Amicon Ultra centrifugal filter unit. This protocol yielded three times more
protein for the wild type enzyme. smHDACS8 mutants could not be purified using this protocol and their
overproduction was carried out as described initially?>*.

hHDACS8 overproduction was carried out in E. coli BL21 (DE3) cells in 2xLB medium. Culture induction
was done at 23°C by adding 0.5 mM final isopropyl-1-thio-b-D-galactopyranoside (IPTG, Euromedex),
in presence of 100 uM ZnCl,. Harvested bacteria were re-suspended in lysis buffer (50 mM KCl, 10 mM
Tris-HCl pH 8.0) and lysed by sonication. The lysate was clarified by centrifugation (17,500 rpm, 50 min,
4°C, Sorvall Lynx 6000 Thermo Scientific). The supernatant was loaded onto Talon Superflow Metal
Affinity Resin (Clontech) pre-equilibrated with lysis buffer. The his-thioredoxin-tagged protein was
released from the Talon resin by 3C protease treatment and subsequently loaded onto 16/60 Superdex
200 gel filtration column (GE Healthcare) pre-equilibrated with the buffer (50 mM KCl, 10 mM Tris-HCI
pH 8.0, and 0.5 mM TCEP). The recombinant proteins were concentrated with an Amicon Ultra
centrifugal filter unit.

Mutagenesis experiments

The mutant constructs were generated using standard PCR-based nested protocols and inserted into
the corresponding expression vectors. The L1 and L6 loops exchange mutants were designed based
on structural comparison. The hHDAC1 L6 sequence S;esLSGDRLGC was introduced instead of the
T26slAGDPMCS sequence in hHDACS, to create the hHDAC8-mL6 mutant. In the second step, the
hHDAC1 L1 sequence Y23YGQGHPMK was introduced instead of the L3;AKI sequence in hHDAC8-mLS6,
to create the double hHDAC8-mL1/mL6 mutant. Finally, the triple mutant hHDAC8-mL1/mL6/L179I
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was generated by an introduction of isoleucine residue in the L179 position, using the double hHHDAC8-
mL1/mL6 mutant as a template. smHDAC8 mutants were produced as described for hHHDAC8 mutants.
Sequences replaced in smHDAC8 were the same as the ones replaced in hHDACS.

Crystallization and X-ray data collection

Diffraction-quality crystals of native smHDACS8 enzyme were obtained at 17°C after 3 days by mixing
equal volumes of smHDACS8 (2.5 mg/ml) with reservoir solution composed of 21% PEG 3350 (Fluka)
and 0.05 M Na*/K* L-tartrate, and crystallized using the hanging-drop vapor diffusion technique. After
3 days, grown crystals were soaked for 20 hours in mother liquor supplemented with the
corresponding inhibitor (10 mM final concentration of the inhibitor, preparation from a 100mM stock
in N,N-dimethylformamide (DMF) or DMSO). Crystals used for X-ray data collection were briefly
transferred in reservoir solution supplemented with 22% glycerol and flash-frozen in liquid nitrogen.
Co-crystallization of hHDAC8-mL6 together with QSN (Quisinostat) inhibitor was performed using the
hanging-drop vapor diffusion technique. The hHDAC8-mL6/QSN complex was formed by incubating
the hHDAC8-mL6 mutant protein (5 mg/mL) with QSN (5 mM resuspended in DMF) at 4°C for 1 h.
Diffraction-quality crystals were obtained at 20°C after 3—4 days by mixing equal volumes of the
hHDAC8-mL6/QSN complex with reservoir solution composed of 20% polyethylene glycol 3350 (Fluka),
0.2 M KNOs and 0.1 M Bis-tris propane (pH=7.5). Crystals used for X-ray data collection were briefly
transferred in reservoir solution supplemented with 22% glycerol and flash-frozen in liquid nitrogen.
Crystallographic data obtained in this project were collected at 100 K on SOLEIL beamline PROXIMA1,
ESRF beamlines ID30b, ID29 and ID23 and SLS PX beamlines.

Structure determination, model building and refinement

Crystallographic data were processed and scaled using HKL2000** or XDS*. Phases for
smHDACS8/inhibitor complexes were obtained by molecular replacement followed by rigid body
refinement against smHDACS8 native structure as a model (4BZ5). The initial models were refined
through several cycles of manual building using Coot*® and automated refinement with Phenix*’. The
structure of hHDAC8-mL6 complexed with QSN was solved by molecular replacement with Phenix*’
using the hHDACS structure (PDB 1T67) as a search model. The final models were validated using tools
provided in Coot*® and Molprobity®. Visualization of structural data was done with Pymol (The PyMOL
Molecular Graphics System, Version 2.0 Schrodinger, LLC.), and two-dimensional diagrams
summarizing molecular interaction between inhibitors and HDAC8 enzymes were prepared with the
help of the LigPlot program®. Atomic coordinates and structure factors of the smHDACS8 and hHDACS-
mL6 complexes were deposited in the Protein Data Bank under the PDB codes xxx.

HDAC activity and inhibition assays

Catalytic activity and inhibition assays of smHDACS8 and hHDACS8 were performed as described earlier?.

Briefly, the hHDAC8 and smHDACS activity testing was carried out with the HDAC8 Fluorimetric Drug
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Discovery Kit (Fluor de Lys(R)- HDAC8, BML-KI178) from Enzo Life Sciences, according to the
manufacturer’s instructions with a substrate concentration of 50 uM. Fluorescence was measured in
a plate reader (BMG Polarstar) with excitation at A =390 nm and emission at A = 460 nm. ICso values
were determined with OriginPro (version 9.0.0, Northampton, Massachusetts).

In vivo studies on Schistosoma mansoni

The in vivo effects of PCI-34051 and NCC-149 compounds on the viability of S. mansoni schistosomula
(Puerto-Rican strain) were tested using a microscopy-based assay, as described previously®. In brief,
schistosomula (2,000 per well), prepared by standard mechanical transformation from cercaria®!, were
maintained in 6-well plates in M199 medium kept at pH 7.4 with 10 mM HEPES and supplemented at
37°C in a humid atmosphere containing 5% CO,. Three different concentrations of inhibitors (25, 50
and 100 uM) were tested, the inhibitors were dissolved in DMSO, and the culture medium was
refreshed each day. The assessment of parasite mortality was carried out after microscopic
examination, based on three criteria: a granular appearance, tegumental defects and the absence of
motility. At least 300 schistosomula were observed at each time point for each condition and results
were expressed as a percentage of viable larvae remaining. Three biological replicates (different
batches of larvae) were examined in duplicate for each condition.

The stability of adult worm pairs and egg production were assayed as previously described®!. Adult
worm pairs were obtained from infected golden hamsters (Mesocricetus auratus) by perfusion,
washed in M199 medium and ten pairs placed in 2 mL of M199 buffered complete medium (as for
schistosomula above) in each well of a 6-well culture plate. Worms were maintained in culture for 5
days at 37°C (humid atmosphere, 5% CO;) before the addition of HDACS8-selective inhibitors, the
application of DMSO alone served as a negative control experiment. Both the culture medium and the
inhibitors were refreshed daily. The number of couples remaining as pairs was determined daily by
microscopy and the medium of each well containing eggs laid by the couples was recovered and
centrifuged to allow eggs to be counted under the microscope. Three biological replicate experiments
were performed in triplicate.

TUNEL assay

Detection of DNA strand breaks in inhibitor-treated S. mansoni schistosomula was done using the
terminal deoxynucleotidyl transferase dUTP nick-end labelling (TUNEL) method using the In Situ Cell
Death Detection Kit TMR Red (Roche). The method designed for cell suspensions was followed as
described in the manufacturer's instructions with few modifications. Briefly, 2,000 schistosomula were
treated with 100 uM PCI-34051 or NCC-149 for 96 h, in 6-well plates containing 2 mL of complete
medium. The treatment with DMSO alone served as negative control experiment. After 96-h
incubation, culture media were removed and the schistosomula were centrifuged (1,000 rpm, 2 min),

washed three times in PBS buffer, and then fixed in 2% formaldehyde for 60 min. Schistosomula were

18



afterwards washed once more in PBS and permeabilization solution (0.1% Triton X-100, 0.1% sodium
citrate) was added for 10 min on ice. Labeling of schistosomula with 4',6-diamidino-2-phenylindole
(DAPI) and TMR Red dUTP was performed according to the manufacturer's instructions and TUNEL-
positive parasites were observed by fluorescence using an Axiolmager Z1-Apotome microscope (Zeiss).
Isothermal titration calorimetry (ITC)

ITC experiments were done at 25°C using a PEAQ microcalorimeter (Malvern Instruments). All protein
samples were purified in the same ITC buffer (50 mM KCI, 10 mM Tris pH=8.0 and 0.5 mM TCEP). In a
typical experiment, aliquots of 2.0 ul of HDACS8 protein sample at 200 uM were injected into a 300 pl
inhibitor solution at 20 uM. Blank experiments were used to retrieve signal due to solvent (DMSO or
DMF) dilution into ITC buffer. Data were analyzed with Microcal PEAQ-ITC Analysis Software and with
Affinimeter.

Differential scanning fluorimetry

Thermal stability of HDACS8 proteins was analysed by a label-free differential scanning fluorimetry (DSF)
approach using a Prometheus NT.48 instument (NanoTemper Technologies). Briefly, the shift of
intrinsic tryptophan fluorescence of HDAC8 proteins upon gradual temperature-triggered unfolding
(temperature gradient 20—95°C) was monitored by detecting the emission fluorescence at 330 and 350
nm. The measurements were carried out nanoDSF-grade high sensitivity glass capillaries (NanoTemper
Technologies) at a heating rate of 1°C/min. Protein melting points (Tm) were inferred from the first
derivative of the ratio of tryptophan emission intensities at 330 and 350 nm. Finally, the ATm value of
an HDACS protein for a particular inhibitor was calculated as the difference between the Tm values of
the inhibitor-bound and inhibitor-free proteins. All the assays were done in triplicate.

Computational and docking experiments

Crystal structures of hHDAC1-3, hHDAC8 and hHDAC6-CD2 for docking as well as zHDAC10 for
homology modelling of hHHDAC10 were downloaded from Protein Data Bank (corresponding PDB IDs
4BKX, 4LXZ, 4A69, 2V5X, 5EDU, 5TD7). Also the zHDAC6 CD1-2 structure with Nexturastat A (PDB ID
5G0J) was downloaded from PDB in order to retrieve conserved water molecules for docking to
hHDAC6-CD2. The homology model of human HDAC10 was built on zebrafish HDAC10 structure using
MODELLER version 9.11 52, Structures of inhibitors were generated in MOE version 2014.09 (Molecular
Operating Environment (MOE), 2014.09; Chemical Computing Group Inc., 1010 Sherbooke St. West,
Suite #910, Montreal, QC, Canada, H3A 2R7, 2014).

Protein and inhibitor structures were further prepared for docking in Schrédinger Suite (Schrédinger
Suite 2014-2: Maestro version 9.8, Protein Preparation Wizard; Epik version 2.8, Glide version 9.8,
Schrodinger, LLC, New York, NY, 2014). Human HDAC1-3,6,10 were prepared using Protein Preparation
Wizard tool. Hydrogen atoms and missing amino acid residues side chains were added. Solvent

molecules were removed except two conserved water molecules: one near the catalytic zinc ion and
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another above the zinc coordinating histidine residue (H180, hHDAC8 numbering). Next, hydrogen
bonds network and amino acid residues protonation states and tautomers were optimized. Finally,
protein models were subjected to energy minimization using OPLS-2005 force field with default
settings. Inhibitor structures were prepared with LigPrep and ConfGen tools. Namely, the tautomeric
forms and stereoisomers were created and energy minimization was performed with OPLS force field
using Ligprep. Conformers were generated with default settings (fast) and energy minimization of the
output conformations was performed using ConfGen.

Molecular docking was performed using Glide from the Schrédinger Suite. Receptor grids were
generated using default settings. The Standard Precision docking protocol with default settings without
any constraints was used, except the number of docking poses for post-docking minimization per

ligand was increased to 20 and the maximal number of output poses per ligand was increased to 2.
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Figure 5
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Figure legends

Figure 1. HDACS inhibition and binding by inhibitors PCI-34051, NCC-149 and QSN. (a) Chemical
structures of PCI-34051, NCC-149 and Quisinostat (QSN). (b) ICso values and binding
affinities/thermodynamic parameters of PCI-34051, NCC-149 and QSN for human HDAC8 (hHDACS)
and Schistosoma mansoni HDAC8 (smHDACS).

Figure 2. Structural characterization of PCI-34051, NCC-149 and QSN binding to smHDACS.

(a) Simulated annealing omit electron density map contoured at 2 ¢ for PCI-34051, NCC-149 and QSN
when bound to smHDACS. (b) Binding mode of PCI-34051, NCC-149 and QSN in the active site of
smHDACS8. The inhibitors and important residues are shown as sticks. The L6 loop is coloured green.
The catalytic zinc ion is shown as orange sphere. Zinc coordination and hydrogen bonds are shown as
dashed lines. Only HDACS8-selective inhibitors PCI-34051 and NCC-149 adopt an L-shaped
conformation and interact with the catalytic tyrosine and the L6 loop. (c) Two dimensional illustrations
of binding. Zinc coordination, hydrogen bonds and aromatic interactions are shown as dashed lines.
The corresponding distances between the atoms and/or chemical groups are given in A. Hydrophobic

contacts are shown by grey arcs with spokes radiating toward the atoms involved.

Figure 3. Structural characterization of 1, 6 and 9 HDAC8-selective inhibitors binding to smHDACS.
(a) Simulated annealing omit electron density map contoured at 2 ¢ for 1, 6 and 9 when bound to
smHDACS8. (b) Binding mode of 1, 6 and 9 in the active site of smHDAC8. (c) Two dimensional

illustrations of binding. Representations, colouring and display of interactions are as in Fig. 2.

Figure 4. Structural delineation of HDACS selective inhibition.

(a-d) Close-up views shown as ribbon and sticks of the superposed structures of (a) smHDACS,
smHDAC8-H292M and hHDACS, (b) hHDAC4 and hHDAC7, (c) hHDAC1, hHDAC2 and hHDACS3, and (d)
zebrafish zHDAC6-(catalytic domain1)CD1, zHDAC6-CD2 and zHDAC10. The catalytic zinc is shown as
orange sphere. HDAC8-selective inhibitor PCI-34051 is shown in (a) as light blue sticks when bound in
HDACS8-selective pocket. In the other HDACs this pocket is not formed: residues from L1 and L6 loops
are protruding and forming a lock over the catalytic tyrosine (other class | and class Ilb HDACs) or its
replacing histidine in the case of class Ila HDACs. (e) Surface representation of the pocket
accommodating the linker and capping groups of the HDACS8-selective inhibitors. The PCI-34051
inhibitor is represented as sticks and lays on the catalytic tyrosine (purple). The pocket walls are formed

by residues from the L1 (yellow) and L6 (green) loops. (f,g,h) Surface representation of the same region

21



in hHDAC4 (f), hHDAC3 (g), and hHDAC6-CD2 (h) using the same colour code as in (e). In these latter

HDAC s, L1 and L6 loop residues are interacting and forming a L1-L6 lock over the pocket.

Figure 5. HDAC8 mutants inhibition by PCI-34051, NCC-149 and QSN, and structure of the human
HDAC8-mL6/QSN complex. (a) Structure-based sequence alignment of L1, L4 and L6 loop sequences
from various HDACs. Red boxes show the regions that have been swapped between HDAC1 and HDACS8
in the mutational analysis. (b) ICso values for PCI-34051, NCC-149 and QSN on human HDAC8 WT and
mutants. Assays were done in triplicate. Error bars represent the SD. (c) Close-up view of the hHDACS8-
selective pocket in the human HDAC8-mL6/QSN complex (left panel) compared to WT hHDACS bound
to PCI-34051 (adapted from the smHDAC8-H292M structure) (right panel) and the superposition of the
two structures (middle panel). The side chain of the arginine R273 (from the hHDAC8-mL6/QSN
complex) replacing P273 (from WT hHDACS) binds into the HDAC8-selective pocket where PCI-34051
(and the other HDACS8-selective inhibitor) were shown to bind. This mutation, which is the only
common mutation to all mutants used, is most likely responsible for the general decrease of activity

observed for these mutants.
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Supplementary Figure 1. ITC measured affinities and thermodynamic parameters of PCI-34051, NCC-
149 and Quisinostat (QSN) binding to hHDAC8 and smHDACS. ITC profiles of the titration of hHDACS8
(a-c) and smHDACS (d-f) with PCI-34051 (a, d), NCC-149 (b, e) and QSN (c, f). Top panels, titration
data of enzyme into corresponding inhibitor solution. DP, Differential power. Bottom panels,
integrated heat measurements for the titration enzyme with the corresponding inhibitor.



a d
Control (DMSQ) +PCI-34051 +NCC-149 DAPI TUNEL Merge

R T

24hpt.
Control

48hpit.
PCI-34051

bl M =2}

o <

= R S

o~

a 2

Schistosomula viability Separation of adult worm pairs @
21201 PCI-34051 120 NCC-149 120 PCI-34051 120 NCC-149
% 1001 . g
; 80 4 =
S =
E 60+ 2
g a
G 47 i
£ z
G 201 510
B v =
o 1 2 3 4 5
Days post-treatment Days post-treatment Days post-treatment Days post-treatment Control (DMSOY)
M PCI-34051
W NCC-149

-=-Control (DMSQ) -=- 25 uM inhibitor -=- 50 pM inhibitor -= 100 pM inhibitor

Supplementary Figure 2. Fitness analysis of schistosomes treated with inhibitors PCI-34051 and NCC-
149. (a) Time-course analysis of schistosomula viability. S. mansoni schistosomula were cultivated in
the presence of PCI-34051 or NCC-149, and their viability was assessed by microscopic observations at
the indicated time points post treatment (p.t.). Schistosomula cultivated in the DMSO alone served as
a control. (b) Dose- and time-dependent mortality of schistosomula induced by PCI-34051 and NCC-
149. S. mansoni schistosomula (1000 per well) were incubated in 1-mL of culture medium with varying
guantities of inhibitors or the solvent (DMSO). Both inhibitors have a dose-dependent effect on larval
viability, with PCI-34051 inducing a somewhat stronger phenotypic response than NCC-149. Assays
were done in triplicate; error bars represent the SD. (c) Induction of separation of S. mansoni adult
worm pairs. The paired status of male and female adult worms was assessed daily in the presence of
varying quantities of PCI-34051 and NCC-149. Both inhibitors have a dose-dependent effect on adult
worm pairing. Assays were done in triplicate; error bars represent the SD. (d) TUNEL assays.
Fluorescent microscopy of S. mansoni schistosomula incubated with DMSO alone (top panels), PCI-
34051 (middle panels), or NCC-149 (bottom panels) for 96 h. DAPI (blue), TUNEL (yellow) and merged
figures are presented. (e) Quantification of TUNEL positivity of schistosomula incubated for 96 h with
PCI-34051 or NCC-149 (both at 100 uM), or with DMSO alone. Mortality of in vitro cultivated
schistosomes treated with PCI-34051 and NCC-149 is due to the triggering of apoptosis. Assays were
done in triplicate; error bars represent the SD.
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Supplementary Figure 3. Structures of PCI-34051 and NCC-149 bound to the smHDAC8-H292M
mutant. (a-c) Close-up view of HDAC8-selective inhibitor PCI-34051 bound to smHDAC8 WT (a) and
the smHDAC8 H292M mutant (c), and the superposition of the two structures (b). The upper panels
show the structural data, whereas the lower panels provide a schematic view of the interaction. In the
structural views, the inhibitors and important residues are shown as sticks. The L6 loop is colored
green. The catalytic zinc ion is shown as orange sphere. Zinc coordination and hydrogen bonds are
shown as dashed lines. In the schematic views, Zinc coordination, hydrogen bonds and aromatic
interactions are shown as dashed lines, and the corresponding distances between the atoms and/or
chemical groups are given in A. Hydrophobic contacts are shown by grey arcs with spokes radiating
toward the atoms involved. (d-f) Same as for (a-c) with the NCC-149 HDACS8-selective inhibitor.
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Supplementary Figure 4. Close-up view of HDAC8-selective inhibitors bound to smHDACS. (a-h)
Close-up views of 3-benzamido-benzohydroxamates HDACS8-selective inhibitors 1-11 bound to
smHDACS. (i) Close-up view of the unrelated 1-[5-chloro-2-(4-fluorophenoxy)phenyl]-N-hydroxy-1H-
1,2,3-triazole-4-carboxamide inhibitor 12 that also shows HDAC8-selective inhibition. All inhibitors
bind into a HDAC8-specific pocket formed by catalytic tyrosine Y341 and residues from L1 and L6 loops.
The inhibitors and important residues are shown as sticks. The L6 loop is colored green. The catalytic
zinc ion is shown as orange sphere. Zinc coordination and hydrogen bonds are shown as dashed lines.
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Supplementary Figure 5. Docking results of compounds 9 and 10 bound to human HDACS. Inhibitor
9 (a), pale blue colored sticks, and 10 (b), pale pink colored sticks, are shown at the human HDAC8
binding pocket. Compared to smHDACS, the capping group of inhibitors 9 and 10 are flipped when
bound to hHDACS, which exposes the chloro-substituents to the solvent, potentially reducing binding
affinity. Protein backbone is represented as pale salmon colored ribbon. Protein residues are shown
as grey colored sticks and the zinc ion as orange sphere. The ribbon and residues of the L6 loop are
colored in green. Yellow dashed lines represent zinc coordination and hydrogen bonds.



smHDACS8/11 Superposition of smHDAC8/11 smHDAC8-H292M/PCI-34051
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Supplementary Figure 6. Comparison of the binding modes of compound 11 and PCI-34051 to
smHDACS. Structures of compound 11 bound to smHDACS (a) and PCI-34051 bound to the smHDACS-
H292M mutant (c), and the superposition of these two structures (b). Both inhibitors binds with a
similar conformation to smHDACS8 that most likely mimics the binding of HDAC8-selective inhibitors to
hHDACS. Protein residues are shown as sticks, the catalytic zinc ion is shown as orange sphere, and L6
loop residues are colored green.
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Supplementary Figure 7. Docking poses of PCI-34051 and NCC-149 in different HDAC isozymes.
Modeling of binding of HDAC8-selective inhibitors PCI-34051 (a,b) and NCC-149 (c,d) to hHDAC1-3 (a,c)
and hHDAC6-CD2 and hHDAC10 (b,d). The hydroxamic acid group of both L-shaped HDACS8 inhibitors
is not able to reach the catalytic zinc ion in HDAC1-3 and HDAC10 and to chelate it in a bidentate
fashion. Meanwhile, in HDAC6, the hydroxamate group also shows a monodentate chelation of the
zinc ion similar to that observed in the crystal structures of zHDAC6 with the benzohydroxamate
derivatives Nexturastat A and HPOB (PDB ID: 5G0J and 5EF7, respectively). Yet, the capping groups of
both inhibitors are resting on the surface of the protein and cannot interact strongly with the catalytic
tyrosine due to the lock imposed by residues from L1 and L6 loops of these different HDACs. As a result,
inhibitors are more solvent-exposed, which probably negatively influences their inhibitory activity.
Protein backbone is represented as ribbon. Color codes for protein backbone and corresponding
inhibitor docking pose are depicted in the legend. Protein residues (grey color) and inhibitors (see color
codes in the legend) are shown as sticks, the catalytic zinc ion as orange sphere.
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Supplementary Figure 8. Structural plasticity and flexibility of human HDACS8 L1 and L2 loops.
Structure of a largazole analog (a) (PDB ID 4RNO) and inhibitor M344 (b) (PDB ID 1T67) bound to human
HDACS, and the superposition of both structures (c). HDAC8 L1 and L2 loops show strong plasticity and
flexibility to accommodate the inhibitors in their active sites. In contrast, L6 and L7 (containing the
catalytic tyrosine 306) loop conformations are constrained, providing a stable unique surface for the
interaction with HDAC8-selective inhibitors. The proteins are shown as ribbons and the inhibitors as
sticks, the catalytic zinc ion is shown as orange sphere.



hHDAC8-mL6/QSN smHDACS8/QSN

Supplementary Figure 9. Binding mode of Quisinostat (QSN) in the structure of the human HDACS-
mL6/ QSN complex. (a) Conformation of Quisinostat (QSN) bound to the human HDAC8-mL6 mutant (left
panel) and to smHDACS (right panel). QSN does not interact with the L6 loop in both structures. The conformation
difference observed therefore most likely stems from the involvement of QSN in crystal packing in the hHDACS-
mL6/QSN complex, an artefact observed in many of the HDAC/inhibitor structures published so far. (b,c) Overall
(b) and closeup (c) views of QSN involvement in crystal packing. QSN is absolutely required for crystal
appearance.
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Supplementary Figure 10. Synthesis pathways for (a) the 3-(Benzthiophene-7-carboxamido)-4-
chlorobenzohydroxamate inhibitor (6) and (b) the 1-[5-chloro-2-(4-fluorophenoxy)phenyl]-N-hydroxy-
1H-1,2,3-triazole-4-carboxamide inhibitor (12).



Supplementary Table 1. Data collection and refinement statistics for the structures of smHDAC8 WT
and H292M mutant bound to PCI-34051, NCC-149 and Quisinostat.

Data collection* smHDACS8/ smHDACS8/ smHDACS/ smHDAC8-H292M/ smHDAC8-H292M/
PCI-34051 NCC-149 Quisinostat PCI-34051 NCC-149
Space group P1 P1 P1 P1 P1

Cell dimensions

a,b,c(A)

70.5570.62 97.89

71.4,71.46, 99.25

70.78, 70.78, 97.9

70.6, 70.67, 98.18

70.8, 70.84, 98.41

a, By (%)

75.5278.01 85.51

78.13, 75.53, 85.38

77.97,75.66, 85.74

75.82, 78.24, 86.05

78.13, 75.97, 85.98

Resolution (A)

50-2.09 (2.22-2.09)

50-1.84 (1.96-1.84)

50-1.55 (1.64-1.55)

50-1.90 (2.01-1.9)

50 -1.85 (1.96 -1.85)

Rsym or Rmerge 11.5 (82.5) 5.4 (58.7) 5 (66.4) 15.4 (99.4) 15.5 (75.6)
I/0ol 8.36 (1.47) 15.4 (2.2) 8.31(1.02) 6.6 (1.19) 5.5 (1.45)
Completeness (%) 97 (92.1) 94.9 (89.2) 82.7 (48.4) 97.5(94.7) 97.1(92.2)
Redundancy 3.4(3.4) 3.4(3.2) 1.86 (1.85) 3.5(3.6) 3.5(3.5)
CC(1/2) 99.4 (58.0) 99.9 (74.4) 99.8 (22.9) 99.3 (49.4) 98.9 (50.8)
Refinement
Resolution (A) 43-2.50 47-1.85 47-1.55 44-1.90 44-1.85
No. reflections 60906 152126 218321 138739 151470
Rwork / Rfree 0.180/0.253 0.150/0.183 0.168/0.202 0.211/0.265 0.207/0.253
Number of atoms

Protein 12897 13119 13124 12877 12989

Ligand/ion 136 322 369 222 231

Water 197 1160 1102 797 910
B-factors

Protein 29.83 29.67 28.16 29.32 27.69

Ligand/ion 52.10 45.82 43.95 55.95 45.49

Water 26.46 40.81 38.61 36.45 34.64
R.m.s deviations

Bond lengths (A) 0.008 0.008 0.007 0.009 0.008

Bond angles (°) 1.032 0.832 0.891 1.001 0.887

* Values in parentheses are for the highest-resolution shell.




Supplementary Table 2. ICso values measured for HDAC8-selective inhibitors on different HDACs.

Compound Chemical structure smHDACS8 hHDACS8 hHDAC1 hHDAC6
1Cso (nM) 1Cso (nM) 1Cso (MM) 1Cs0 (MM)
PCI-34051 v H 436 + 61 78+18 | 283+20 482 +6.2
N N-oH
\O’QJ (8]
NCC-149 /\/@(H 95+9 44 +5 nd nd
N,
N = CH
O
1(TH31)* o H 468 + 79 582+48 | 33.6+18 3.0+03
@AN N-oH
H o)
2 (TH33)* ) H 116 + 38 204 + 22 8.4+20 09+0.4
©/U\N N-oH
H o)
3 (TH39)* g 190 + 54 88 + 24 23+1.2 25+1.1
o H
dw N-oH
H 0
4 (TH61)* s o H 67 + 10 120+37 | 116+39| 0.12+0.02
%’/U\N N“OH
H o)
5 (TH65)* & 75+ 26 + 18 6.3+2.1| 0.39+0.002
¢l o H
Cl H °©
6 (TH120) o o 97 + 16 155+52 | 21.4+22 0.053 +
©)LN Ny, 0.015
H e}
7 (TH97) 4 220 + 4 120+37 | 39.1+89 3.1+01
o H
NQH’N“OH
H I
8 (TH101)* H‘(©YH 183 +39 512+30 | 28.9+86 5.1+0.7
N N.
OH
or"y
9 (TH86)* 5 122 +19 548+94 | 13.0+19 2.3+0.4
o H
H o)
10 (TH104)* o o H 191+17 | 1184+45| 31.6+1938 08+0.1
/@J\N Noon
Cl H ©
11 (TH34)* H 1260 + 170 260+36 | 21.8+21 51+0.3
©/\N N-oH
H o)
12 (KH197) = 504 +46 | 2200 + 680 nd nd

* Taken from ! and 2; nd, not determined.




Supplementary Table 3. Data collection and refinement statistics for the structures of smHDACS8

bound to compounds 1-12.

Data collection*

smHDAC8 /2

smHDAC8 /3

smHDAC8 /4

smHDAC8/5

smHDAC8 /6

smHDAC8 /7

Space group

P1

P1

P1

P1

P1

P1

Cell dimensions

a, b, c(A)

70.92 71.22 99.88

70.7170.75 98.29

70.59, 70.61, 98.19

70.62 71.13 98.48

70.7,70.71, 98.32

70.36, 70.49, 98.27

a,B,v(°)

77.4375.61 85.45

77.9575.54 85.38

77.72,75.87, 85.57

77.8476.19 85.81

75.66, 78.01, 85.7

75.84,77.74, 85.59

Resolution (A)

50-2.04 (2.16-2.04)

50 - 2.03 (2.16-2.03)

50-1.94 (2.06-1.94)

50-1.94 (2.06-1.94)

50-1.69 (1.8-1.69)

50-1.75 (1.85-1.75)

Rsym or Rmerge 8.2 (43) 12.4 (57.2) 25.9 (42.5) 16.8 (127.1) 10.7 (79.4) 4.2(27.5)
1ol 10.62 (2.55) 7.35 (1.87) 3.44 (1.57) 4.65(0.83) 8.28 (1.31) 11.8 (2.52)
Completeness (%) | 97 (93.4) 96.7 (90.5) 95.0 (90.9) 95.7 (89.2) 94.3 (90.7) 93.7 (91.5)
Redundancy 3.5(3.4) 3.5(3.4) 3.6 (3.5) 2.87 (2.83) 3.3 (3.45) 17 (1.7)
cc(ir) 99.6 (80.2) 99.8 (80.9) 92.0 (76.4) 98.4 (28.5) 99.4 (55.7) 99.8 (83.7)
Refinement
Resolution (A) 35.2.37 35-2.50 49-1.94 47195 48-1.69 48175
No. reflections 69306 61487 127009 125345 189740 169960
Rwork / Rfree 0.159/0.220 0.158/0.236 0.169/0.215 0.210/0.257 0.197 /0.229 0.150/0.183
Number of atoms

Protein 12071 12973 13108 12760 12999 13021

Ligand/ion 133 184 247 203 128 343

Water 325 474 758 480 487 1365
B-factors

Protein 35.52 28.74 27.35 2265 28.08 23.35

Ligand/ion 43.44 4336 45.18 44.66 41.82 39.41

Water 35.68 30.94 34.13 27.66 31.17 35.18
R.m.s. deviations

(BA")”d lengths 0.009 0.011 0.010 0.016 0.007 0.006

Bond angles (°) 0.985 1.166 1.000 1.364 0.908 0.798

* Values in parentheses are for the highest-resolution shell.




Data collection* smHDAC8/8 smHDAC8/9 smHDAC8/10 | smHDAC8/11 smHDAC8 /12
Space group P1 P1 P1 P1 P1
Cell dimensions
a, b, c(A) 71.26,71.27,99.14 70.65,70.73,98.12 | 71.2,71.22,99.02 | 71.2,71.29, 99.07 70.,70.7,98.3
a, B,y (%) 77.92,75.54, 85.5 75.46, 78.05, 85.54 |78.28, 75.64, 85.72| 75.69, 78.14, 85.65 75.9,78.3, 85.6

Resolution (A)

50-1.84 (1.95-1.84)

50-1.75 (1.85-1.75)

50-2.0 (2.12-2.0)

50-1.99 (2.11-1.99)

50-1.65 (1.76-1.65)

Rsym or Rmerge 15.5 (81.8) 12.6 (55.5) 10.8 (66.6) 7.4(58.2) 4.3(78.5)
/0l 8.4 (1.75) 13.94 (2.39) 8.67 (1.84) 11.91 (2.05) 14.93 (1.43)
Completeness (%) 93.2 (88.4) 95.7 (91.3) 95.6 (91.9) 95.7 (92.3) 92.1(87.3)
Redundancy 3.3(3.1) 3.2(3.1) 3.5(3.4) 3.5(3.4) 3.6(3.6)
CC(1/2) 98.5 (61.1) 98.9 (84.5) 99.3 (73.6) 99.7 (72.9) 99.9 (58.7)
Refinement
Resolution (A) 48-1.84 48-1.75 47-2.00 48-1.99 49-1.66
No. reflections 149024 175117 120102 122257 196617
Rwork / Rfree 0.177/0.218 0.189/0.226 0.160/0.205 0.156/0.197 0.122/0.194
Number of atoms

Protein 13076 12726 12952 13131 13168

Ligand/ion 132 406 287 213 243

Water 999 1596 787 794 850
B-factors

Protein 23.10 18.36 28.84 32.50 34.54

Ligand/ion 35.82 38.37 49.26 47.83 55.27

Water 31.11 33.40 37.45 39.79 42.88
R.m.s. deviations

Bond lengths (A) 0.008 0.007 0.011 0.008 0.008

Bond angles (°) 0.842 0.846 0.967 0.834 0.898

* Values in parentheses are for the highest-resolution shell.




Supplementary Table 4. HDAC8 mutants and activity measurements.

HDACS variant Relative deacetylase activity (%) Tm (°C)
hHDAC8 WT 100 45+0.5
hHDAC8-P273R 6.4+0.3 40.2+0.7
hHDAC8-P273R/C275G 114+0.1 40+0.5
hHDAC8-mL6 10.6 £+ 0.1 40.6+0.2
hHDAC8-mL1/mL6 3.3+0.05 396104
hHDAC8-mL6/L179I 1.8+ 0.06 38.8+0.5
hHDAC8-mL1/mL6/L179I 0.5+0.04 37.1+03
smHDAC8 WT 100 54.1+0.9
smHDAC8-P291R 34311 495+1
smHDAC8-P291R/R293G 183+1 49.5+1.5




Supplementary Table 5. ICso values for hAHDAC8 mutants with PCI-34051, NCC-149 and Quisinostat
(QsN).

Enzyme variant Inhibitor 1C50 (nM) Fold increase
compared to
WT
hHDAC8 WT PCI-34051 77.7£18.1
hHDAC8-mL6 PCI-34051 1630 450 21
hHDAC8-mL1/mL6 PCI-34051 2700 £ 620 34.8
hHDAC8-mL6/L179I PCI-34051 1000 + 200 12.9
hHDAC8-mL1/mL6/L179I PCI-34051 5000 + 900 64.4
hHDAC8 WT NCC-149 44+ 4.9
hHDAC8-mL6 NCC-149 283+ 85 6.4
hHDAC8-mL1/mL6 NCC-149 274 + 50 6.2
hHDAC8-mL6/L179I NCC-149 746 + 85 17
hHDAC8-mL1/mL6/L179I NCC-149 628 + 69 14.3
hHDAC8 WT QSN 64.4+3.4
hHDAC8-mL6 QSN 93+8 1.4
hHDAC8-mL1/mL6 QSN 94+5 1.5
hHDAC8-mL6/L179I QSN 169 + 27 2.6
hHDAC8-mL1/mL6/L179I QSN 21731 3.4




Supplementary Table 6. Data collection and refinement statistics for the structure of human HDACS-

mL6/Quisinostat (QSN) complex.

Data collection*

hHDAC8-mL6 / QSN

Space group

P32

Cell dimensions

a, b, c(A)

106.36, 106.36, 82.05

a, By (%)

90, 90, 120

Resolution (A)

50 - 2.10 (2.22 - 2.1)

Rsym or Rmerge 16.0 (111.9)
I/0ol 7.27 (1.2)
Completeness (%) 99.7 (98.2)
Redundancy 5.7 (5.5)
CC(1/2) 99.1 (53.5)
Refinement
Resolution (A) 37-2.10
No. reflections 60780
Rwork / Rfree 0.152/0.189
Number of atoms

Protein 5695

Ligand/ion 64

Water 461
B-factors

Protein 38.99

Ligand/ion 37.66

Water 46.94
R.m.s. deviations

Bond lengths (A) 0.008

Bond angles (°) 0.868

* Values in parentheses are for the highest-resolution shell.
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3.2.4. Crystal structure of smHDAC8 with J1075 derived TB compounds

Apart from J1038-derived TH compounds another class of inhibitors were also developed
which target smHDACS selectively and are derived from the J1075 initial hit (Marek, Kannan et
al. 2013). In this purpose, the initial hit compound J1075 was optimized further by our
collaborators in Halle, Germany to design novel smnHDACS selective inhibitors. Structure based
drug design yielded many compounds, among which few inhibitors showed promising specificity
towards smHDACS8. Among them, few inhibitors with potent inhibition of smHDAC8 were
selected for structural studies. Among these, the TB series of compounds TB5, TB8, TB87 and
TB98 were used for crystallization studies. All the data statistics were in the acceptable range and
shown in the table (Error! Reference source not found.).

TB5 and TB8 are simple initial compounds of this inhibitor series. These two inhibitors
bind in the sSmMHDACS active site pocket in two different orientations (Figure 71). Both inhibitors
coordinate the catalytic zinc with their hydroxamate war-head and interact with catalytic residues.
According to in vitro assays, TB8 has the more potency towards HDAC8 when compared to other
TB compounds. The direct comparison of TB8 compound is TB5 where both compounds are
small linker inhibitors in this series. Structural inspection of these compounds in complex with
smHDACS, has revealed that TB8 binds in a schistosome-specific conformation where it forces
F151 to adopt flipping-out conformation where as TB5 structure showed partial occupancy for
both flipping-out and flipping-in conformations. Because of schistosome favorable conformation
TB8 is more selective when compared to TB5. On the other hand, TB5 is more selective towards
hHDACS8 than smHDACS8 because TB5 favors F151 in flipping-in conformation which is a
hHDACS nature.

In the J1075 series, apart from TB5 and TB8, two compounds TB98 and TB87 were
observed with more selectivity towards SmHDAC8 over hHDACS8 during in vitro assays. To
understand the selectivity differences through structural point of view | have solved the structure
of TB98 with smHDACS while the second compound TB87 did not yield a good diffraction quality
data. The crystal structure of SmMHDACS in complex with TB98 has revealed few interesting
observations. First, TB98 bound in the active site of sSmHDACS by coordinating catalytic zinc and
other catalytic residues. Next, TB98 binding in the active site pocket of SmMHDACS has forced

F151 to adopt schistosome specific flipping-out conformation. In addition to that the presence of
183



chloride ions on the capping group and the L-shape of TB98 in active site pocket allowed to make
interactions with loop L6 sub pocket which was made by P291 and H292. This mode of binding
was also observed in the case of TH compounds where HDAC8-selective pocket was explained in
detail. A similar kind of binding in TB98-smHDACS structure is reinforcing the fact that Loop L6
is the driving force in schistosome specific inhibition.

Table 14: IC50 values of inhibitors

Compound smHDACS8 (nM) | hHDACS (nM)
TB5 250 65

TB8 60 53

TB87 180 184

TB98 441 475

MCC1761 1380 2720
MCC1713 274 365

KH197 503 2200

184



IC50 values

IC50 (UM)
o
B

02 E@mm

R AR
SRS

O smHDAC8 DhHDAC8

Figure 71: smHDAC8-J1075 derivatives crystal structures:
smHDACS crystal structures in complex with J1075 derived inhibitors and also showing IC50 values
compared to J1075. Zinc and potassium ions are represented as yellow and orange spheres respectively.

3.2.5. Crystal structures of smHDACS8 with miscellaneous inhibitors

During my thesis, different hydroxamate inhibitors were provided by other chemists of the
A-ParaDDisE consortium for structural determination in complex with smHDACS8. These
inhibitors belong to different classes of inhibitors compared to the initial studies with the TH and

TB studies, and were used to understand their mechanisms of inhibition.

3.2.5.1. Triazole derivatives

Triazole derivatives are an important class of molecules in medicinal chemistry with lot of
biological significance. Especially, 1,2,3-triazoles are heterocyclic compounds with high solubility
and they are more resistant towards metabolic degradation. Triazole derivatives are also proposed

as the alternants of capping groups in HDACI’s (Pirali, Pagliai et al. 2008). In fact, triazole group
185



restricts the bond rotation and enables the war-head to sit in an appropriate position inside the
catalytic pocket which increases the inhibition potency of the drug (Singh, Nazarova et al. 2010).

In this series, two triazole derivatives 201 and KH197, were used to study the inhibition
mechanism of smHDACS8. The crystallization experiments were successful and all the data
statistics are represented in the Table 15. Both inhibitors are bound in the active site pocket by
coordinating catalytic zinc and catalytic residues as in the case of previous inhibitors.

In smHDACS8/201 crystal structure, F151 was observed to have adopted both flipping-in
and flipping-out conformations. In addition, the inhibitor was bound in a straight orientation in the
active site pocket, and it could not reach the surface of the active site pocket because of its small
linker (Figure 72-e). This structural inhibition mechanism was further used for the optimization.

The second compound KH197 is a long linker molecule compared to compound-201.
KH197 contains three aromatic ring systems in the structure where a triazole group is attached to
hydroxamate war-head and to a diphenyl ether group which is attached with chloride and fluoride
moieties. Crystal structure of SntHDAC8-KH197 complex has revealed an interesting binding
mode, where the inhibitor adopted an L-shape in the active site pocket and three aromatic ring

systems are buried in the active site pocket.

The L-shape of the inhibitor enabled the inhibitor to reach the loop L6 sub pocket which is
formed by P291, H292 and Y341. The fluoro-phenyl capping group of the inhibitor is nicely
stacked over the Y341 and makes n-n interactions (Figure 72-b). The loop L6 sub pocket is specific
to smHDACS and it is detailed in the article2 (3.2.3). The interactions of this capping phenyl group
with P291, H292 and Y341 sub pocket are highly favourable to gain schistosome specificity.
Further, the presence of an oxygen atom in the biphenyl ether makes a kink in between the two
phenyl groups and the oxygen atom could participate in the “schistosome clamp-jaw” kind of
inhibition, which was mentioned in the articlel (3.2.2). K20 and H292 forms hydrogen bonds with
the ether group which is holding the inhibitor in the active site pocket (Figure 72-a).

The linker phenyl group (or the second aromatic system) of the inhibitor was situated
perpendicular to the D100. And this phenyl is attached to a chloride group which is closely situated
near D100, and this phenyl group is pointing outside of the active site pocket towards the loop L2.
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All pan-HDAC inhibitors are observed to target D100, suggests that this phenyl group adopts a
pan-HDAC like inhibition.

The triazole group forms the base of three aromatic ring systems and it has formed
hydrogen bonds with H292. Three aromatic ring systems are place in three different planes in the
active site pocket viz., the triazole ring is buried in the active site pocket the second phenyl group
occupied the place of active site channel connecting towards loop L2 and the third phenyl group
is placed over schistosome specific subpocket formed by amino acids of loop L6 and Y341.
Further, two halogen atoms, F and CI" contributes additional contacts where the fluoride is in close
proximity to D100 (4.4 A) which is known to bind the main chain of incoming acetylated peptides.
The chloride atom is in close proximity to P291 (3.3 A). These residues belong to two different
active site loops, L2 for the former and L6 for the latter. Interestingly, the first loop is generally
interacting with pan-HDAC inhibitors, whereas the second is part of the HDAC8-selective pocket.
The bidentate nature, with two capping groups, of KH197 enables it to bind with selective and
non-selective features to HDACS8 enzymes. These specific features are also reflecting in the in
vitro assays where KH197 has IC50 values 0.5 um and 2.2 um for smHDAC8 and hHDACS
respectively (Table 14: IC50 values of inhibitors).
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Figure 72: Crystal structures of smHDACS8 with triazole derivatives and Uracil based compound

Crystal structure of smHDAC8 with KH197 (a, b), MCC1761 (c, d), 201 (e) and comparison of IC50
values (f). Catalytic residues that interacting with inhibitors are labelled (a, ¢ and e) and the interactions
between catalytic residues and inhibitor are represented as dashed lines (H-bonds-blue; -t interaction-
green; hydrophobic interaction-grey). Zinc and potassium atoms are represented as orange and yellow
spheres respectively. The capping group of inhibitors KH197 and MCC1761 are placed over a subpocket that
is formed by P291, H292 and Y341 (b, d).
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3.2.5.1. Crystal structures of smHDACS8 with Uracil based compounds

Another set of compounds which are uracil based inhibitors MC1713 and MC1761, were
also used for the crystallization studies. The compound MC1713 was unable to yield diffracting
grade crystals because of its insoluble nature in the aqueous buffer while the crystal structure of
smHDACS in complex with MC1761 shows an L-shaped inhibitor which is bound in the HDACS-
selective pocket (Figure 72- ¢ &d). smHDAC8-MC1761 structure has few similarities and few
differences with smHDAC8-KH197 structure. MC1761 was bound in the active site pocket while
the hydroxamate war-head coordinate with catalytic zinc and other catalytic residues. The uracil
based capping group was nicely fixed over the schistosome specific subpocket which is similar to
KH197 (Figure 72-d). Interestingly, in contrast to KH197, F151 is observed in a flipped-in
conformation where it forms Van der Waals interactions with the phenyl group of the inhibitor.
Another interesting aspect is that K20 has stacked over the F151 and reaching towards pyrimidine
ring of the inhibitor to make H-bonding.

Apart from TH and TB series, the inhibitors of miscellaneous groups are interesting
because they support the major conclusions drawn from the analysis made by the TH and TB
inhibitors. And an additional set of information was provided by these inhibitors should be used
to optimize the drug design in order to design schistosome specific inhibitors. Compared to the TH
inhibitors, their potency towards sSnHDACS8 and hHDACS is lower which could be because of
solubility or thermodynamic properties of the inhibitor. However, these structures are
complementary as those described in the articles published and would help further to design more

potent and more selective compounds for sSmHDACS.
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Table 15: Crystallographic table Il

bata collection | STHDAC8/201 | SMEDACSsmADACUMCCY G ipace-TBs | smHDACS-TBS | smHDACS-TBS
Space group P1 P1 P1 P1 P1 P
Cell dimensions
a,b,c (A) 70.49, 70.7, 97.98 70.,70.7,98.3 |71.49,71.53, 98.78|70.65, 70.73, 98.29| 70.85, 70.9, 98.3 706,707, 98.2
a, B,y (°) 78.08, 75.79, 85.82 75.9,78.3,85.6 |75.97, 78.56, 85.71| 75.9, 78.32, 85.59 78.1,75.4,85.5 759,783,856
Resolution (A) 50 (1.71- 1.61) 50 (1.76—1.65) | 50 (1.89-1.78) | 50 (2.27-2.14) 50 (2.21— 2.08) 50(2.20-2.07)
Rsym or Rmerge 6.4 (108.9) 4.3 (78.5) 5.3 (36.2) 10.2 (64.7) 11.7 (65.8) 16 (65.6)
1/0l 11.38 (1.05) 14.93 (1.43) 8.58 (1.61) 4.79 (1.05) 4.38 (1.05) 6.03 (1.56)
Completeness (%) 92.2 (85.5) 92.1 (87.3) 91.1(89.1) 93.4 (90) 94.0 (88.5) 94.3(89.9)
Redundancy 3.6 (3.5 3.6 (3.6) 1.74 (1.7) 1.76 (1.74) 1.4 (1.4) 3564
CC(1/2) 99.9 (51.9) 99.9 (58.7) 99.6 (73.7) 98.8 (46.2) 98.3 (37.7) 98.4(71.6)
Refinement
Resolution (A) 48-1.62 49-1.66 49-1.78 48-2.10 43-2.10 43-2.10
No. reflections 213108 196617 160890 102410 100814 100814
Rwork / Rfree 0.166/0.195 0.122/0.194 0.189/0.225 0.189/0.240 0.175/0.226 0.175/0.226
No. atoms
Protein 13170 13168 13043 12968 13047 13047
Ligand/ion 228 243 254 170 111 111
Water 960 850 885 432 570 570
B-factors
Protein 31.27 34.54 26.48 39.59 35.11 35.11
Ligand/ion 51.78 55.27 36.78 58.53 53.98 53.98
Water 40.38 42.88 34.96 43.88 39.01 39.01
R.m.s deviations
Bond lengths (A) 0.007 0.008 0.008 0.008 0.007 0.007
Bond angles (°) 0.855 0.898 0.909 1.004 0.998 0.998

*Values in parentheses are for highest-resolution shell.
#The number of protein atoms varies slightly for each structure, depending on the quality of the electron density for poorly folded regions.
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3.3. Cohesin complex purification

My work on the selective inhibition of HDACS, notably on the role of the loops at the rim
of the active site, has shown that the active site loops play an important role not only on inhibition,
but also on activity. A similar conclusion was drawn recently from the structural analysis of
HDACSG6, where changes in the active sites of this enzyme influence substrate recognition and, in
fact, provide different substrates specificities for the two catalytic domains (Miyake, Keusch et al.
2016). This is also the case for HDAC1 and HDAC3 that need inositol phosphate molecules for

activity, these molecules being in direct contact with active site loops (Watson, Fairall et al. 2012).

Yet, the mechanisms by which the active site loops integrate signals coming from
substrates and small molecules and transform them in functional output still remains poorly
understood. One major reason for this is that structures of HDAC/substrate complexes are
restricted so far to small peptide substrates that do not integrate the complexity of full substrates
binding to HDACs. It has been suggested that HDACs are poorly specific in terms of substrates,
but this view is contradicted by the fact that HDACs have specific substrates that need to be
precisely recognized. If this can be due by partner subunits for HDAC1-3, the question remains
open for HDAC6 and HDACS. Specifically, in the case of HDACS, since the enzyme is supposed
to act as a monomer, specific recognition of substrates is supposed to be carried out by the enzyme
itself, and it is tempting to think that the specific loops that surround the active site as well as the

HDACS8-selective pocket we have characterized participate (among others) to this recognition.

In yeast and human, several lines of evidence demonstrate that the Cohesin complex is a
major target for HDACS8 (and its yeast counterpart Hosl1). In somatic cells, the components of
cohesin complex are SMCL1 (structural maintenance of chromosome protein 1), SMC3, RAD21
and stromal antigen SA1 or SA2 (Figure 29). Among these subunits SMC3 is the substrate of
HDACS that deacetylates two consecutive residues in the head domain of this protein. Our A-
ParaDDisE collaborators have however obtained data that would imply direct interactions between
HDACS8 and SMC1 and RAD21. A description of cohesin complex architecture was given in the
section (1.3.8.2). So far, the knowledge of cohesin complex is limited to domain structures and a
clear depiction of overall architecture, and structural knowledge of the interaction between cohesin

complex and HDACS8 is missing. In order to understand these aspects, | have initiated the
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biochemical and structural investigation of these different complexes by recombinant production

and crystallization.

3.3.1. Expression of cohesin complex subunits

Different constructs were prepared by cloning N- and C-terminal domains of SMC1,
SMC3, and RAD21 individually into separate expression vectors with different antibiotic
resistance markers. For SMC proteins only head domains (SMC-HD) were cloned based upon a
sequence alignment which was prepared with SMC1 and SMC3 sequences against available
ATPase proteins that belongs to ABC (ATP binding cassette) family in the protein data bank
(Figure 74). For hsRAD21 (Homo sapiens RAD21) N- and C-terminal domains (NTD and CTD
respectively) constructs were designed based upon sequence alignment with yeast Sccl
(homologue of hsRAD21). Since the similarity between the two proteins is low, constructs of
different lengths were made for RAD21 (Figure 73).

Start (0) End
| - s =
[ vm: 4 [ o1 D>
[ vm2 [ cm2 2
)
SMC3HD SMC1HD

Figure 73: Strategy to SMC complex production:

hsRAD21 N-terminal region cloned in three different constructs, NTD1, NTD2 and NTD3. And C-
terminal region cloned into CTD1 and CTD2 regions. SMC3HD and SMC1HD domains interact with N and C-
terminal regions respectively which are showed by arrows.
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Figure 74: Sequence alignment of hsSMC1A with ABC ATPases:

N and C-terminal regions separated by a coiled coil domain which is removed for the clarity and the
same is labelled with black arrows. Thrombin cleavage site of linker is mentioned. And several conserved
motifs which are important for ATP binding are highlighted.
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Initially, SMC1 N- and C-terminal domains were co-expressed as separate entities in two
different vectors. And additionally, RAD21 (NTD and CTD) was used as a third protein for co-
expression experiments. However, co-expression of SMC-HD from with two individually cloned
vectors (for NTD and CTD) did not yield good results. The C-terminal domain of SMC1 was not
well expressed or found in inclusion bodies (Figure 75). The C-terminal domain was highly
unstable and it should be joined with N-terminal domain to form a stable head domain. Co-
expression with RAD21-CTD could not rescue this problem. Further, different fusion tags were
also used to co-express NTD and CTD of SMCL1, the expression levels were increased
comparatively, but the solubility and stability during purification was not good and no protein was
able purify in this method.
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Figure 75: Expression of SMC1-HD

1: his-SMC1-NTD, 2: his-SMC1-CTD, 3: his-SMC1-NTD with SMC1-CTD, 4: SMC1-NTD with his-SMC1-
CTD, 5: SMC1-NTD + his-SMC-CTD + hsRAD21-CTD, 6: his-SMC1-NTD + SMC-CTD + hsRAD21-CTD; A: 50 mM
Tris pH 8.0, 50 mM NaCl, B: 50 mM Tris pH 8.0, 150 mM NaCl. Red arrows indicate SMC1-NTD and CTD
proteins green arrows indicate complex of SMC1 NTD+CTD.

In previous reports, head domains were expressed as soluble entities by joining the N- and
C-terminal domains with a thrombin cleavable linker (Haering, Schoffnegger et al. 2004). Since
co-expression of the independent N- and C-terminal domains was not successful with the human

proteins, | have followed the same strategy and linked these two domains by a small linker,
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resulting in a linked fusion protein (SMC1-HD). The protocol for cloning was mentioned in the
section (2.1.5).

3.3.2. Purification of hsSMC1-HD

Expression of SMC1-HD as soluble entity was successful. However, yields were low and,
upon gel filtration chromatography, the protein eluted with a higher molecular weight than
expected (Figure 76). | reasoned that the head domain could be unstable in the buffer used or
lacking an interacting partner. Analysis by DLS (Figure 77) clearly indicated that the protein is
probably forming soluble aggregates.
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Figure 76: Purification profile of hsSMC1HD:
Gel filtration Chromatogram shows the purified protein in very low concentration (10 mAU) as
indicated by the black arrow which was analysed on SDS-PAGE.
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Datalog Table: Measurements

| ltem | Time :Tompz intensity Eﬁamus: P:: Mw-R Amp ;Euo:um: S0S ‘ Mw-5
is) ic) (Cntis) (nm) (kDa) Da)
1 |[Mess1| 69 |17.0| 338678 | 39.7 |23.8| 18581 | 0.273 | 1.004 | 6.159 | Cisposable Cuvelle
2 [Meas2| 5650 | 4.1 | 230733 | 21.0 |23.3]| 4170 |0.200| 1.000 | 1.612 |Disposable Cuvells)
[3 |Meas3| 7538 | 40 | 256663 | 30.8 [235| 10207, 0.221| 1.000 | 2395 |Dieposable Cuvelte|
|4 |Measa| 9632 | 40 | 260042 | 330 |23 }_‘_‘_EDCS“‘D\‘."\_] 1.000 | 1.314 | Disposable Cuvette |
5 [MeasS[ 10220 | 4.0 | 260264 | 33.4 |237| 12390 |0.227 | 1.000 | 1.792 | Disposabie Cuvetie
Regularization Results: Measurements Corelation Funchion Measuremants

Figure 77: Characterization of hsSMC1-HD using DLS:

DLS profile (log table top, regularization and correlation functions plots below) is showing that the
purified hsSMC1-HD is a soluble aggregate. The molecular weight is higher than the theoretical molecular
weight which is indicated by red arrow.

3.3.3. Purification and initial crystallization attempts of the hsSMC1-HD
/RAD21-CTD1 complex

Since SMC1-HD was unstable, | co-expressed it with its natural partner RAD21 (construct
RAD21-CTD1 see Figure 73). As expected, RAD21-CTD1 was able to stabilize the head domain
of SMC1. The complex eluted at the expected molecular weight in gel filtration chromatography
and it behaved very nicely in DLS analysis (Figure 78 & Figure 85). However, few degradative
products were observed in the SDS-PAGE analysis.
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Figure 78: Purification profile of SMC1-HD/RAD21-CTD1.
Gel filtration chromatogram of SMC1-HD/RAD21-CTD1 complex. The complex was represented with
black arrow which was analysed using SDS-PAGE.
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Further, the degradation as observed in the (Figure 78), was analysed using different
strategies which could help in defining better boundaries to clone new constructs. Since the SMC1-
HD has a thrombin cleavage site, | have performed a thrombin site cleavage analysis. According
to the thrombin cleavage analysis and mass spectrometry analysis the two degrading products
below SMC1-HD (represented as 1 and 2 in red arrows in Figure 79) are actually two the cleaved
products of SMC1-HD i.e. individual domains SMC1-NTD and SMC1-CTD. In the gel filtration
chromatography which was done after thrombin cleavage the complex has eluted at same volume
as the fresh complex, indicating that the cleaved products are still part of the complex. However,
the product below RAD21-CTD1 was confirmed as a degradative product of RAD21-CTD1 by

mass spectrometry analysis.

SMC1-HD/RAD21-CTD1 SMC1-HD/RAD21-CTD1 thrombin

10-300GL-column2-loop3 hssmelhd-rod21-thrombin-10-200M-8.0-2tcep 001
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Figure 79: Thrombin cleavage of SMC1-HD/RAD21-CTD1 complex

SMC1-HD/RAD21-CTD1 complex was analysed with thrombin cleavage, untreated and thrombin
treated purifications are represented left and right respectively. The peak fraction (black arrows) were
analysed using SDS-PAGE. The components of complex, SMC1-HD and hsRAD21-CTD are represented with
black arrows. The degradation products 1, 2 and 3 are represented with red arrows.
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Since the complex appeared sufficiently stable except for the linker in SMC1-HD, I
performed crystallization trials with this complex. Unfortunately, these assays were unsuccessful.
One of the problem encountered from the beginning was that the poor sequence similarity between
RAD?21 and its homologue Sccl (yeast protein) made difficult to choose for RAD21 construct
boundaries based on the structure of the homologue region of Sccl (pdb: 1W1W). The mass
spectrometry results, bioinformatics analysis, and model building suggested that the initial RAD21

clone was too long and that a shorter construct should be made.

3.3.4. Optimization of the hsSMC1HD-RAD21 complex production

Therefore, a new, shorter construct was prepared for RAD21 C-terminal region (termed
CTD2), and was co-expressed with hsSMC1-HD. In co-expression tests, the SMC1-HD/RAD21-
CTD2 complex appeared more soluble than the SMC1-HD/RAD21-CTD1 complex (Figure 80).

Further, this new construct was used for the optimization studies and subsequent purification.

The complex between hsSMC1-HD and RAD21-CTD2 was expressed and purified in large
scale as described above. In the gel filtration chromatography, the complex eluted at the expected
molecular weight (Figure 81). A single peak was observed with the complex as confirmed by SDS-
PAGE. Surprisingly, this complex more stable and all the degradation products were not repeated

in this construct.
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Figure 80: Expression profiles of hsSMC1HD and RAD21CTD optimization:

1: hsSMC1-HD/RAD21-CTD1, 2: hsSMC1-HD/RAD21-CTD2. A, B and C are three different salt
concentrations used to extract the protein from bacteria. Buffer: 50mM Tris pH 8.0 and 50, 150 and 500 mM
NaCl respectively in A, B and C. In all cases SMC1HD (51.3 KDa) is expressed without tag and C-terminal his
tags were used for RAD21 proteins and pulled down using Co*? affinity beads. CTD2 has enhanced the
production of SMC1HD. SDS-PAGE gel was edited to match marker.
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Figure 81: Purification profile of SMC-HD/RAD21-CTD2:
Gel filtration chromatogram showing a single peak and the presence of complex was showed on SDS-
PAGE. The purified complex is pure and free of contaminants and degradative products.
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3.3.5. Expression of the hsSMC3HD/N-terminal region of RAD21 complex

Similar efforts were made to prepare another sub-complex of the cohesin complex, namely
the complex of SMC3 head domain (SMC3-HD) and RAD21 N-terminal region. The head domain
of SMC3 was prepared same as in case of SMC1-HD, with a linker of thrombin cleavage site.
Three different constructs were prepared for RAD21 (NTD1-3) (Figure 73) and | mapped the
interaction between these different proteins in which RAD21-NTD2 was able to form the most
stable complex of the three RAD21 constructs (Figure 82). This complex was further used for large

scale production and purification.

SMC3

15

Figure 82: SMC3-RAD21NTD co-expression:

A, B and C are three different salt concentrations used to extract the protein from bacteria. Buffer:
50mM Tris pH 8.0 and 50, 150 and 500 mM NaCl respectively in A, Band C. 1: RAD21-NTD1 (24KDa), 2: RAD21-
NTD2 (10KDa) and 3: RAD21-NTD3 (8KDa). (SMC3-HD 60.6KDa). In all cases SMC3-HD (60.6KDa) is expressed
without tag and C-terminal his tags were used for RAD21 proteins, and pulled down using Co*? affinity beads.
Among three constructs of RAD21-NTD2 is best since it enhanced the production of SMC3-HD. RAD21 was
not visible in the gel, though it was confirmed in the following experiments.
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3.3.6. Purification of hsSMC3-HD/RAD21-NTD2

The complex between SMC3-HD and RAD21-NTD2 was expressed and purified as
mentioned in the sections (2.2.2 & 2.3.4). During the gel filtration chromatography, the complex
eluted however in many different fractions, indicative of a poor biochemical behaviour (Figure
83). The buffer used for gel filtration purification was 10mM Tris pH 8.0, 50mM NaCl, 2mM
TCEP. | reasoned that the salt concentration used might have been too low since the complex
appeared more soluble at higher salt concentration in the initial minitests. In presence of high salt

concentration (200mM NaCl), the complex eluted at the expected molecular weight and behaved

stably (Figure 84).
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Figure 83: Purification profile of hsSMC3-HD/RAD21-NTD2:
Chromatogram showing the complex of SMC3-HD/RAD21-NTD2 has dispersed in the gel filtration
from volume 70ml to till the very end of the column volume. Indicating unfavourable conditions for the

complex.
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Figure 84: Optimization of SMC3HD-RAD21NTD2 complex purification:
Chromatogram showing a single peak which was analysed on SDS-PAGE. Upon change in salt
concentration the stability of the complex is improved.

3.3.7. Characterization of the purified complexes using DLS

Two SMC1-HD/RAD21-CTD2 and SMC3-HD/RAD21-NTD2 complexes have been
optimized and purified in stable form. Before pursuing with structural studies, | have assessed the
quality of the samples by dynamic light scattering (DLS). In this analysis, both complexes were
showed to be monodisperse (Figure 85). Specifically, both complexes were used at different
concentrations ranging from 7 to 40 mg/ml and were showed to be monodisperse and to display

the expected molecular weight whatever the concentration used.
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Figure 85: DLS profiles of SMC-RAD21 complexes:

a: hsSMC3-HD/RAD21-NTD2. b and c¢: hsSMC1-HD/RAD21-CTD2. In c) using ATPyS has improved the
sample quality. All Samples are at their respective molecular sizes. For SMC3-HD/RAD21-NTD2 upon ATPyS
addition no change was observed.

3.3.8. Crystallization attempts of the SMC-HD/RAD21 complexes

I next started the crystallization attempts with both complexes which were used at different
concentrations. Since SMC-HD complexes are ATP binding domains, the crystallization attempts
were made in absence and in presence of the ATP analogue ATPyS. Several sparse matrix
crystallization screens that are available on the Structural Genomics platform of IGBMC were
used for these initial attempts. Crystallizations plates were setup using a mosquito robot, using
different drop volumes (200-400 nl) and stored at 20°C.

Initial hits were obtained only for the SMC1-HD/RAD21-CTD2 complex without ATPyS
in PEG conditions. From the initial condition, a novel screen was generated with a finer gradient
of pH and precipitant. New crystallization plates were setup with fresh protein using different
volumes (200nl to 400nl) with different protein concentrations 2.5 — 30 mg/ml, and also with and

without ATPyS. Crystals appeared after 8 days in almost all conditions without ATPyS, with
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different shape and size (from 50 to 300 um) (Figure 86). Good quality crystals were harvested in

different cryo options and flash frozen in liquid nitrogen.

Figure 86: Crystals of hsSMC1HD-RAD21CTD2 complex.
Top panel: crystals obtained in the initial sparse matrix screen. Bottom panel: crystals obtained from
optimized crystallization screen.

3.3.9. Data collection analysis

Data was collected for the hsSMC1-HD/RAD21-CTD2 crystals on IGBMC X-ray home
source (Rigaku FR-X microfocus rotating anode generator, detector: EIGER 4M from Dectris,
AFC Partial-k goniometer, VariMax-HF Arc optic). Initial indexing was done after collection of
two frames, and suggested a centred monoclinic space group (C2). Data was then collected using
0.25° rotations for 240° in total. The detector distance was set to 90mm.

Data was processed using XDS software, and showed that data was of good quality up to
2.56 A resolution (Table 16). Structure determination was done by molecular replacement with
phaser using the yeast Smc1HD-Sccl structure (PDB code 1wlw) as model. The molecular
replacement has been rendered difficult due to the poor sequence similarity between the human
and yeast proteins. We therefore generated a model of the human complex by replacing the

residues and removing regions that are poorly conserved. This model provided a solution by

204



molecular replacement that enabled me to locate secondary structure elements and start model
building. The current model is however not complete although the R-factor and R-free values are
in the low 40%. This model suggests a different mode of interaction between the N- and C-terminal
regions of SMC1 but this information will require further model building and refinement steps to

be fully confirmed.

Table 16: Data statistics of hsSMC1HD-RAD21CTD2
Data collection SMC1HD-RAD21CTD2

Space group C2

Cell dimensions

a b, c(A) 188.85, 64.53, 47.79
@ B, v () 90, 102.66, 90
Resolution (A) 50 — 2.56
Rmerge 5.3 (85.4)
/ol 11.9 (L.11)

Completeness (%) 94.4 (94.1)

Redundancy 2.4 (2.3)

CC(1/2) 99.9 (59.3)

Values in parentheses are for highest-resolution shell
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3.3.10. Conclusions and future perspectives on the HDAC8/Cohesin
project

Understanding the interaction between HDACS8 and cohesin first requires the production
of the cohesin subcomplexes of interest, namely those suggested to bind directly to HDACS: those
formed by SMC1, SMC3 and RAD21. SMC subunits of the cohesin complex were cloned and
expressed in different combinations to obtain soluble, well-behaved sub-complexes. This could
however only be achieved by co-expression with their natural partner RAD21. Interestingly, the
SMC1HD-RAD21 complex is very stable in different conditions compared to the SMC3HD-
RAD21 complex. This observation is somewhat reflected in the crystallization experiments,

although many more crystallization attempts are required in the future.

This work has already led to the almost complete structure determination of a human
SMC1HD/RAD21 complex that has escaped structural analysis by many different groups so far.
Our current model reveals interesting aspects that should help better characterize the human
cohesin complex structure and function. It will be interesting to solve the structure of this complex
in presence of an ATP analogue to see whether structural changes are occurring upon ATP binding.
Determination of the structure of the human SMC3/RAD21 sub-complex should most likely bring

important information on human cohesin.

Clearly, another major interest is to characterize the interactions between HDACS8 and
these cohesin subcomplexes. Preliminary and very limited attempts have been unsuccessful and
this work needs to be further continued and extended. Specifically, mimics of acetylation states
need to be introduced and biophysical methods for looking at interactions needs to be used beside
the biochemical ones used so far. Another aspect that | have already started but that I did not
describe in this manuscript is the use of the yeast system for addressing the same scientific
question. Since we apparently see differences between the yeast and human systems, the question
which is raised is whether these two systems have evolved differently, including the interaction
between HDACS8 and the cohesin. Working on both the yeast and human system should bring a

wealth of information in the future.
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4. Discussion

Since the past decade, epigenetic enzymes have been extensively targeted to treat human
cancers. Most of the FDA approved anti-cancer drugs target HDACSs, but none of them are isoform
selective. Despite of the fact that HDACs possess a highly conserved structural fold, the substrates
and cellular functions are diverse among HDAC isoforms. Moreover, isoform selective targeting
is of paramount importance to deliver the inhibition to a specific cellular function but not to the
whole HDAC family. The strategy of anti-epigenetic drug targeting to treat cancer, has
implications in several dimensions, such as the development of anti-parasitic therapeutics. The
piggy-back strategy is to develop anti-cancer drug candidates into anti-parasitic drugs to reduce
the cost effectiveness and time management which are serious concerns of pharma industries.
Eukaryotic parasites which cause neglected tropical diseases, possess complex life cycles with
several morphological stages and different hosts in their life cycle, where epigenetic enzymes are
expected to be the driving force. Moreover, the similarities between cancer cells and parasitic cells
such as uncontrolled cell division, high metabolic rate, depending on lactate fermentation for
energy source and a degree of invisibility towards host immune system, indicates to use anti-cancer
drugs as anti-parasitic drugs. However, a major concern of cross reactivity and off target effects
are raised due to high structural conservation of epigenetic enzymes among homologues. In order

to overcome this bottleneck challenge structural studies are the much-needed tools.

The above-mentioned piggy-back strategy was tested and validated during the project
SEtTReND by studying schistosomiasis as a case study. Schistosomiasis is a neglected disease
caused by the infection of Schistosoma genus flatworms which causes more than 200,000 deaths
per year. Schistosomes completes their life cycle in snails as a secondary host with multiple
morphological stages. Initial studies by our collaborators have revealed that HDACS8 importance
in schistosome homeostasis. In fact, the abundant expression of sSmHDACS during all the stages
of life cycle, making it an ideal drug target. Further, RNAI mediated smHDACS8 knockdown
experiments have shown the decreased ovulation and pairing capacity of schistosoma, in infected
mice. And inhibition of smHDACS8 has resulted in the apoptosis mediated cell death. These
experiments serve as proof of concept where epigenetic enzymes in parasites can be potential drug

targets.

207



A close inspection at the active site of SMHDACS in apo and inhibited states revealed
striking differences from that of h(HDACS structure. The major amino acid substitution (M274 of
hHDACS to H292 of smHDACS) at active site pocket in snHDACS, and the schistosome specific
conformation of F151 (the flipping-out conformation) of smHDACS, draws a line between human
and schistosome HDACSs, which provides significance in the inhibitor design. Further, these
differences not only widen the active site pocket but also provides plasticity to the parasite enzyme,
hence can accommodate bulkier linker inhibitors. Subsequent drug design and structural studies
revealed schistosome specific inhibitors with a lesser affinity towards humanHDACS but not to
other human HDACSs. This was the initial work done prior to my arrival on which my thesis work
has expanded towards specific and more fundamental aspects of HDACS inhibition in human

enzymes as well as parasitic enzymes.

**k*k

The above mentioned SEtTReND project outcome led me to ask fundamental questions
about HDACS selective inhibition mechanism. First, on an applicative purpose how to expand the
piggy back strategy towards epigenetic targets of other parasitic enzymes. In second, how to
improve the specificity towards smHDACS since the inhibitors presented in the SEtTReND, still
retain affinity towards hHDACS. And a final question raised during this thesis was, what is the
molecular mechanism of HDAC8 and complex-substrate recognition and how does the

deacetylation effects in a complex environment.

As a part of A-ParaDDisE consortium, several epigenetic enzymes were identified as drug
targets in different eukaryotic parasites. TCHAT1 and LbDAC3 are two examples that were
discussed in this thesis, which explains the complexity of epigenetic enzymes of eukaryotic
parasites. Most of the epigenetic parasite enzymes possess insertions in their sequences which
creates difficulty in the recombinant production. However, the evolutionary aspects behind these
insertions in the parasitic enzymes is not well understood. One possible explanation could be these
insertions are used in the interactions with other partner proteins. In order to produce parasitic
enzymes, the knowledge of these partner interactions is also much needed information which is
lacking in most of the cases. As an alternate protein engineering can serve as a powerful tool that
help to increase the solubility and stability of the protein. In this thesis, I have modified the proteins

TcHAT1 and LbDAC3 and the approach has stabilized the proteins to some extent.
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TcHATL an acetyl transferase from Trypanosoma cruzi that causes trypanosomiasis or
sleeping sickness. The production of TcHAT1 was not successful at the beginning and the
sequence alignment showed an insertion and an N-terminal extension in the TCHAT1 sequence.
Deletion of the insertion has resulted in the destabilization of TcHAT1 which suggests that the
insertion is important for the in vivo protein stability. However, the insertions are major hurdles
for invitro protein purification because flexible parts of the protein are highly prone to proteosomal
degradation and aggregation which is an unfavorable condition for crystallization studies. The
same was observed in case of LbDACS, a histone deacetylase from Leishmania braziliensis which
causes leishmaniasis. LbDACS3 is a homologue of class 11 human HDACs. Sequence alignment
with class Il human HDACs revealed insertions in the LbDAC3 sequence and upon deletion of
these insertions the stability of LbDAC3 was hindered. These observations suggest that it is

difficult to produce these enzymes in the absence of partner proteins.

However, the replacement of insertion sequence in TcHAT1 with human sequence result
in the improvement of protein production and stability. This subtle change in the sequence showed
huge impact on the protein stability which reflects the complexity of parasitic enzymes vs human
enzymes. Further, the use of co-factor molecules like acetyl CoA in case of TCHAT1 and also the
use of fusion tags such as thioredoxin, have shown the positive effect on protein stability.
Additional optimization studies are required to proceed for the crystallization studies. These
epigenetic enzymes were used by our collaborators of A-ParaDDisE consortium for in vitro
activity tests which are under progress. To test TCHAT1 activity our collaborator Prof. Dr. Manfred
Jung and his colleagues have developed an assay based upon on H3 and H4 peptide lysine
acetylation using a europium-N1-labeled secondary antibody. Also, acetonyl-CoA was
synthesized which an analogue of acetyl CoA, for the inhibition assays. However, the presence of
acetyl CoA in the purified protein was incompatible for this assay hence the protein purification

trials in the absence of acetyl CoA are being tested.

The major part of my thesis involved in addressing the second question i.e. to improve the
schistosome specific inhibitors. In this process, | have solved sSmHDACS crystal structure with
several inhibitors which led us to elucidate selective inhibition of HDACS8 and to define the
‘HDACS8-selective pocket’ at atomic level. Virtual screening from the initial lead compounds let
our collaborators to propose more smHDACS selective inhibitors. The many inhibitors used in this
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thesis can be represented as different series, TH series — the derivatives of J1038 (initial hit from
SEtTReND), TB series (derivatives of J1075), triazole derivatives, uracil based compounds,
commercially available inhibitors. All these inhibitors contain hydroxamate war-head that tends
to chelate catalytic zinc in the active site pocket. Apart from the hydroxamates | have also used

carboxylate compounds which didn’t yield a diffraction quality data.

Crystal structure of SmMHDACS8 with one of the simplest compound of TH series (benz-
hydroxamate derivatives), TH31 (benz-hydroxamate with benzamide capping group) has revealed
a new inhibition mechanism. Two active site residues K20 and H292 of smnHDACS holds the
inhibitor in the active site pocket and the arrangement resembles a ‘clamp-jaw’ which is only
possible in SmMHDACS8 but not in human HDACs including hHDACS. Schistosome specific
flipped-out conformation of F151 allows K20 to place its side chain towards the active site channel
and that allows to form a hydrogen bond with inhibitor. In human HDACs corresponding
phenylalanine always found in flipped-in conformation and hence equivalent lysine side chain
moves away from the inhibitor. And also, H292 a polar amino acid that can form another hydrogen
bond with the inhibitor which is not possible in h(HDAC8 due to the presence of M274 at equivalent
position. This clamp-jaw binding mode was further used in the optimization studies and all the TH
series compounds showed this kind of inhibition in the crystal structures. By changing the
orientation of amide group (TH97) after benz-hydroxamate has changed the hydrogen bond
distances with K20 and H292 which has favored the specificity towards smHDACS8. These
observations indicate how small changes in the inhibitors can influence the inhibition potency. The
presence of benzamide capping group in TH31 and subsequent derivatives have shown a sub
pocket which is formed by the amino acids P291 and H292 of loop L6 in sSmHDACS. The phenyl
capping group of TH-series compounds are directed towards this sub pocket to form schistosome
specific interactions. Further, introduction of halogens (TH86 and TH104) in the capping group
have forced the phenyl capping groups to be tilted towards loop L6 sub pocket. This has enabled
the capping groups to make cation-n interactions with H292 and thereby increased the affinity
towards SmHDACS. results highlight how small modifications can influence inhibition potency.

Further these observations were also supported by the crystal structures of sSmHDACS8 with
inhibitors from other series such as TB98, MC1761 and so on. MC1761 and KH197 are two unique
compounds that are different from TH and TB series inhibitors. Crystal structures of SmHDACS
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with these two compounds have shown that the capping group is reaching towards loop L6 and
also towards loop L2. The D100 (smHDACS) is an important amino acid in HDACS8 that
participate in the interaction with the incoming peptide. All pan-HDAC inhibitors attain a straight
conformation in the active site pocket and hence can reach D100. KH197 and MC1761 can interact
with residues from loop L6 and loop L2 suggests that these inhibitors showing features like pan-
HDAC inhibitors and schistosome specific inhibitors.

These structural studies have shown the importance of loops in the selective inhibition of
HDACSs. The catalytic pocket of HDACS is formed by the amino acids of loops L6, L1 and the
catalytic tyrosine, which we have termed as HDACS8-selective pocket. Amino acids of loops L6,
L1 contributes to the side walls of the selective pocket and the catalytic tyrosine is involved in the
formation of bottom of the pocket. The HDACS selective pocket is not possible in all other
HDAC:S. In class lla HDACs the catalytic tyrosine has replaced by histidine and the side chain is
also turned away from the catalytic zinc. This orientation creates a sub pocket in the class lla
HDACs and thus it can’t provide the interaction surface same as HDACS. All other HDACs
contains a similar loop L6 in length but protrudes over catalytic tyrosine and hence it sterically
clashes with the HDACS selective inhibitors. In class | HDACs (except HDACS) the presence of
arginine in loop L6 which is important for the IP4 interaction hinders the formation of HDACS8
selective pocket. And the loop L1 is larger in all other HDACs compared to HDACS. The presence
of proline or isoleucine (HDAC10) in the loop L1 will allow its interaction with loop L6 and

catalytic tyrosine which is incompatible with the formation of an HDACS like pocket.

Compared to all other HDACs, the HDACS selective pocket is wider and hence it can
accommodate larger inhibitors such as largazole. This also explains the possible role of HDAC8
in deacylation reactions which are recent discoveries in HDAC biology. In addition to the loops
the geometry of inhibitors also contributes to the inhibition mechanism. The L-shape of the

inhibitor adapts towards the geometry of the active site pocket.

Understanding the role of loops in the catalytic function has opened another interesting
question of fundamental aspect of HDAC8 complex-substrate recognition. This basic question was
studied using the HDAC8 complex-substrate cohesin. The Cohesin complex subunit SMC3 is one
of the important target for HDAC8. The Cohesin complex is formed by SMC1 (Structural

Maintenance of Chromosome 1), SMC3, RAD21 and SA1/2. SMC1 and SMC3 proteins contain
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three domains: the ATPase binding domain formed by N- and C-terminal regions, a long-coiled
coil domain and a hinge region. SMC proteins folds back at hinge region to from the Head domains
and the two hinge domains dimerize to show a V shaped structure which is further completed by
RAD?21 to form a ring like structure that holds sister chromatid during cohesion establishment.
Acetylation of SMC3 subunit is essential for sister chromatid cohesion, which is performed by
ESCOI acetyl transferase. However, HDACS8 plays an important role in deacetylation of SMC3

protein so it will be reutilized for the next cycle of cohesion establishment.

The head domains of SMC complex are highly stable when the N and C terminal regions
are expressed in tandem and the presence of RAD21 stabilizes the head domains of SMC proteins.
The complex structure of SMC and RAD21 may bring more information that can help in building
platform for HDACS interaction studies. The molecular basis of HDACS interaction with SMC

complex may add a new dimension in the HDAC biology and epigenetic drug targeting.

Thus, my thesis work has dealt with the HDACS8 selective inhibition and helps to
investigate the fundamental aspects of HDAC8 complex-substrate recognition mechanisms. This
work also provides the knowledge to develop isoform selective inhibitors for human and

pathogenic diseases.
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5. Future Perspectives

This thesis work has set future research directions in different aspects of the study of

proteins involved in acetylation pathways, notably deacetylation.

First, HDACS specific inhibition studies the lead compounds will be selected for the in
vivo drug studies. Further, optimization in schistosome specificity will be carried out in
collaboration with our partner laboratories. And most importantly the knowledge gained in this
project will be applied in handling other epigenetic enzymes from different parasites that are
screened as valid targets. In this direction, our laboratory has already progressing in positive
manner where we are able to solve the structure of a parasitic target that is different from
schistosoma. In vitro drug screening from a large library of compounds are already started.
Similarly, other epigenetic targets such as TcHAT1 and LbDAC3, will be used for further
experiments to identify inhibitors.

A second aspect is to continue the work on cohesin complex. The progressive
crystallization trials of one of the cohesin sub-complex will be used to understand the biology of
cohesin. And most importantly the interactions cohesin complex with HDACS8 will be pursued.
Further, our collaborators have identified few interacting partners of HDACS, which we will use
them to understand the structural relation.

Consequently, this thesis work will be continued to understand the molecular interactions
of epigenetic enzymes and use the knowledge in an applicative field like epigenetic drug discovery

and neglected tropical disease therapeutics.
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Résumeé en anglais

Histone deacetylases (HDACSs) are the major targets of currently FDA-approved anti-cancer
epigenetic drugs. HDACs also play an important role in the homeostasis of eukaryotic
pathogens. Hence, a strategy to tackle neglected diseases caused by these pathogens is to modify
currently approved epigenetic drugs targeting HDACs. HDACS8 from Schistosoma mansoni
(smHDACS8) was shown to be a valid drug target to treat schistosomiasis, second deadliest
tropical disease after malaria. Structural differences between human HDAC8 and smHDACS
catalytic pocket enabled the design of schistosome-selective inhibitors that bind in a HDACS8
selective pocket, which is unique to HDAC8 among the highly conserved HDAC isozymes. This
thesis work shows how to target selectively related isoforms with the help of atomic resolution
structures, and opens the door to the investigation of the mode of action of HDACS at the
fundamental level.

Key words: Epigenetics, structural biology, neglected diseases, HDACS, selective
inhibition.

Résumé en francais

Les histones désacétylases (HDACs) sont les principales cibles des médicaments
épigénétiques anticancéreux actuellement approuveés par la FDA. Les HDACs jouent aussi un
role important dans I'noméostasie des pathogenes eucaryotes. Par conséquent, une stratégie pour
lutter contre les maladies négligées causées par ces pathogenes est de modifier les médicaments
épigénétiques actuellement approuvés qui ciblent les HDACs. HDACS8 de Schistosoma mansoni
(SmHDACS) est une cible médicamenteuse valable pour traiter la schistosomiase, deuxieme
maladie négligée mortelle aprés le paludisme. Les différences structurales entre les poches
catalytiques des HDACS8 humaine et sSmHDACS ont permis la conception d'inhibiteurs sélectifs
des schistosomes qui se lient dans une poche sélective unique a HDACS. Ce travail de these
montre comment cibler sélectivement des isoformes HDAC l'aide de structures a résolution
atomique, et ouvre la porte a I'étude du mode d'action de HDACS au niveau fondamental.

Mots-clés: Epigénétique, biology structurale, maladies négligees, HDACS, inhibition
sélective.
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