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Abstract i

Investigating strategies to modify PARP14 function through macrodomain inhibition

Marion Schuller, St Edmund Hall
Abstract D.Phil. Thesis, Michaelmas 2017

Macrodomains are conserved protein interaction modules thptesent in all domains of lifend
mediate recognition of sequence motifs harbouring adenosine diphospbese (ADPR)
modifications.In addition, ®me of them are able to control the turnover of ADPR signalling
through their catalytic activity removirtpese modificationsMacrodomains areenceimplicated

in a variety of cellular processes as well as in diseases including cancer and viral pathogenesis. The
polyadenosingliphosphateaibose polymerase (PARP) family member PARP14 is one of twelve
human mammdomaincontaining proteins; it contains three macrodomains in addition to its
catalytic PARP domain. PARP14 was shown to be involved in several cellular processes linked to
cancer development in for examplecBll lymphoma and hepatocellular carcinomaefefore
PARP14 including its macrodomaihgasemerged as a potential therapeutic target. However, the
lack of specific small molecuiahibitors has hampered domaipecific target validation studies so

far. Current approaches focus on inhibitor development for its PARP domain, yet attaining
selectivity of these inhibitors over other PARP enzymes has been challenging.

The aim of the work described in this thesis weyefore to evaluate the possibility of targeting
PARP14 via inhibition of its macrodomains with small molecule inhibitors as an alternative to
PARP domain inhibition. These studies revealed that displacing PARP14 fraargét sites
requires inhibitordevelopment for both its second and third macrodomain. Druggability of both
macrodomains has been demonstrated by the highly selective allosteric macrodomain 2 inhibitor
GeA-69 and by several fragment hits targeting the ADPR binding site of macrodonkairalby,
PARP14 was confirmed to be implicated in DNA repair mechanisms protecting cells against
replication stress, suggesting that a dual PARP14 macrodomain inhibitor may provide the

possibility to potentiate genotoxic chemotherapy for cancer treatment.
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Introduction 1

INTRODUCTION

1. Protein ADP-ribosylation i an ancient and versatile postranslational modification

Posttranslation modifications (PTMs) have a fundamental role in ¢édlogy.
PTMsmodify the proteid s s ur f amwedulata prateinoconformation and thus protein
activity and stability Furthermore, theglictate cellular location and macromolecular interactions
depending on the cell type, the tissue and the environhwantditions®. More than 200 different
types of PTMs have been identified so far mainly throughtldSed proteomic studies, with
phosphorylation, acetylation and-lkked glycosylationbeing the most commoh PTMs are
site-specific occurring either on a specific amino acid residue or on multiple whegby the
same or different modifications can be combined on the same polypeptide which substantially
increases the heterogeneity of the gene produtt®TMs are thought to act independently,
however, it is known that different types of PTMs crosstalk (e.g. phosphorytsmendent
ubiquitingion of substrates) or ait combination(e.g. multiple phosphorylation sites in a protein
resulting in a combinatorial effect on activify)Consequently, PTMs are involved in a variety of
diverse cdular functions. While phosphorylation cascades for instance mediate many signalling
pathways polyubiquitinationcan induce protein degradatjcand acetylation marks on histones
control (along with methylation and other maykaiclear processes such &g transcription®
Each of these modifications is regulated by a dynamic interplay between different enzymes that
covalen 'y attach PT Mstersd, renzgmesptmabreveri these readiions and thus
remove PTMs draser§ as wellas proteins that recognise those modifications and thus have
control over dowrstream effects@eader§. Such reader modules are either encoded within the
same polypeptide as the catalytic domains of writers and erasers, or are present in protesn partne
that associate with thefm
Protein ADPRribosylation belongs to the array of pasinslational modifications and was first

described in the 1960s by Chambenal. ®°. APD-ribosylation is a phylogenetically ancient
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nucleotidebased protein modification that is conserved in all organisms from eukaryotes to
bacteria, viruses and archah Protein ADPribosylation is catalysed bywritersd termed
poly-ADP-ribose polymerases (PARPs) including morand polyADP-ribosyltransferases
(ARTs) ™" In humans, 17 PARP family members have been identified based on the homology to
the PARP catalytic domain of PARP1, the founding member that has been the most extensively
studied of this class of enzym&&™ Of note is that the PARP family was recently organised
under a newtADP-ribosyltransferase, diphtharitoxinlike6 (ARTD) nomenclature due to the
inaccuracy of the usage of the tefipolymeraséand the provided numberir§ However in this

work the old nomenclature for this protein family will be used. PARPs (with exception of a few
inactive family members) transfer either a singltenosine diphosphate ribose (ADPR) unit
(MARYylation) or multiple units (PARylation) frorb-NAD" (nicotinamide adenine dinucleotide)
onto acceptor proteing*>¢ The majority of the PARP enzymes have been identified as-mono
ADP-ribosyltransferases while the specificity of the reaction and thus the classificdtibe
PARPs is based on secondary structural features of the PARP catalytic domain together with the
presence of a conserved Higr-Glu (H-Y-E) triad '°. The acidic residue is essential for
PARYylation activity while dispensable for MARylation reactions and often found to be replaced
with neutral residues in the corresponding enzyriedn the PARFcatalysed reaction, the
substraté-NAD" is cleaved into nicotinamide ardPR that is subsequently covalently attached

to target proteins witlglutamate, aspartate, arginitgsineand serindeing the main welknown
acceptor site$>*¥%', For protein PARylation, several AR units are coupled vi@-glycosidic

bonds between the adenipeximal riboseof one unit and the distal ribose of another .ulmit
additional branching reactions on the polymer, ADPR units are joined betwestistalribose

rings [Figure 1]*°. Poly-ADP-ribose (PAR) polymers can reach up to 200 ADPR units in length,
with branching occurring every 20 to 50 units forming long and negatively charged PAR chains of
highly dynamic and transient natufe™. Efficient removal and degradatiof PAR polymers and
MARYylation sites is catalysed by different hydrolagesaser§of protein ADRribosylation. The
breakdown of PAR is predominantly mediated by poly(ADPR) glycohydrolase (PARG) which

acts mainly as exglycohydrolase and hydrolysesethylycosidic bond between the ADPR units,
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thereby generating free ADPR?". Alternatively, PAR degradation can also be catalysed by the
ADP-ribosylarginine hydrolase ARH3*?° However, both enzymes, PARG and ARH3, are
incapableof removing the last, proteitbound ADPR units genating MARYylated proteins. This
de-MARylation reaction and consequently the reversal of protein-ABdsylation is performed

by the ADPRribosylarginine hydrolase ARH1 and in particular by ma@ioP-ribosyl hydrolases,

enzymes that are members of the macnegia family (MacroD1, MacroD2 and TARG1J®.

Due to the size and diversity of the PARP family, protein ADBsylation regulates a variety of
fundamental cellular and biological processHsese include amongthers DNA repair and cell
apoptosis, regulation of transcription, cytoplasmic stress respoosksdivision and protein
degradatiort>*** At the molecular level, AD®ibosylation either directly affects the function of

the target protein via the covalent modificatior mediates nenovalent complex formation with
proteins that are able to recognise these modifications. While MARylation has been described to
mediate specific proteiprotein interactions in diverse signalling pathways e.g. ofoNE
responsé’, the major types of regulation by PARylation are the inhibition of prataiieic acid
interactions, the formation of scaffolds thalter protein localisation and promote protein
interactions and the regulation abiquitination events wherebyhe latter two are driven by
PAR-binding modules®. For instance in the event of DNA damage, PARP1 is strongly activated,
resulting in extensive PARylation of PARP1 itsaff well as chromatiassociated proteins such

as histones and other DNA repair factors. The generated PAR then provides a reversible protein
binding scaffold for the recruitment of PAR binding proteins that are involved in chromatin
remodelling (e.g. ALC1APLF), DNA repair (e.g. XRCC1) oremeralised DDR signalling

(e.g.p53). Multiprotein complexes are formed that ultimately facilitate DNA répair

Several ADPR recognising domains have been identified so far including the four following
evolutionary conserved domains which are found in numerous proteins with diverse functions:
PAR-binding motifs (PBM), PARbinding zincfingers (PBZs), the WWE domains and the

macrodomains[Figure 1] ¥. PBMs were the first motifs described for their ability to



Introduction 4

non-covalently interact with PAR and found in proteins involved in RNA metabolismonediin
remodelling and DNA damage signalling and repair e.g. p53 and XR&E1The PBZ is
characterised as a specific and high affinity P#iRding module due to its ability to
simultaneously recognise up to two adenine rings of neighbouring ADPR units in a PAR chain. In
humans, the PBZ is only present in very few proteins sutheaBNA-repair protein APLF and

the mitotic checkpoint protein CHFR***1 WWE domains and macrodomains are descrihed

more detail below and are the focus of this work

o WWE domain
PROTEIN ‘

unmodified MARylated
protein PARP protein
MacropA Gﬁ . . .
TARG« Figurel. PARP PARylation cycle and structure of PAR with
K (/ recognition modules. Macrodomains recognise the moti
'%\ X highlighted in orange, WWE domains recognise the mc
PARylated iS0ADPR, in cyan gnd the PBZ domains recognise the mo
protein blue. The schematic of the molecular structure of paDR

ribose (PAR) was adapted from Barkauskeita., 2013%,
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2. Macrodomainsand WWE domains as readers of protein ADRibosylation

2.1. WWE domains

WWE domains are named after their most conserved three

that stabilise its fold. WWE domains have been shown t
recognise a specific subunit of PAR, iiso0-ADPR #**3
Iso-ADPR is defined as the smallest PAR structural unit
containing the unique riboséose glycosidic bad which is
Figure 2. WWE domain of RNF146
formed during PAR synthesis by PARP family membfrs complex with issADPR (PDB ID 3V3E;
The cartoon structure ofthe WWE
Based on NMR solution and-pay structures of the WWE domain is shown incyan and the
isoADPRIligand as atontoloured stic
domains in RNF146, PARP11 and PARP14, these domémodel.
can be characterised as small, globular proteins that contaib-strands, forming half of a
b-barrel like structure which is covered by 8ihelix on the other sid&*. Theiso-ADPR is
bound on the top of thie-barrel structure with the adenine in#gg into the pocket [Figure 2].
The two phosphate moieties are involved in several interactioith each of the positively
charged edges of the WWE domain binding site, potentially explaining its specificity over ADPR
which has the phosphate on the saioe*. So far, WWE domains have been identified in two
functional protein subfamilies that are associated with either ubiquitination or PARyfation
particular, E3 ubiquitin ligases (RNF146, Deltex family members, HUWE1, Tripl2) and the
PARP family members (PARP7 and PARPIM) have been reported to contain one or in some
cases two WWE domains combined with other catalytic and regulatory doth&inBor the
RING-type E3 ubiquitin ligase RNF146, a functional connection between its E3 ligase activity
and PAR recognition could be shown. The PAR binding of RNF146 between its WWHNGd R
domain functions as an allosteric signal. It induces a conformational change in the RING domain

which is then functional to bind and activa@n ubiquitinconjugating enzyméE?2)*.

Consequently, PAR binding to RNF146 activates its E3 ligase function resdts in
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polyubiquitination of several PARylated proteins involved in DN&ndge response including
PARP1, XCRR1, DNA ligase lll for subsequent proteosomal degradation thereby regulating cell
survival and DNA repaif®“*® In a similar way, RNF146 is involved in regulatiofi the Wnt
signalling pathway by first interacting with ADf#bosylated axin and then promoting its
ubiquitination and degradatidh The mechanismsnd in particular cellular downstream effects

of PAR recognition by the WWE domains present in PARP family memiaees largely
uncharacterised. However, sequence alignments were performed and revealedathadf ibe

PARP WWE domains have conserved all of the-fidfining WWE residues as well as the four
residues that seem to be crucial f’o-ADPR binding. An example is the WWE domain of

PARP14 which has therefore been predicted to be incapable of PR Figure S1

2.2. Macrodomains

Macrodomains constitutefamily of ancient evolutionarhighly conserved protein domains that

can befound in all of the phylogenetic kingdoms including eukaryotes, bacteria, archaea and

8

ssRNA viruses™. In humans, at least ten genes encodemi2rodomaircontaining proteins

§8,49

including splice variant of which the vertebrate histone variant macroH2#ds the first

identified member®. Macrodomaircontaining proteins mainclude up to three macrodomains

often combined with other regulatory and signalling modules [Figute®3]

E———p 213 327 369 ] macrodomain [ helicase-C
216 330 [] H2Ahistone ] rRRM

macroH2A1.2 [T ] ] 372
216 330 [] CRAL-TRIO = wwe

macroH2A2 [ [T ] 372
] SFN2N ] PARP

170 283
MacroD1 N — -
88 201
MacroD2 [ | 448

72185
MacroD3 I I | [ 497

31 136
TARG1 [T/ 152

704

ALC1 I I 1 | ] 897

NLS PIP NES MTS. 716 922
PARG 11 N | I | 976

85 201 300 402
PARP9 I I | I 1 ] 656
y 820 937 1032 1148 1245 1347
PARP14 - /’/ L | | | I | Ll ] 1801
136 255 335 446

PARP15 [ - | L 1 [ ] ] 854

Figure3. Domain structure of humamacrodomaincontaining proteins. For legend, see top of next page.
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Legend to Figure 3: Domain structure of human macrodomain-containing proteins.

CRALTRIO: cellular retinaldehye®nding proteintriple functional domain protein; RRM: RNAcognition motif;

PARP: pobADPribose polymerase catalytic domain; NLS: nuclear localisation signal; NES: nuclear export sequence;
MTS: mitochondrial targeting sequence; PIP: P@iwkacting protein. The schematic was adapted from
Posaveet al. **and Feijet al.** andprepared using I1BZ.

Macrodomains are globular protegtomairs with 130190 amino acids, thus approximately
25kDa in size. Their structureonsists ofa mixed U/ bféldJcomposed (for most human
macrodomains) of centrétshees with six b-strands in a mixed parallel/antiparallel arrangement
which are surrounded Hive Uhelices as shown for instance for PARP14 MD2 [Figur&”a]

Based on the fst macrodomain structure of the thermoplileheoglobus fulgidysAf1521, the
macrodomain fold was shown to bear resemblance to #feeminal DNAbinding domain of the
leucine aminopeptidases PepA as well as to oo family of nucleotide hydrolaseBherefore,
macrodomain functions associated with nucleotide binding and processiaguggestetf. The
majority of the 16 human macrodomains have sinem theen characterised as ligdndding
domairs for NAD'-derived metabolites. These include in particular ADPR in its monomeric and
polymeric form, PAR, as well as its analogues for instance-fibdsel MjNjsphate (AppLl NMNj

or O-acetytADP-ribose (OAADPR)***3 %, Appr-1 NjNpnstitutes a tRNA splicing byproddét

while OAADPR is a metabolite produced through deacetylation of proteins by sirtuins such as
SIRT1%. The ADPR itself is bound slightly bent in a deep cleft on the crest of ddRigimre 4]

and is sthilised by several conserved interactions within the binding potkdturthermore,
ADPR is recognised by macrodomains in its free form oa gesttranslational modification
attached to proteinsvhereby the macrodomain recognises the entire ADPR moiety either directly
at the protein attachent site or at the termini of PAR chaiisgure 1]3*°*%* This is in contrast

to the previouy mentioned ADPRoinding modules such as the WWE or PBZ domain which
bind within the PAR chain and recognise two sequential ADPR units. Four of the human
macrodomains additionally possess catalytic activity. MacroD1, MacroD2 and TARGL1 have been

shown to e@acetylate OAADPR®® and more importantly to function as mono(AEBosyl)
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hydrolases, thus reversing protein ABPBosylation, as briefly mentioned previousf .

By hydrolysis of the ribosgrotein acceptor bond, these three macrodomains remove the protein
bound ADPR from MARYylated proteins, with TARGL1 being additionally able to bind PAR and to
remove the entire polymer from PARylated proteihsThe macrodomain in PARG is together
with an associated accessory domain responsible for the glycohydrolase activity of PARG,
degrading PAR chains by cleavage of the ribiisese bond$®. Of note is that (with exception of
PARG) atalytically active macrodomains are stamiddne macrodomain proteins, however, reader
macrodomains only occur in multidomain proteins, combining signal recognition and translation

into various dowrstream effects.

Figure4. PARP14 MD2 in complex with ADPR (PI]IBSQ71)66. The cartoon structuref PARP14 MD2 is shown in
yellow, and the ADPR ligand a®m@n-coloured stick model

3. The human macrodomain-containing protein family and its diverse biological

functions

The abiliies of macrodomains of recognition, processing and turnover of ADPR
signalling account for the variety of fundamental cellular processes in which macrodomains are
involved. In the following, an overview of main functions of the hummatrodomaircontaining

proteins[Figure 3, 5] shall be provided.
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Figure5. Phylogenetic representation of human macrodomairihe histone variants and the macroPARPSs are shown
as separate groups although both belong to thétaacroH2AlikeCdefined branch”.

3.1. Themacrodomaircontaning histone variant macroH2A

MacroH2A is an H2A core histone variant that contaamartfrom an Nterminal histone fold for
integration into the chromatin, a-t€rminal macrodomaiff®. Two genes encode the proteins
macroH2A1 and macroH2A2, whereby two isoforms, mBE@ALl.1 and macroH2Al.2, are
generated from macroH2AL1 through alternative spliéfngVhile macroH2A1.1 binds ADPR and
derivatives, macroH2A2 and macroH2A®& unable to binthese ligands, for the latter caused

by the splicing event which alters the ADPR binding pofket

MacroH2A variants have been associated with the regulation of gene expression pr@gram
during cellular differentiation and vertebrate developmén¥acroH2A1 vas initially shown to

be involved in gene transcription repression contributing to the silencing of the X chromosome in
somatic cells of female€. However, studies performed on embryonic stem cells suggested that
macroH2A1 also facilitates transcriptional activation of genes important for their differentiation
and development. MacroH2A1.1 was also shown to be recruited to sites of PARP1 activation
upon DNA damage resulting in transient chromatin compaction and reduction of the regtuitm
of DNA damage factors KuT&u80, thus it was suggested to regulate DNA damage respbnse

However, macroH2A1 knockout mice showed metabolic rather than DNA damage phenotypes
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which assumed a role for macroH2A1 in regulating gene expression programmes that control

metabolic pathway¥" "

3.2. MacroDtype macrodomains

MacroD1 and MacroD2 bind ADPR with high affinity in comparison to other human
macrodomains and although their catalytic activities were well charactarisgiro, their
biological roles are less understood. MacroD1 (also called LRP16) was reporteidoltped in
estrogen and androgen receptor signalling by acting astoofand enhancing the receptor
mediated transcription activiti€$’’. Furthermore, it was suggested that MacroD1 integrates into
theNFe B transcriptional complex through associ at
its functioral activation’®. However, MacroD1 also possesses a mitochondrial targeting signal
and shows mitochondrial localisati6h It is unclear how this relates with its proposed nuclear
functions. MacroD2 is present in the nucleus and cytopl/#¥sand was shown to activate
gl ycogen synt ha simvitrk and ia clls by3ebersingatS iKARplatioomediated
inhibition catalysed by PARP1(°. The function & MacroD3 also known as GDAP2
(gangliosideinduced differentiation associated protein 2) is so fakknotvn Although it shows
structural similarity with MacroD1 and MacroD2, MacroD3 does not biADPR or its
derivatives®. However, due to a incorporated ligithding SEC14 domain in the protein, a

function in the integration of ADPR and lipidediated signallinhas been suggest&d

3.3. ALC1, PARG and TARG1

ALC1 (o6amplified i n | i v e rontairsnapaetfromlitéfermiadl so c al
macrodomain,a helicase domain that is also found in the Snf2 family of -d&pendent
chromatin remodeler® ™ ALC1 has been reported to be involved in several functions including

DNA damage repair, gene regulation, cell proliferation, embryonal development and
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p53independent apoptosié In the context of DNA damage repair, ALC1 senses via its RDP
binding domain PARRgenerated PAR at DNA lesion sites. This PAR recognition and
consequent ALC1 recruitment leads to formation of stable Ab@deosoméPARP1 complexes
promoting ALC1 chromatimemodelling activity, interaction with further DNA damagepair
factors and ultimately to DNA repaif® Similarly, PARG performs a critical role in DNA
damage repair. PARG was shown to be recruited to sites of DNA damagé”ARP1 and
PAR-dependent manner but also by its interaction with RCWhe latter is assumed to be
important for a prolonged and constant recruitment of PARG which hydrolyses PAR, thereby
facilitating regulation of later repair events and recycling of PAR®: Finally, depletion of
TARG1l, the é&tiebronsienaplr oADRA n gfl39, €@C23144B) drbnacells 1 6
was also shown to result in defeatsDNA repair as well as in proliferation defects and cellular

senescence but the underlying molecular mechanism are less und&rstood

3.4. MacroPARPs

The so call ed 6 ma c rttoee priRdmg, PARP® BARPIe and PARP XS ewsth

PARP9 being the first member identified in a genemide search for riskelated genes in

diffuse large Bcell lymphoma. The proteins were there r e originally t

(B-Aggressive Lymphoma) family due their overexpression and disease associationdallB
lymphoma ## MacroPARPs are characterised by containing multiple macrodomains in
combination with a @erminal PARP domain. The B¥® domains of PARP14 and PARP15 show
MARYylation activity, while the PARP domain of PARP9 seems to be catalytically indCtive
Both, PARP9 and PARP15, have two macrodomains and PARP14 has three consecutive
macrodomains®. All three proteins are encoded on the same chromosomal locus, 3921, within
~200 kb. It was shown that their genes have evolved under strong positive selection with the
PARP15 gene ding unique i its pattern of recurrent loss and gain. The PARP15 gene arises in

early mammalian evolution from a partial duplication of PARP14, consisting of the second and

( !

er



Introduction 12

third macrodomain and the PARP dom&inPositive selection is described as characteristic of
critical host immunity genes and as an indication for host genes being involved in genetic conflict
with viruses that countezvolve to evade the host antiidefence<®. Since strong evidence of
positive selection was fouridr the macrodomains of PARP9, 14 and 15 and the PARP domain of
PARP14, an antiviral activity of these proteins in hosis conflicts was sugge=d ®°. In earlier
studies however, all three macroPARPs were described as transcriptional regulators with PARP9
and PARP15 repressing transcription when tethered to a pepMoPARP9 has additionally
been shown to be recruited BNA damage sites in a PARP1/PARpendent manner, thereby
localising its binding partner BBAP (a DELTEX family member with ubiquitin E3 ligase activity)

to DNA breaks. Thesubsequenhistone H4ubiquitinationby BBAP promotes the recruitment of
additional repair factors, including 53BPfdaBRCA1?". Due to the relevance for this project,

PARP14 functions are discussed more detailédarfollowing.

3.5. PARP14i a triplemacrodomaircontainingprotein with multiple functions

PARP14 is unique among thmacrodomaircontainingproteins in tle way that it combines
several ADPribosylation recognising modules of two different types (three macrodomains and
one WWE domain) with a catalytically active PARP domain at tRer@inus and a RNA
recognitionmotif (RRM) at the Nterminus. PARP14 can bestribed in general apro-survival

protein with cytoplasmic and nuclear localisation. Several cellular functions of PARP14 were
proposed ranging from transcriptional regulation, immune and stress response, cell morphology

and motility to metabolic regation and DNA repair which are summarised in the following.

PARP14 was initially shown to be involved in transcriptional regulation, modulatiedeukin 4
(IL-4) induced STATedependent gene expression, and was
(collabomtor of STAT6) . Mechanistically, Il-4 interaction with its surface redeps results

in receptor dimerigtion and phosphorylation by Janus kinases and subsequently to STAT6
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phosphorylation. STAT6 dimerises, translocates to the nucleus and initiates transcription after
recruiting several coactivators including p1004itfurthermore stimulagethe catalytic activity of
PARP14.PARP14 MARylates histone deacetylase (HDAC) 2 and 3 which are consequently
released from the H4 responsive promoter. This allows efficient promoter binding of STAT6 and

its transcriptional coactivators, including pl0@nd p300. pl@ interacts with RNA
polymerasél °* and is also MARylated by PARP14 which might help to bridge STAT6 to the
transcription machinery?®2 It was confirmed in lymphocytes that the induction of severe:lB
survival factos, including Mctl and Piml, by IL-4 is maliated by PARP14. Both the
antrapoptotic Bcl2 family member Mcll and the Pim kinase family member Pimcooperate

with oncogenes such asMyc and promote cell survival and lymphomagene$i€®. In
lymphoma cells, the H4-mediated transcriptional function of PARP14 was also linked to
metabolic regulation by transcriptional induction of glycolytic genesels showed an increased
glucose uptake associated with higher rates of glycolysid ghucose oxidation by a
PARP14STAT6-dependent mechanisth In support of a metabolic function of PARP14 is the
finding that PARP14 stabilises and thus cimires to the secretion of phosphoglucose
isomeras€¢PGl), a cytosolic enzyme essential for glycolysis and gluconeogenesis which
additionally acts extracellularly asc yt oki ne termed 6éautocrine moti
ubiquitinationmediated dgradatior?’. Moreover, PARP14asrecentlybeenshown to promote

the Warburg effect in hepatocellular carcinoma cells by inhibiting thejpoptotic kinase JNK1.

This in turn halts INKdnediated phosphorylation of PKM2 and the resulting low PKM2 activity
positively regulates aerobic glycolysis, proingtcell survival and proliferatioff. In an earlier

study, PARP14 was also identified as-provival factor acting in the JNK signalling pathway,
however thereby promoting the pathogenesis of multiple myeloma cells as downstream effector of
JNK2. Constitutively activatiomf JNK2 was found to be associated with increased expression
levels of PARP14 in myeloma cells. Further, as in the previous study, PARP14 was shown to
directly inhibit INK1 kinase activity which was assumed to be crucial for the suppression of basal

apopbsis and thus the survival of myeloma céls
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Apart from these PARP14 functions related to transcriptional regulatdncell metabolism,
PARP14 was shown to play a role in immune and stress response. Like other PARP family
members, such as PARP13, PARP14 was shown to be a component of stress granules and
(similarly to PARP13) suggested to be involved in protection oN#fegradation under stress
conditions. It was hypothesised that its ADBosylation activity (increased under stress) on
miRNA binding Argonaute family members might affect functioning of the Argonaute/miRNA
complex and thus effective miRNA silencitft]. Although PARP14 possesses a RRM domain, a
more mechanistic link of PARP14 catalytic activity, mRNA binding and its protection from
mMiRNA silencing was not provided. However in a follogiindependent study, PARP14 was
shown to form a complex with the mRN#estabilising proteinristetraprolin (TTP) and the

3 antranslated region of the mRNA of macrophage TF (tissue factor, CD142) presumably with its
RRM domain. This resulted in an inceeain TF mMRNA stability and consequently TF expression

in PARP14deficient cells TF, a transmembrane cell surface glycoprotein, triggers the extrinsic
coagulation cascade and thus the findings were in line with the phenotype of PARRE4

which appead to be healthy, however, showed increased thrombus formatioRARP14"

mouse models however also indicated that PARP14 plays ieaknible in immunological
processes which are linked to the-f-mediated STAT6 gene expression regulation by PARP14
as described above. PARP14 (and its catalytic activity) seems to promote IgA and the STAT6
dependent IgE antibody response and to be mredjdor B- and T-cell development by mediating

the IL-4 stimulated differentiation of naive-Gells into several felper cell types e.g. Th2, Th17
93102104 10 allergic disease models with PARPl4mice, this PARP14romoted Th2
differentiation was associated with allergic airway diseasdere Th2 responses ancElgre
promoters of the asthmatic conditionisut contrarily could also limit the severity of allergic skin
disease'®'® It was concluded that although PARP14 has similar effects-oell Teytokine
production in several allergic disease models, the outcome of those effects is distinct, depending
on the target organ of disea& Furthermore, a global proteomic analysis of macrophagde cel

l ines treat ed revealedhhat PARPI creeguldtes with PARP9 macrophage

activation which could be linked to human coronary artery disepsetwork analysis®’. Apart
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from its role in the aninflammatory IL-41 STAT6 pathway, PARP14 waadditionallyshown to

suppress the pionf | amma ti®TAYy1l akid Ny inhibiting STAT1 activation
(phosphorylation) through ADRbosylation. This is antagonised by PARP9 which interacts with
PARP14 and t her e b-ipflapmatorynespenses. In PARP14pouse models,
PARP146s protective ef f ect sathesogeai¢ rolsy suppression i a | (
of macrophage activation, could be confirmi&d

The plethora bPARP14 functions was expanded by furtimevitro studies. A systematic study of

the 17 PARP protein family members by analysis of their kittmekn phenotypes as well as their

cell cycle localisation after ectopic overexpression as-@gBed proteins tlicated that PARP14

is involved in actin cytoskeleton regulation as a component of focal adhesion comfexes

PARP14 knocldown in HelLa cells radted in severe defects in cell motility as well as in an

atypical cell morphology. Moreover, a critical role of PARP14 in DNA damage repair and
protection against replication stress was propd$&dPARP14 was showto interact with the

PCNA DNA replication machinery and to promote replication of DNA lesions and common

fragile sites by homologous recombination. Thus, PARP14 is described as important factor for
mitigating replication stress and providing genomic $itbi®”.

Finally, it is possible that PARP14 may participate inthedNB si gnal |l i ng casc
interaction with PARP10. PARP14 macrodomains were shown to bind MARylated PARP10

in vitro as well as to ctocalisewith PARP10 in cells. PARP10 regulates the®NB p at hway by
MARylating NEMO (NFe B essenti al modul ator»B plae hway ¢ b
assembles the IKK complex. MARylation prevents polyubiquitination of NEMO and thus
activation of the IKK omplex, subsequently resulting in decreasedaNB s i gnal | i ng an
transcription®®**° It needs however to be confirmed if and hove ihieraction between PARP14

and PARP1OisrelevantforN\B si gnal | i ng.
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4. Human macrodomain-containing proteins in disease

Dysregulation of macrodomain function by overexpression or mutatiossbéan
associated with several diseases including inflammation, developmental defects,
neurodegeneration and in particular carfé&f Severalmacrodomaircontainingproteins have
been shown to be overexpressed in different typesnéers and are linked to their progression
and aggressiveness with poor prognostic outcome. For instance, MacroD1 is overexprassed in
range of human tumours including endometrial, gastric, colorectal and breast carcinoma and
associated with tumour pifération, invasion and metastadis****°>. MacroD2 was also shown
to be overexpressed in a subset of breast cancers and shown to mediate tamoxifen resistance and
estrogen independent growtff. Furthermore, ALC1 is frequently amplified in particular in
hepatocellular carcinoma and identified as oncogene promoting tumorigenesis, i.e. cell
survival, proliferation and metastasts '*°. Apart from its role in DNA damage repair mentioned
previously®®, ALC1 has beershown to accelerate G1/S phase transition and to inhibit apoptosis
by activation of the AKTpathway as well as by binding to the apoptotic protein Nur77 with its
macrodomain which blocks Nur77 translocation from the nucleus to the mitochondria, and thus its
initiation of apoptosis'’*?**?! Also the macroPARP members play a role in cancer cell biology.
PARP9 wasddentified asan oncogenic survival factor in diffuse larged8ll lymphoma and is
associated with increased cell migration, proliferation, survival and chesigtance®'#123
Mechanistically, PARP%as beers hown t o a d$TATItRFI pb3axid, bld¢king
IRF1-mediated apoptosis and inhibition of growth. PARP9 forms a complex with STAT1 through
its macrodomains in an ABRbosylationrdependent manner, and is then recruited by STAT1 to
its target promots and inhibits the expression of the tumour suppressor IRF1 and simultaneous
up-regulates protoncogenes including IRF2, BCL2 and BCLE®. Interestingly, PARP9 was
also able to upegulate expression of P14 in thiscontext and a regulatory croakk between
PARP9 and PARP14 was suggestétl PARP14, found to be overexpressed in particular in

lymphoid cell lines and hepatocellular carcinoma, promotes thrigsigction in the k41 STAT6
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and JNKsignalling pathways not only the survival of cancer cells but also the ability of cancer
cells to adapt their metabolism to cope with the demands of enhanced cell growth and
proliferation. Its stabilisation of the atrine motility factor, an enzyme involved tamour
progression and metastaisas well as its knoettown phenotype displaying impaireabtility and
increased cellular adhesiveness of cancer cells, are further indications of the importance of

PARP14 in cacerrelated processes.

5. The therapeutic potential of macrodomain targetingand current progress

Given their pathobiological importanceyacrodomaircontainingproteins are seen as
potential therpeutic targets. Macrodomadgontaining proteins involvedn DNA damage
recognition and response and/or transcriptional regulation such as PARG, ALC1, macroH2A1.1
and the macroPARPs with PARP14 may be of particular interest. Beyond that, targeting
macrodomaircontaining proteins present in pathogens may also bpranising therapeutic
approach. Apart from bacterial macrodomains, a range of viruses including {S8B®na,

Alpha, Togaviruses and the hepatitis E virus encode macrodomains that play a critical role for
host cell infection and viral replicati¢f** 1%,

Targeting components of ADPR signalling has furthermore alreadydseaccessful strategy for
cancer therapy where PARP1 inhibitors have been successful in clinical trials and have been
approved for treatmert”**® Two generations of PARP1 inhibitors were developed including
As t r aZ e n-;nclas$ ishibitoiolaparibwhich are in Phase Il trials or FDA approved for
treatment of ovarian and breast cant®r'*’. Targeting macrodomains with small molecule
inhibitors may provide an attractive alternative to PARP inhibitors by disrupting ADPR signalling
by a different mechanism and without the difficulties of obtaining inhibitors fpefr
individual PARP enzymes. So far, inhibitor development has focused on the PARG macrodomain.
Only recently, a chemical probe targeting PARG hydrolase acthaty been reportedhich

shows convincing otarget pharmacology and selectivity in contrasearly inhibitors such as

rhodamine, phenolic hydrazide hydrazones or salicyladdaked compounds or the ADPR
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anal ogue  a-dphosphaté rihgdrox@rdethyl) pyrrolidinediol (ABRPD) "3
Furthermore, potential inhibitors for the nsP3 macrodomain present in the chikungunya alphavirus
have beendentified using virtual screeningnd molecular dynamics simulations; however, data
confirming anyin vitro activities of these inhibitors or dérther inhibitor developmerttas not
been reported so fdrf’. Although the availahily of macrodomain inhibitors for use as tool
compounds for target validation and beyond would be highly desirable, efficient, selective and
cell activeinhibitors targeting other macrodomains than PARG are not published so far. The
development may be hamwed due to the lack of suitable higiroughput screening (HTS)
compatible biochemical assays to identify chemical starting points for drug discovery projects.
Only recently a HTS HTRF screening assay was reported that was used for inhibitor discovery
tarmgeting the glycohydrolase activity of PARE. This assay is,dwever, specific for PARG and
does not enable identification of inhibitors for other macrodomains that have reader domain
function. Therefore in my rotation project prior to this workan AlphaScreebased screening
strategy suitable for higthroughput sreening of most human macrodomaimas developed
leading to the discovery of a macrodomain inhibitor, &)\
[Figure6] which targets PARP14 MD2 with micromolar affinity O O
HN

via an allosteric binding mechanism. PARP14 asmsemerging O N ‘<
therapeutic target is also currently in focus for inhibitor

Figure6. Sructure of GeA69.
development by other research groups. However, all publisticu
approaches so far addresggeting its catalytic PARP domain and not of any other PARP14
domain®****!, Most PARP domain inhibitors show significant activity on catalytic domains of
other PARP family mmbers, in particular of PARP1, and the optimisation of their selectivity
profile is challenging. Targeting PARP14 via its macrodomain(s) and thus interfering with
recruitment and cellular localisation of PARP14 might therefore be an alternative strategy to
prevent PARP14 MARylation activity on its respective targetd @s mediation of various
downstream effects. The same outcome would be to expect as with inhibition of the PARP14
catalytic domain. Gef&9 thus represents a new class of macrodomain ioksb&nd moreover

may provide a new strategy for targeting PARP14, a protein of established therapeutic value.
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6. Aim of this thesis

The first part of this work focuses on a further understanding cdfeenceecognition
of PARP14 by its three macrodomains and WWE domEartargetPARP14 by inhibition of its
recruitment to ADRibosylated target sitesnsteadof inhibition of its catalytic domain, it is
importantto analyse which macrodomain(s) need to lgbited to efficiently prevent PARP14
recruitment.lt is unknown if hie inhibition of only one reader domain could be compensated by
the other three AD#bosylation recognising modules which would require inhibitor development
for several, potentially diérent domains, making this strategy of PARP14 targeting less
attractive. Furthermore, PARP14 macrodomains have been shown to bind iADMRF with
micromolar affinity, howeversequencespecificity of its WWE is unknown.The aim was
therefore to showvhether the PARP14 WWE domain is still capable for PAR binding s
function was replaced by the three macrodomains as predicted.
Theaim of thesecond part of the projeatasto provide a better understanding of the druggability
of PARP14 macrodomainghe new PARP14 MD2 inhibitor, Ge®9, was fully characterised
concerning biophysical properties, selectivity over other macrodomain family members as well as
target engagement in a cellular environment. Moreover, the performance of a Riediughput
saeen in collaboration with Novartis (Basel, Switzerland) as well as a fragmsatl screening
approach by Xay crystallographyo allow the discovery of small molecules with new chemical
scaffolds targeting PARP14 macrodomawas evaluatedThe aim wado identify compounds
that are able to mimic ADPR and thus are amenable as small competitive inhibitors for the ADPR
binding site. This could potentially provide a basis for the development of macrodomain
inhibitors.
In the third and final part of the project, pharmacologicaleting strategies for PARP Mere
explored.The aim was to confirm somef the multiple functions proposed for PARP14 by
genetic and chemicahhibition of PARP14function and to suggest or develop an assay system

that would allow evaluating potential PARP14 (macrodomain) inhibitors in the future.
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I. RESULTS AND DISCUSSION

1. PARP14 sequence recognition by its macrodomains and WWE domain

1.1. PARP14 is recruited tADP-ribosylated sites mainly through its macrodomains

In order to efficiently target PARP14 via its ADRE&cognising modules, an understanding of the
sequenceaspecificity and recognition of its macrodomains and WWE domain is crucial. PARP14
macrodomains @re previously shown to specifically recognise MARylated prot&insithough

being in close proximity in the polypeptide, the macrodomains bound ADPR independently from
each other, thus did not cooperate or have allosteric cdhtaehile MD1 was shown to interact

with ADPR only weakly, MD2 and MD3 recognised ADPR witlgrsficantly higher affinity

(=5 uM). Interestingly, alternate bindingffinities for MD2 and MD3in vitro and in cells were
suggestedMD3 apparentlybound more efficientlyin vitro and MD2 in cells to autmodified
PARP10°%. Due to the relevance for this project, the ADPR binding affinities of the individual
macrodomains which were thought to be directly related to their efficiency in RARP1
recruitment to target sites were confirmed. Isothermal titration calorimetry (ITC) was used to
measure these interactions in solution. ITC is a thermodynamic analysis method that allows
determining the dissociation const&, the binding stoichiometry and binding enthalpgp Hof
macromolecular interactions, e.g. of protpnotein or proteidigand interactions, without the
need of chemical tagging or immobilisation of the interacting componéht8y directly
measuring either the absorbed or released heat, thus the grthaime, upon binding of two
partners, ITC provides a thermodynamic profile of the binding é&mithough being a method

with rather low throughput that requires relatively large amounts of protein, ITC is described as
one of the most reliable technigues the quantitative measurement of ligand binding to a soluble
protein *** and was therefore used for studies throughout this work. The ITC measurements
showed that ADPR indeed bound weakly to PARP14 MD1 wkh af (1371 7) uM, and MD2

recognised ADPR with an higher affinity of (6&®.1)uM than MD3 K, (ADPR) =
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(15+ 0.9)uM) [Figure 9B]. Of note is thathere as in the followingthe errors given foKp

values obtained from ITC measurements anéy errors of the fit of thedata to an onsite
binding isothermsince errors of th&p values themselves could not be measured by independent
biological repeats. Furthermorékp, values of weak microolar binding events are of
significanty higher inaccuracy due to the low sigialnoise ratio and therefore strongly depend

on the method of fixing the baseline of the raw ITC data which was performed mabualis
consistently as possibl@hus, the binding affinities measured for MD2 and MD3 were broadly
consistent with the presuis study. Interestingly, binding of ADP towards MD2 could not be
detected under these conditions despite the high similarity of ADPR and ADP [BRjur€his
suggests that the terminal ribose unit of ADPR significantly contributes to the recognition of
ADPR either through direct interactions to the macrodomain or from its influence on the beta
phosphate which has a different charge state in ADP compared to ADPR. It can be assumed that it
is of biological relevance that the macrodomain does not recog&eté avoid competition

with this cofactor in the cell. Following the confirmation of ADPR binding of the PARP14
macrodomains, it was also tested whether the WWE domain of PARP14 is capable of PAR
recognition. The sequence alignment of the WWE domain &tHPI4 and RNF146 revealed that

not all of the folddefining WWE residues as well as the four conserved residues that seem to be
important foriso-ADPR binding as defined by Wareg al.*® are conserved in the WWE domain

of PARP14 [FigureZ]. However, PAR recognition by the PARP14 WWE domain cannot be
completely excluded since two of the conserved residues involveidoiADPR binding

(Tyrl539, Tyrl576) are still psent in this domain.

1‘0 2'D :::D ﬂlfD SIO K?O ?0
RNF146 92 EELKAASRGNGEYAWYYEGRNGWWQYDERTSRELEDAFSKGKKNTEML IAGFLYVADLENMVQYRRNEHGRRRKIKR - ---|168

PARP14 1523 EQESRADCISEF IEWQYNDNNTSHCFNKMTNLKLEDARREKKKTVDVKINHRHYTVNLNTYTATD--TKGHSLSVQRLTKS|1601
conserved WWE fold residues identical residues
conserved residues involved in iso-ADPR binding similar residues

Figure7. Sequence alignment of the WWE domains of PARP14 and RNMot8.conserved residues important for
WWE domain folding and binding ido-ADPR defined by Wanet al. 43 are highlighted in yellow and cyan,
respectively. Residues highlighted in red are4gonserved, however, interacting witko-ADPR in RNF146.
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The detection of PAR binding &fAR-recognising modules is typically performed by preparation
of [**P}abelled PAR in a PARPAutomodification or substratassisted catalysed reaction
whereby histones are generally used as acceptor prot&RsPAR is then incubated either
proteinbound or proteirfree (after alkaline detachment) with the corresponding BinRing
proteins that are immobilised on nitrocellulose membranes and detected by autoradiography after
several washes of the membrarié®®®!*> Alternatively, a method was published fior vitro
biosynthesis and purificatioof iso-ADPR, the unique internal structural unit of PAR, which is
not commercially availabl& [Figure 8B]. The procedure inabled the digestion of the PARP1
generated PAR polymer taso-ADPR by phosphodiesterase. Due to the unavailability of
autoradiography and the possibility of crystallisation attempts in case of confirming PAR binding
of the WWE domain,so-ADPR was generated based on the latter protocoteSPARP1
requires for efficient polymerase activity its DNA Hding domain as well as the
automodification domain (which has been confirmed by failure of initial attempts using the
catalytic domain of PARP1 only) and is however challenging to purify lagehgth protein™*®,

PAR was generated using the catalytic domain of PARP5 (TNKS1). Its suitability for PAR
generation has been recently establisi&d’ Although PARP5 has been shown to be ~6 fold
less active than PARPL, thetaigtic domain of PARP5 was prepared in good yield and it did not
require additional activation of its aubtoodification reaction. Furthermore, the catalytic property
of PARPS5 to polymeris@-NAD" to linear oligomers with ~28DPR units instead to long and
branched chains obtained with PARPIvas thought to be beneficial for the planned enzymatic
PAR digestion. The final workflow is outlined in Figusd, allowing the efficient preparation of
iIso-ADPR in quantities and purity sufficient for biochemical analysis [Figlir&ince ithas been
shown that for the PARP1 auRARYylation reaction a catalytic dimer is requiredhere the two

units simultaneously function as catalyst and acceptor moletlijesnly PARP5 purified as
dimer was used for the reaction [FiguB€]. It should be mentioned that tie-ADPR batch
generated forttese studies contained BisTris salt as a contaminant due its use in the ion exchange

buffer during the purification process [Figusé]. The use of a volatile buffer would have enabled
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easier separation of thiso-ADPR form the buffer component. Thereforepntrol binding

experiments were performed in the presence of BisTris.

A B ¢ PARPS5 cat.
Workflow for preparation of iso-ADPR ’
NH2 MW
N 800+ (kDa) M
. : : : + <f\u dimer 37
incubation of PARPS cat. (dimer) with 8-NAD AR A %5 ‘
HD—-—D Q £
l’ ° \Q oH _‘.'?‘ £ 400
PARylated PARP5 MO QRN o—t-on 8 s
o &3 200
L HO oH monomer
TCA precipitation and EtOH wash 559.3 g/mol P -t —.
0 25 50 75 100 125 150 175
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¢ D FAR E iso-ADPR
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4000 2000 r125
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L .'.E ' 2000 g ‘£ 1000 -:: &
o c G c L
PAR precipitation with amm. acetate and EtOH 5 g 1000 § 8 s [ =
} o o Lo
125 150 175 200 225 250
P?R ¢t |3ulu1:|e [zr(r]|L)25 o Volume {(mL)
size exclusion chromatography
F G x10° | *ESI Scan
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} 2 - PAR g 1
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¢ E 25 £ 04
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Figure8. Preparation of iseADPR for PARP14 WWE binding stud{@g.Schematic workflow foin vitro biosynthesis
and purification.(B) Molecular structure ofisoADPR(C) Preparation of the catalytic domain ¢#ARP5. The gel
filtration profile shows the dimer formation of cat. PARP5; - 8B&E of the final samples of the dimer and monomer
fraction is shown next to it{D) Gel filtrationprofile of PAR purified on a S75 10(BGL column(E)Anion exchange
purification ofiso-ADPR using a MonoQ 5/%8L. Thaso-ADPR eluted at100 mM NacCl.(F) Absorbance spectra of
PAR andso-ADPR for determining the concentrations of the stock solutid@. Mass spectrometryspectrum
confirming the correct mass of the produ@p-ADPR.

The following ITC analysis demonstrated that the WWE domain of RNF146 bousolA®PR

with high affinity (Kp = (508+ 12) nM), confirming previous resulf§ and additionally validating

the suitability of the prepared ligand to test PAR binding of the WWE domain of PARP14
[Figure9C]. At concentrations of 0.5 mM and 1 milb-ADPR, no binding of the WWHEonain

of PARP14 was observed by ITC [Figl®€]. Since ITC is however not the method of choice for
direct detection of very weak binding, nabDdferential Scanning Fluorimetry nbnoDSF
experiments were additionglperformed. Differentialnningfluorimetry allows monitoring the

thermal stabilisation of the native protein structure upon ligand binding. The thermal stability is
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described by the thermal unfolding transition midpdint°C), the temperature at which half of

the protein is unfolded***® NanoDSF is a labdtee method which measures the intrinsic
tryptophan fluorescence of proteins which relies on the close surrounding rd acids and
changes upon thermal unfolding. Thgis calculated from the fluorescence wavelength ratio of
330/350 nm that describes the shift of tryptophan emission upon unfdtdirgjnce the WWE

fold is stabili®d through tryptophans in the core of the protein ianéADPR does not absorb
light at this wavelength, which may cause quenching effects [F&RlrmanoDSFseemed to be a
very suitable method for measugi if the domain can be stabilised througb-ADPR binding.
Indeed, in the presence of 0.5 mM omM iso-ADPR, the WWE domain of PARP14 showed a
clear concentratiodependent thermal stabilisation with &, shift of 4.5°C and 7°C,
respectively. No stalisation of the WWE domain was observed at lowiso-ADPR
concentrations or in its absence [FigQi]. This suggests that the PARP14 WWE domain does
recogniseiso-ADPR and is stabilised upon its binding. However since this effect was only
observed at hig ligand concentrations and no binding was detected by calorimetric experiments,
the interaction between the PARP14 WWE domainiaad\DPR is probably very weak and in

the high micromolar to mNKp range. As mentioned previously, two conserved residues shown to
be involved iniso-ADPR binding by RNF146 are not present in the PARP14 WWE domain
which explainsthe low binding affinity towards this ligand. It can therefore be concluded that the
interacton of the WWE domain with PAR is probably too weak to efficiently recruit PARP14 to
PARylated target sites and it can be hypothesised that the function of the WWE domain was
evolutionaily taken over by the macrodomains. It should however also be catitetthe
experiments were performed with the smallest PAR structural unit and not with whole PAR
chains. AdditionalPAR assayssuch as nitrocellulose membramssaysusing [*P]-PAR as
previously mentionedvould need to be performed to fulconfirm the weak PARbinding
capabilities ofthe WWE domain.Of note is further thapotentially in the context of the full
length protein the weak affinity may contribute to PAR binding by a resulting avidity effect of
multiple weak interactions together with the RIA14 macrodomainsvhich also only show

micromolar affinity towards ADPR. Nevertheless, inhibitor development shadtitess the
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domains which showthe highest binding affinity for ADfbosylated targets, thus the
macrodomains to most efficiently preveRARP14 recruitment and function dis respective

target sites.
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Figure9. PARP14 macrodomain and WWE domaiequencerecognition studies(A) SDSPAGE of purified PARP14
macrodomains and the WWE domains of PARP14 and RNF2LA6. of each protein were loaded alongside a protein
marker (M) and visualised with Coomassie Blue staifB)JJ?ARP14 macrodomains recognise ADPR with micromolar
affinity, consistent with previous published results. Of note is that ADPR binding to PRRBIas endothermic in
contrast to previous measurements by Foestal. °° where ADPR bound exothermically to PARP14 MD3 like MD1 and
MD2. This could be due to the difference in the measurement temperature; the experiments shown here were carried
out at 15°C while Forset al. performed the titrations at 25 °C. Titration curves show the stepwise addition of 1.0 mM
ADPR or ADP into buffenly or buffer containing 40 uM of PARP14 MD1, 2 of®G)IscADPR binding of the WWE
domain of PARP14 cannot be detected by ITC. Titratioves show the stepwise addition of 0.5 mbb-ADPR into
buffer only or buffer containing 25 pM of the WWE domain of PARP14 or RNFDd&he WWE domain of PARP14
recognisesisc-ADPR. NanoDSF measurements reveal the thermal stabilisation of the PARP1AHAMAIE in
presence ofso-ADPR in a concentratiedependent mannerT,, shift data is mean + SD, n = 6 of three independent
experiments (E) Summary ofp ITC results from measurements shown in (B) and (C). Additional binding and fitting
parameters are preided in Figure & Note: For all ITC graphs in this figure: The insets below the raw injection profiles
show normalisd binding enthalpies corrected for the heat of dilution as a function of binding site saturation (symbols
as indicated above or in thedat). Solid lines represent a nonlinear least squares fit using a-sitgleinding model.
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1.2. All three PARP14 macrodomains contribute to PARP14 recruitmerdlls

Since PARP14 harbours three macrodomains, it is important to know which macrodomain(s) need
to be inhibited to prevent PARP14 recruitment to its Afb®sylated target sites. It is
conceivable that inhibition of only one macrodomain could be compensatdte ther two
macrodomains, in particular since MD2 and MD3 show similar binding affinitiegro and are

both independently binding to ADPR

In order to address this question, an assay system was established that allowed studying PARP14
and its macrodomain recruitment to AbiBosylated target sites in cells. Itvgell known that

DNA damage sites are hot spots for PAR generation catalysed by PARP1. Upon sensing and
binding to DNA breaks, PARP1 is strongly activated, leading to extensive PARylation of
chromatinassociated proteins such as histones and PARP1 tséfacrodomaircontaining
proteins which are involved in DNA danmagepair such as ALC1 and PARP9 have been shown

to be recruited to these DNA damage sites through PAR binding with their macrodomains which
can be visualised in laser mieimadiation assay®®’. In contrast to DNA damage assays using
genotoxic chemicals or diffused irradiation, laser micradiation assays induce DNA damage

with a focused laser beam and thereby allow visualisation and measurementtick kamnel
dynamics of repair factor recruitment to these laser defined target®sitesr performance of the
assay, cells are typically sensitised with the halopyrimidine deoxynucleosimen®2 6
deoxyuridine (BrdU) which is incorporated into the DNA of replicating cells and is then
photoactivated upon laser excitation, thereby inducing siragid doublestrand breaks through
released free bromine radicals. By additionally overexpressing the protein of interest fused to a
fluorescent tag, recruitment of the target protein tolélserinducedDNA damage sites can be
monitored under a microscop&'>***! The assay selp even provideshe possibility of
monitoring PAR-dependent recruitment of macrodomains that are not necessarily directly
associated with DNA damage response such as MacrfdDPhe only requirement for this

technique is a good nuclear localisation of the jmodé interest. Since PARP14 macrodomains
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have been reported to localise to sites of DNA dam¥gthis assay system seemed to be suitable

for studying the macrodomainediated PARP14 recruitment to ABBosylatedsites in cells.

In a first step, mutagenesis studies were performed on
$1049 § Q1024

H1172

PARPL4 MD2 to identify ADPRbindingdeficient
mutants that could serve as controls for the assays. T
crystal structure of PARP14 MD2 in complex with

ADPR guided the design of the mutations [FigLeg®®.

The ADPR is sthilised by several hydrogen bond

. . . . . Figure 10. PARP14 MD2 in complex w
interactions in a deep pocket of the protein. The adenir,ppg (PDED 3Q71)®. Critical esiduesof
PARP14 MD2 (yellowjnvolved in direc
interactionswith ADPR (cyangre shownas

. . . atom-coloured sticks. Hydrogen bon
nonconserved GIn1024 and undergoes interaction witl o een ligand and protein orstructura

base forms &ydrogen bond with its nitrogex6 to the
His1172. The adenine proximal ribose unit is hydrogelWaters are indicated by dotted!fines.

borded to Aspll75 and Thrll34. The pyrophosphates are held by loop regions, mainly
interacting with the backbone NH of Leul046, Gly1135, Asn1136 and Leul137. The terminal
ribose is involved in a complex with a water molecule together with Arg1043. Mutatiems w
introduced either singly or combined into PARP14 MD2 that could sterically interfere with or
significantly reduce binding of ADPR to the macrodomain and included Q1024A, H1172A,
D1175A, D1175Y and G1044E [FiguddA]. The latter mutation, G1044E, isdltorresponding
mutation of the amino acid Gly42 to glutamate in the macrodomain of Af1521 which has been
previously reported to prevent ADPR binditfglt is worth mentioning that at the corresponding
position of Gly1044 most of the macrodomains, which have been shown to bind ADPR, have a
glycine, an alanine (only LOC221443) or a serine (PARMDR and PARG). All of these (apart

from PARG) have also at leastather glycine or alanine next to it. Only macroH2A1.2,
macr oH2A2 and MacroD3 that donot bind ADPR
residues (aspartate, glutamate, asparagine) at this position, indicating that this site might be
important for accomodating the ADPR. Additionally, a PARP14 MD2 mutant carrying the
mutation G1055E was prepared since, although this residue is located at the surface of the

macrodomain and not facing the ADPR binding site, it was published previbtisa it prevents
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ADPR binding of PARP14 MD2. It should be mentioned that all of tmesttions are only
designed mutations and do not correspond to any MD2 somatic mutation identified by genomic
analysis which is provided in the COSMIC database for somatic mutations in EanteOut of

17 generated PARP14 MD2 mutants, ten mutants wenaakeased in regard to their ADPR
binding abilities by ITC Figure11B-D, S4. The measurements showed that the substitution of
Aspl175 with tyrosine had no significant effect on the ADPR binding affinity of MD2. The
replacement of His1172 and in partiaulGlul1024 with alanine ettreased the binding affinity

4- and 8 fold, respectively, due to reduced hydrogen bonding with the ligand. When Gly1044
was mutated into glutamate, no ADPR binding was detected under the assay conditions tested. It
can be assumethat the glutamate side chain leads to a clash with the terminal ribose unit
preventing ADPR binding to the macrodomain. The subsequently prepared PARP14 MD1 mutant
with the G1044Ecorresponding mutation G832E also did not show any ADPR binding under the
conditions tested Higure S4. Finally, the PARP14 MDgy.s,z mutant (the MD2i044e
corresponding mutant) as well as MBgsswere not soluble as purified proteins that would have
allowed their testing for ADPR binding. Therefore, PARP14 Mi3t MD2g,04& and a MD2
mutant harbouring the two additional mutations, H1172A and D1175Y, as well agM23

were selected as controls for the assays. AlthoughdylB3could not be characteris@uvitro as

a purified protein, it was assumed that the mutatiomgmes ADPR binding of the macrodomain

based on structural analysis.

Legend to Figurell: PARP14 MD2 mutagenesis studies.

(A) Mutations introduced into the ADPR binding site of PARRIDR (PDBID 3Q71) (singly or combined) are
highlighted in red. FoAs{dL175, only its mutation to tyrosine is show(i®) SDSPAGE of purified PARPWMD2 mutants

(1-10) that were characterised in regard to their ADPR binding ability by ITC. Alongside protein standards (M)3 2 F
protein was loaded onto the gel andsualised with Coomassie blue staining. All mutants were purified by IMAC and
gel filtration. Only for mutant 5 (G1044E) the hexahistidine tag was removed and an additional reverse IMAC
purification step was carried ouProper folding of the mutant proias was assumed based on tbbservedgel
filtration profiles all showing a symmetric peak at the expected elution volunf€$ Measurement of binding
affinities of PARP14 MD2 witgpe and mutant proteins to ADPR by ITC. Representative titration cunass aw
thermograms resulting from stepwise addition of 0.7 mM ADPR into a solution containing the corresponding
YI ONBR2YIFAY LINRGSAY 6o0op >a0 Ftdi mMH c/d ¢KS avylfft 3INILK
integrated thermograms (first dat point corrected) that are fitted to an equilibrium binding isotherm for PARP14
MD2 wildtype and the H1172A mutant using a esiéee model.(D) Summary of the ITC dat&or the PARP14 MD2
mutants 7 and 80.6 mM ADPR was titrated into a solution contagnBO pM of the macrodomaiprotein. For all

other titrations, 0.7 mM ADPR was titrated against 35 uM of macrodomain protein. All measurements were
performed at 12 °CAdditional binding and fitting parameters are provided in Figure S4.
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4 D1175Y 1.0+ 0.03 -5552 + 206 101
5 G1044E no binding detectable
6 H1172A + D1175A 1.1+0.1 -1601 £ 272 26+4
7 Q1024A + D1175Y 09+0.3 -3628 + 1661 46+8
8 Q1024A + H1172A + D1175A no binding detectable
9 Q1024A + H1172A + D1175Y no binding detectable
10 H1172A + D1175Y + G1044E no binding detectable
1" G1155E n/a (not soluble)
wild-type - 1.0£0.01 -4638 * 46 71%0.2

Figurell. PARP14 MD2 mutagenesis studi€®r legend, see bottom of previous page.

Following the mutagenesis studies, constructs for mammalian expression of PARRédgtull
(1-1801) and different PARP14 truncations with yellow fluorescent protein (YFP) tag wer
prepared by Gatew&ycloning to enable the visualisation of the recruitment of the corresponding
proteins to thdaserinducedDNA damage sitesHigure RA]. It should be mentioned that full
length PARP14 (11801) is demanding to transfer into new vedgstems because of the highly
recombinogenic nature of its first 1000 basepairs on tHermMinus, a problem known in the
PARP field. Numerous cloning attempts including trying different cloning techniques and
optimisations were necessary to finally obtthe mutation free YFPARP14 (11801) encoding

plasmid [Figurel12B]. Since a strong nuclear localisation of the proteins is important for
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performance of the assay, a nuclear localisation signal (NLS) was adtiyjtiattached to the
C-terminus of the YFAPARP14 truncations, the single macrodomain MD2 and the triple
macrodomain constructs encoding MD1 to MD3, in order to promote theiakepinto the

nucleus. The nuclear transport of macromolecules is mediated by members of the karyopherin

transport recap o r family which either i mport (6i mport

through the nuclear pore compl&% The transport mechanisms are driven through recognition of
nuclear localisation signals (NLS) or nuclear export signals (NES) by the respectiopheaain
members'*®. For promoting the ufake of the macrodomain proteins, a classinahopartite

NLS (PKKKRKYV) from the simian virus 40 (SV40) large T antigen was pselich is
characterised by a single cluster of five consecutiasicoamino acids and is recogrdsby
importin-U*°. It should be mentioned that analysis of fatigth PARP14 using bioinformatic

NLS and NES prediction tooldid not identify any NES in PARP14, however, a NLS sequence
was identified between MD3 and the WWE domain, predicting PARP14 localisation to the
nucleus and cytoplasm as actually confirmed by exparial data. Furthermore, mammalian
expression constructs encoding the ARBRding-deficient macrodomains MR35 MD2g1044e

or MD2G1044e H1172a,p1175y aNd MD353257ewere preparedll constructs were confirmed to result in
correct protein expression iffare 13A] and the localisation of the gene products was
subsequently determined in2JOS cells transiently expressing fldhgth PARP14 or PARP14
truncations Figure BB]. U-2 OS cells were used for these studies since this cell line was to be
used forthe subsequent laser midreadiation assays. The single macrodomain, PARP14 MD2,
localised almost exclusively to the nucleus, very likely due to its small size and the attached NLS
promoting its nuclear utake. The initial MD13 constructs with and witut NLS resulted in
rather poor nuclear localisation of the proteins. Therefore, the position of the NLS was optimised
by introducing additional residues between the MD8&@ninus and the NLS. A spacer of five
amino acids was sufficient to provide goodessibility and recognition of the NLS, resulting in
improved nuclear upake of MDZ13 protein. Unfortunately,
truncation containing the three macrodomains, the WWE and PARP domain as wellagthll

PARP14 did not localise strgly to the nucleus and showed additionally lower expression levels

t

h €
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compared to the other constructs [FigiB&, B]. Furthermore, bright fluorescent bodies were
observed in the cytoplasm indicating the formation of aggregateseofmdcroPARP and
full-lengh PARP14 proteins. It could very likely be that the proteins, due to their size (141 kDa
for YFP-macroPARP and 231 kDa for YHFARP14), misfolded or were patrtially unfolded upon
overexpression, leading to protein aggregation and also consequently toctigsfurlhe size and

the associated protein aggregation were probably also the factors contributing to the poor nuclear
uptake. Thus, only the constructs encoding PARP14 MD2 (with NLS) as well as3MDith

spacer and NLS) showed sufficient nuclear |I@zdion to allowanalysis ofthe PARP14

macrodomain recruitment taserinducedDNA damage sites.

A
target gene JB target gene
e.g. PARP14 ce e.g. PARP14
attB2  attPl ‘ L attP2 attll ‘ L attl2 attR1 attR2
expression donor Bﬂise pENTR destination
clone + vector C— clone + vector
LR clonase \ '
AmpR a AmpR
Colony PCR of pENTR clones Colony PCR of destination clones

obtained after BP reaction PENTR clones obtained after LR reaction with clone 3.4

(bp)
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Miniprep 2000
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Sanger sequencing
Colony PCR screen of clone 3.4.1.4

TATAAGATTTGTTGATGATTGTACCARGCACCATT
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—
~'YFP-PARP14-FL'

620A> C - > p207D>A

Sanger sequencing confirmed 'YFP-PARP14-FL'
as correct full-length PARP14 destination clone
Figure 12. Preparation of PARP14 mammalian YERpression constructs using Gateway® clonif®) Schematic
illustrating the Gateway® cloning technology. In brief, the PARP14 regions of interest were first PCR amplified with
attB recombination sites (this step was omitted for 4alhgth PARP14 cloning). PCR products (or vectors) were then
recombinedg A i K G KS LJ5hbwxHHuwM atPSi@s Bing thd BRY diohase/mixyWhereiti@®SandattP
sites serve as hinding (attachment) sites for the recombination enzymes in this mix. The recombination reaction
results in pENTR clones containiagfL sies which can be recombined with thattR sites present in the
YFPRdestination vector using the LR clonase enzymes, thereby creating the final expression clone in the destination
vector. (B) Steps of final fullength PARP14 Gateway® cloning. FollowingBiRereaction and a colony PCR screen,
PARP14 inserts of three positive pENTR clones were PCR amplified after plasmid isolation showing the highly instable
and recombinogenic nature of the PARP14 gene. The LR reaction waswsith all three clones (contiaing mixtures
of the PARP14 genes (the additional weak bands in 3.4 and 2.1 are indicated with *). PARP14 inserts of destination
clones obtained after the LR recombination reaction were then PCR amplified which revealed only one clone (3.4.1.4)
originating from the 3.4 pENTR clone with correct size, however, with a mutation in the recombinogenic region of
PARP14. Following several ReA NB O SR Ydzi 3SySaAia | 00SYRARRIE[ R SFNNEBSG I8¢
could be isolated and was confirmed Banger sequencinghll samples shown were run on a 1 % agarose gel and
visualised using pegGreen DNA/RNA dye under UV light.
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Figurel3. Test expression and localisation studies of YI#®RP14 fullength and truncation constructs(A) HEK293
cells were either left untransfected (control, C) or were transfected with the indicatedPARP14 fulength and
truncation constructs and analysed for expression productsViegtern blotting 48 h post transfection. All constructs
resulted in epression of the proteins with the expected sizes, however, PARP14 macroPARP-landtfulPARP14
showed low expression levels. Alongside of protein standards (M)g49 total lysate were loaded for analysis of the
macroPARP and fd#ngth constructand 20 pg of total cell lysate for all other constru¢®) The cellular localisation

of the expression products was tested ir2UDS cells. Representative images for each construct type are shown. Only
the singleMD2 construct including NLS and the tdpinacrodomain construct with spacer and NLS showed good
nuclear localisation and could be used for laser mimadiation studies. The PARP14 macroPARP antkffigiih
construct shoved bright cytoplasmic bodies indicating protein aggregation. Foaging, cells were fixed with

4 %formaldehyde 48 h post transfection and nuclei were counterstained with Hoechst33342.
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The following studies were performed in collaboration witie D r . l van Ahel 6s
(Sir William Dunn School of Pathology, Oxford). brder to establish the laser midrocadiation
assays, experiments were first performed with the single macrodomain, PARP14 MD2
[Figure14]. For this, BrdU sensitised-@ OS cells were transfected with YAHFARP14 MD2 and
subjected to laser mictfiradiation coupled to livecell imaging. It was observedhat
PARP14MD2 wild-type is recruited to these las#gfined DNA lesions within seconds after
induction of DNA damage in contrast to the corresponddPR-binding-deficient mutants,
PARP14 MD21044e and PARP14 MDZs1044e, H11724 D1175FigUre MA]. This step also further
validated the ADPR binding studies previously performed with the purified mutant proteins.
Furthermore, the PARP14 MD2 recruitment was dependent on both the presence and activity of
PARP1[Figure #B, C]. In the absence of PARP1, in PARPtells, and after inhibition of
PARP1 catalytic activity using the PARBomain inhibitor olaparih recruitment of the

macrodomain was not detected in comparisatie corresponding controls.

U-20S

laser path pre-damage 0.5 min 1 min 2.5 min 5 min

+ Laser micro-irradiation

8 U-2 OS + YFP-PARP14 MD2 wt € U-2 OS + YFP-PARP14 MD2 wt

pre-damage 0.5 min 1 min 0.5 min

wild-type

YFP-PARP14 MD2
mutant 1

mutant 2

1 min

pre-damage

PARP1**
DMSO

PARP17
olaparib

10 ym

+ Laser micro-irradiation + Laser micro-irradiation

Figure 4. PARP14 MD?2 is recruited taserinducedDNA damage sites-or legend, see top of next page.

my
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Legend to Figurel4: PARP14 MD2 is recruited tolaser-induced DNA damage sites.

(A) PARP14 MD2 wiltype is recruited to sites of lasémduced DNA damage in contrast to the corresponding
ADPRbindingdeficientmutants, mutant 1 (PARP14 MB3448 and mutant 2 (PARP14 MB344eH1172ap1175y- U2 OS

cells were transfected with YFFRARP14 MD2 wt or mutant, subjected to laser migrradiation and imaged at the

indicated times. (B) PARP14 MD2 recruitment depertleon the presence of PARP1-2MS/PARPT and

U-2 OS/PARP1cells were transfected with YFRARP14 MD2 wt, subjected to laseicro-irradiation (white arrows)

and imaged at the indicated timeéC) PARP14 MD2 recruitment depended on the activity of PARRZLOS cells

transiently expressing YAFRARP14 MD2 wt were pieNB | § SR F2NJ m K2dzNJ 6 AGK 5a{h 2NJ
inhibitor olaparih subjected to laser microradiation (white arrows) and imaged at the indicated timNate: These

experiments were performed by Dr. lan GHbS @ Y2 dzNJ 65 NI L@Fy | KStQa [ 02NI G2NER
Pathology, Oxford).

Subsequently, laser miciradiation assays were performed with the YE&RRP14 MDZ13
proteins summarised in Figur®A The wildtype triple macrodomain protein MBE& showed
strong recruitment tdaserinduced DNA damage sites. Furthermore, the introductiof a
mutatian resulting in macrodomain ADPBInding deficiency only in a single macrodomain in
MD1-3 did not significantly impair theecruitment of MD13. The ADPRbinding deficiency of

MD1 or MD3 was presumably compensated by the other still fun¢tmaarodomains. If only

MD2 was mutated, a very minor decrease in recruitment efficiency was observed. Next, the
introduction of an additional mutation, thus resulting in only one functional macrodomain capable
of ADPR binding in MD23, allowed directly stdying which of the macrodomains contributes
strongest to the MD3B recruitment. It was observed that MD2 had the strongest effect orR3VID1
recruitment followed by MD3 and then MD1. The ability of MD1 to recruit MD1o DNA
damages sites was very poor,nsistent with its low ADPR binding affinity previously
determined by calorimetric studies. It was seen that the simultamdobiion of MD2 and MD3
resultedin significant impairment of MDSB recruitment to ADRibosylated sites. The stronger
recruitmen of MD1-3 by MD2 in comparison to MD3 was also in line with the previougitro
measurements, confirming the higher ADPR binding affinity of MD2 in comparison to MD3.
These findings therefore also do not suggest alternate binding affinities of MD2 anthMIiD8

and in cells as stated by Fomst al. ®. Finally, only inhibition of all three macrodomains
completely prevemid MD1-3 recruitment to thelaserinduced DNA damage siteswhich

confirmed the consistency of the dataset and validated the;ldd23nutation. Despite their poor
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nuclear localisation, PARP14 macroPARP andleiigth PARP14 were also tested in thisiget
[Figurel5B]. Weakre-locdisation of PARP14macroPARP tdaserinducedDNA damage sites

was observed, however, neloealisation was detected for fuléngth PARP14 as expected.

A U-2 OS + YFP-PARP14 MD1-3 U-2 OS + YFP-PARP14 MD1-3
pre-damage 1 min 2.5 min pre-damage
= % >
s o)
o
= =
= ?
2 5
* =
(39}
a &
o
[sp}
+
52) N
(] +
] . . ’
F
+ Laser micro-irradiation + Laser micro-irradiation
B
U-2 OS + YFP-PARP14 macroPARP U-2 OS + YFP-PARP14-FL
pre-damage 1 min pre-damage 1 min

+ Laser micro-irradiation + Laser micro-irradiation

Figure 5. PARP14 recruitment studies taserinduced DNA damage sites(A) U-2 OS cells wergansfected with
YFPPARP14 Macre2 wt or mutants, subjected to laser michoadiation (white arrows) and imaged at the indicated
times. Macrodomains harbour§ a mutation resulting in ADHFiding deficiency are indicated with *. All
macrodomains conthbiute to the recruitment of PARP14 to the DNA damage sites M2 having the strongest
recruitment efficiency. Recruitment of PARP14 was only completely prevented upon mutation of all three
macrodomains.(B) U-2 OS cells were transfected with YIERRP14 acroPARP (left) or YHHARPI14L (right),
subjected to laser micraradiation (white arrows) and imaged at the indicated times. The macroPARP protein showed
very weak recruitment and no recruitment was observed oflaiigth PARP14. Green cytoplasmic iesdprobably
indicated protein aggregation resulting in poor nuclear localisation and dysfundtiote: The experiments were

performed by Dr. lan GibsS & Y2 dzNJ 6 5N L@ly | KStQa [F02NIG2NBX { AN 2Aff
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Theselaser micrairradiation experiments gave rise to the following conclusions: PARP14 MD2
and therefore also PARP14 ME3lare recruited ttase-inducedDNA lesions in a PARPARPL
dependent manner, thus recognising PARylated target sites. Yeteshi$ is in contrast to
Forstet al. °® who defined PARP14 macrodomains as readers of MARYylation and stated that the
PARP14 macrodomains, in particular MD2 and MD3, recognise MARylated targets such as
PARP10 but not PARated PARP1.1t cannot be excluded that MARylation events are involved

in PARP14 macrodomain recruitment uplaserinduced DNA damage, however, these data
showed that MD2 recruitment to DNA damage sites wasineén byMARylation. No PARP14

MD2 recruitment was observed in-R OS/PARP1 cells which

still have functional PARP family members capable of S

MARylation of respective target sites and PARP1 is well mw
(kDa)

known for its PARylation, not MARYylation,activity in fgg

100
particular in the context of DNA damage. Bkeresults were e
ss ‘H

o
additionally confirmed by pulldown experiments [Figuré],1 wB PARP1
a-PAR [

where PARP14 MD2 was shown to pdbwn PARylated Figure 16 PARP14 MD2 interac

) ) o ] with PARylated PARPMWhole ce
PARP]., Whose |dent|ty and mOdIflcatIOI’l was Confll’med bj|ysates from Hzoz_’[reated Jurka

) cells  were incubated with
mass spectrometry and afRAR Western blotting, macrodomain baits immobilised

_ _ _ Dynabeads®. Proteinsolated b
respectively. Since PARR1 macrodomains were however pyil-down were eluted with 1 mh

ADPR and visualised by si
shown to be unable to recognise PARylated PARP1 directly staining (SS) y R-PAR Westerr

) ) ) - blotting (WB). Control nc
in vitro pulldown assays performed with purified andmacrodomain bait immobilise

TARGL1 hydrolases PAR from PA
automodified PARPZ®, it could be possible that the PARP14

PARP1

macrodomain recognition of PARylated PARP1 in cells is only indirectly. It could be
hypothesised that a complex is formedaiwng the macrodomain, PARP1 and a MARylated
target protein that is bound to PARP1. MARylation by another PARP member of the intermediate
target protein may have dependency on its prior PARylation by PARP1.

Consistent with thén vitro studies, MD2 contbutes strongest to the PARP14 recruitment to
ADP-ribosylated sites, followed by MD3. The recruitment efficiency of MD1 is rather negligible.

PARP14 macrodomain inhibitor development should therefore address MD2, however since MD2
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inhibition can be almostompletely compensated by MD3, an additional inhibitor targeting MD3

(or a dual MD2/MD3 inhibitor) is required to significantly impair PARP14 recruitment and thus

function on its target sites.
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2. Targeting PARP14macrodomains

As discussedn chapter 1, efficient PARP14 targeting via its macrodomains to prevent its
recruitment to ADRibosylated target sites may require intobidevelopment for both MD2
andMD3. The first part of this chapter therefore has its focus on the progress on inhibitor

development for MD2 while the second part shows the first attempts for MD3 targeting.

2.1. Inhibitor development for PARPIMD?2

To understand PARP14 MD2 targeting in more detail, #& macrodomain inhibitor Ge89

was firstly characterised concerning its biophysical properties, selectivity owerarh
macrodomain family members, aitd target engagement in cells. Secondly, &&fanalogues,
which were designed and synthesised in boltation with chemistry groups, were characterised
to develop a detailed structuaetivity-relationship (SAR) analysis of Ge®9 in order to improve

its potency towards PARP14 MD2. Lastly, a medisizedin vitro screen was performed against
PARP14 MD2 incollaboration with Novartis (NIBR, Basel) with the hope of identifying small
molecule inhibitors with new chemical scaffolds amenable for binding the ADPR site of this

macrodomain.

2.1.1. GeA-6971 a new class of macrodomain inhibitors targeting PARP14 MD2

GeA-69 was discovered in my rotation project prior to this work by screening 3000 compounds of
an inhouse kinase inhibitor library against PARP14 MD2 along with three other macrodomains,
MacroD1, MacroD2 and TARGL1. The screen was performed using an AlgeSamplified
luminescence proximity homogenous assa&ghnologybased assay that was developed in this

project specifically for macrodomain screening. The assay principle is described in Figure 1



Results and DiscussianChapter 2 39

emission at 520-620 nm

NiZ*-NTA

Ni**-NTA

laser excitation Ni2*-NTA

at 680 nm

. j2+.
macrodomain Ni#*-NTA

a G

2ob

(LNl

24
NIZ=NTA *pi2s_nTa

Hisg- tag

>

IS

:gﬁnﬁnﬁu‘énﬁnq@u@usnﬁnq@w

3:&.&2:&‘.“’335;3’2

Gty &, c=0 iy y

- &y W, A

Eam s o i

[ iy );0
biotinylated peptide with g ”
ADPR mimicking part . gﬂ

g = %—og—o [

&
R

Figure17. Principle of the AlphaScreebaseddisplacement binding assay developed for macrodomain screening.
The macrodomain AlphaScreen peptide (displayed in the right bottom corner) binds via its biotinylated lysine to
streptavidin coated donor beads whereas the macrodomain protein binds ¥ecNélated acceptor beads with its
hexabhistidine tag. Binding of the macrodomain to the ADPR imitating part of the peptide enables an energy transfer
from the donor to the acceptor beads that results in a measurable AlphaScreen signal. More specificatlyyedals
convert ambient oxygen to singlet oxygen upon illumination at 680 nm which can diffuse up to 200 nm in solution and
results in light emission at 52820nM from the thereby excited acceptor beads. Macrodomain inhibitors are able to
displace the pptide from the macrodomain binding site resulting in a reduced emis$lamte: The macrodomain
AlphaScreen peptide, a biotinylated and Afib®sylated 11 residupeptidederived fromhistone H3was designed by
Dr.Jonathan Elkins and has the followingjgence: ARTK(Bio)QTARK{R#DP)S.

The rationale behind a kinase inhibitor screen was that macrodomains as binding domains of
ADPR, which is structurally closely related to ATP, may show activity towards-@omipetitive

kinase inhibitors or fragments. &&9 is a carbazolbased compound with an
acetylaminophenyl substituent attached to ring A and only showed inhibitory activity towards
PARP14 MD2 out of the four macrodomains screened. ITC experiments verified its binding to
PARP14 MD2 with &p of (862 £ 40)nM in a 1:1 binding stoichiometry. In contrast, a closely
related compound MnkB8 (developed during the following SAR studies) did not bind and was

used as a negative control in subsequent asBays¢ B, S§.

Legend to Figurel8: GeA-69 as anew class of macrodomain inhibitors.

(A) Molecular structure of Ge&9 discovered in a kinase inhibitor library screen and its inactive analogue-6K2
developed during the following SAR studi¢B) ITC confirmed binding of Ge&® to PARP14 MD2 with I, of

(862 +40)nM in a 1:1 binding stoichiometry. Raw injection heats are shown for a blank titration of PARP14 MD2 into
buffer (top), and titrations of PARP14 MD2 into solutions of the inactive analogue -BBiKiddle) and the active
compound Ge&9 (bottom). The ingeshowsnormalisedbinding enthalpies corrected for the heat of dilution as a
function of binding site saturatiorthe ITC parameters for G&A binding to PARP14 MD2 are provided in Figure S8.
(C)Schematic representation of the PARP14 domain architectBesidue numbers refer to the human PARP14
ortholog. The macrodomain targeted by GéA is highlighted with a red star.
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Figurel8. GeA69 as a new class of macrodomain inhibitoFor legend, see bottom of previous page.

To establish the binding mode of G&A, the cecrystal structure of PARP14 MD2 with Ge39

was determined by members of the group. Initial attempts-atystallisation of GeA69 with
wild-type PARP14 MD2 gave crystals that diffracteda¥s only to modst resolution. Therefore,

five different surfacesntropy reduction (SER) mutants of PARP14 MD2 were prepared. In these
SER constructs, up to five lysine residues on the protein surface were truncated to serine residues,
to improve the likelihood of formintighter crystal contact$®. Each of these mutant proteins was
used in crystallisation trials with either G&® orcloselyrelated analogues. Finally, a construct

of the PARP14 MDRiouss, k11545, k1158s, k11e2@Utant gave a crystal diffracting to 1.6 A resolution

in complex with compound Mnk23 which was well resolved in the electron density map
[Figure 19A, S5A]. MnK2-13 is the methasailfonamide analogue of the acetamide G&gRand
binds to PARP14 MD2 with Kp of (2.1£ 0.1)¢e M [ F i5B]uSurerisirgly MnK213 did not
occupy the ADFRibose binding site but was deeply buried within the macrodomain with no
contact with the solvent phase [Figur@A]. Ligand binding was stabilised by hydrophobic and
hydrogen bonding interactions to the piotg-igure 19B]. The planar carbazole itself was bound

in a hydrophobic pocket with several hydrophobic interactions including tekehTa p € d
interaction withring C and Ph&l129 and with an additional hydrogen bond of the NH of the

carbazole to the prale carbonyl of R1130. The benzene ring of MNKIB was surrounded by
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hydrophobic residues includinghel182, leul1171 and PHd69. Thesulfonamide moiety of
MnK2-13 formed several hydrogen bonds to the macrodomain including to the amie&18PI
andthe primary carboxamide of the A%f78 side chain. Furthermore, the NH of sufonamide
group was involved in a complex with a watablecule together with the Asn1178 carbonyl
group and Ly$141. Superimposition of the ADPBbund macrodomairtrsicture (PDBID 3Q71)

and the MnK213-bound structure furthermore showed tRdtel144 was pushed aside by the
carbazole of the inhibitor. Ring A of the carbazole may therefore be crucial for enabling the
binding of the inhibitor to the protein. Using this MnK2 cocrystal structure, Ge&9 was then
docked into PARP14 MD2 to rationalise its slightly higher binding affinity compared to MnK2
13. The docking model may suggest tthagt orientation of the carbonyl in the acetamide group in
GeA-69 may be ideal (considering b length and angle) to allow a stronger hydrogen bond
interaction to AR1178 in comparison to the soffamide oxygen of MnK23 [Figure S§. The
inactivity of the negative control, MnK@&8, is even more difficult to rationalise based on this
model. Potentially the increase in polarity and differences in electron digoibirt the pyridine
ring systemforms less favourable hydrophobic interactions with PARP14 MbDrestingly,
MnK2-13 bound adjacent to but not in the ADPR binding site as woulel Ib@en expected based
on its carbazole scaffold that was used for the development of ATP mimetic inhibitoFee
structure superimposition revealed that upon inhibitor binding a loop froall80 to Po1140
was pushed into the ADPR binding sitethe inhibitor complex displacing the bound ADPR
[Figure 19C]. A portion of this loop consisting of residuesy@33Gly1135 showed weaker
electron density and may thus be present in multiple conformations. ITC competition experiments
confirmed GeA69 & an inhibitor of PARP14 MD2 able to compete with its ADPR binding. In
t he ©pr esenc e69dhdingd ADPR to @e rAacrodomain was not detected while in

absence of the inhibitor ADPR bound witlKgof (7.8£ 05 ¢ M [ F19@, $17e
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Figurel9. Crystal structure of PARP14 MD2 in complex with MiK®reveals an allosteric binding modéA) Surface
representation of PARP14 MD2 in complex with the macrodomain active-6@eanalogue Mnk23. The
macrodomain inhibitor (atontoloured sticks)is deeply bound within the macrodomain. The solvent accessible
surface ofthe residuesAlal131Pro1140(white loop) was removed to visualise the inhibit@) The binding site of
MnK213 in PARP14 MD2. Residues involved in direct contacts with thetamtabeé shown in atorrcoloured sticks.
Hydrogen bonds between ligand and protein or structural waters are indicated by dote=d Superimposition of the
ADPRbound macrodomain structure (PDB 3Q71) ® and inhibitorbound marodomain structure showshat
Phel144 (magenta) is pushed aside by the carbazole ring system of-MBKk&row). The part of the loop (#1130
Pro1140) that is reamnged by comparison to the ADBBund structure is shown igreen (C)GeA69 is an allosteric
inhibitor of ADPR biting to PARP14 MDZLeft) Superimposition of the ADRfund macrodomain structure
(PDBD3Q71, greenf6 with the inhibitor-bound macrodomain structure (blue) revealed Gg&A\(and MnK213) as
allosteric inhibitor. Binding of MnKRB3 (macrodomain activeralogue of Gef&9) to the macrodomain results in
movement of the loop B1130Pro1140 (highlighted in magenta) into the ADPR binding site displacing the bound
ADPR(RIight)ITC experiments confirmed G&A3 as inhibitor of PARP14 MD2 competing with its ADIR&ing. Raw
injection heats are shown resulting from titration of a 1 mM ADPR solution into the cell containing either buffer (top)
ord0>a t! wtmn a5uH 2yfeé& 6062002Y0 2N nn -694dmiddle)wdniyin abseBce Ay  LINI
of the inhibitor, the expected, for ADPR of7.8+ 0.5)>a ¢ & 2/AdditbMabiding and fitting parameters

are provided in Figur817.Note: PARP14 MD2 emrystallisation with MnKA3 was performed by Kiristin uth?,
structure determination by Dr. Jonathan Elkins (SGC).

GeA-69 selectivity over the other human macrodomain family memberstheasassessed. For
the majority of the human macrodomains, purification systems were already established prior to
this work and the proteins resulting from these purifications were directly used for selectivity

studies. Only four macrodomain proteins, ALC1, FRARPARP9 MD1 and PARP15 MD1, were
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not available and therefore prepared, of which PARP15 MD1 was most demanding in terms of its
purification as discussed @hapterll.2.1.2. To perform the selectivity studies, the macrodomain
AlphaScreen assay was consitkbras method of choice due to its simplicity, throughput, low
protein consumption and the possibility to screen at higher compound concentrations. Therefore,
all macrodomains were tested (if not done so before) for their suitability in the macrodomain
AlphaScreen assay. Ideal assay concentrations were determined-iesjusgse experiments for

all of the macrodomains [Figu&¥]. Including PARP14 MD2, nine of the 16 human
macrodomains gave a consistent and sntleobld e ass:
thus be assayed by AlphaScreen using the macrodomain AlphaScreen peptide. Due to the design
of the macrodomain AlphaScreen assay, macrodomains lacking ADPR binding capability such as
MacroD3, macroH2A1.2 and macroH2A2 could not be characteridag this assay. Also the

ADPR binding proteins PARP15 MD2, PARG and ALC1 could not be successfully established
using this assay format. No assay signal was obtained for PARP15 'fiDéhd ALC1
[FigureS7], for which binding to the ADPR imitating part of the peptide may have been
significantly decreased due to the method of conjugation to the pegsidéingin a ringopened
terminal ribose unit, or alternatively duettee presence of the attached peptide sequence. ALC1
showed slight instability during the purification process; therefore it cannot be excluded that the
protein was partially unfolded preventing efficient peptide binding. In the case of PARG, an
AlphaScreensignal could be obtained even tihe absence of the macrodomain AlphaScreen
peptide, potentially indicating nespecific binding of PARG to the streptavidin coated donor
beads [Figure 8. ITC or biolayer interferometry (BLI) were therefore consideredltsnative
screening strategies for macrodomains that could not be characterised using the AlphaScreen
assay. Finally, eleven of the fifteen human macrodomain proteins were successfully tested for

GeA-69 selectivity either by the macrodomain AlphaScias

ay at a compound concentration of
200 pM, by BLI at a compound concentration of 8@ or by ITC at a compound concentration
of 30 uM [Figure20A, S8]. Binding was only detected to PARP14 MD2 proving the very high
target selectivity of Ge&9 over the maodomain family. Although the macrodomain fold is

highly conserved, at the amino acid level sequence divergence is high, and structural and
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sequence comparison revealed a number of differences around the binding site that provide a
rationale for the selewity of GeA-69 [Figure20B, C]. It should be mentioned that for three of

the remaining macrodomains, PARG, ALC1 and macroH2A2, the selectivity could not be
determined since the proteins were not available with tag seifablBLI testing or were too
unstable over thaluration of the ITC experimenEelectivity of GeA69 over PARP15 MD1, the
macrodomain with highest structural similarity to PARP14 MD2, was also tested and the results
are discussed iBhapterll.2.1.2.

Since GeA69 was part of a kinase inhibitor library, originally synthesised in a programme aimed
at the optimisation of the activities of the alkaloid annomontii&> the internal database was
searched for experimental thermal shift assay data of kinases that were screenedhigjainst
compound. 46 kinases representing different branches of the phylogenetic kinase tree were
screened [Figur89], none of them showing any significant stability shifts and thus no binding

affinity for this inhibitor.

Legend to Figure20: GeA-69 isa selective macrodomain inhibitor.

(A) GeA69 shows target selectivity over human macrodomain family members. Selectivity was assessed for 12 out of
16 human macrodomains (shown by circles) by the macrodomain AlphaScreen assay at a compound cona&ntration
HAan >a o66G2L) NAIKGO 2N) o& oA2fF&8SNI AYGSNFSNRYSGONE o6.[LO |k
was only detected with PARP14 MD2 (red circle). The numbers in the circles correspond to macrodomains shown on
SDSPAGE (bottom left). P14 MD1, 2 and 3 proteins were prepared with different tags. Details are provided in
Figure 0. (B) Multiple sequence alignment of human macrodomains confirming no other human macrodomain has
conserved all the residues that bind MnK2 and therefore als GeA69. Residues of PARP14 MD2 involved in
MnK213 interaction are highlighted in green, numbers on top of the alignment refer to the human PARP14 sequence.
Box colour legend: (blue) identical amino acid, (light blue) similar amino acid, (brown) andriikely to sterically
interfere with inhibitor binding, (light brown) amino acid not favouring the inhibitor binding like the corresponding
PARP14 MD2 residue based on its physicochemical propéeFtiesfull alignment is shown in Figure SID)GeA69
selectivity over representative human macrodomain family members based on structuraldeat®ns. The
MnK213-bound PARP14 MD2 structure (shown in blue) was superimposed to thesponding macrodomain
MacroD1(PDBID 2X47)*®, macroH2AZPDBID 2XD7)or TARG{PDBID 4J5R)" structure. Residues probably causing

a sterical clash and thus preventing G&hor MnK213 binding, respectively, to the macrodomain are highlighted in
magenta.
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Figure20. GeA69 is a selective macrodomain inhibitoForlegend, see bottom of previous page.

Furthermore, Ge&9 was characterised in regard to its biophysical properties. BLI experiments
showed that Ge&9 exhibited, despite its enclosed binding position, fast on/fast off kinetics when
binding to PARP14 MD2with a mean dissociation rate constant of 207 s* resulting in a
half-life of binding ¢.,, residence time) of 4&conds [Figur@1A]. Dynamic light scattering
(DLS) revealed that GeA9 is soluble in cell culture medium up to 250 uM which wasetioee
set as the maximum concentration for following cellular assays [Fjigfe Moreover,

performance of parallel artificial membrane permeability assays (PAMPA) in collaboration with
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Novartis (Basel, Switzerland) showed that G&\was highly cell peneable with a logPof -3.5

over three representative pH values (4.0, 6.8, 8.0) [F@LCE Finally, cytotoxicity assays
showed that Ge&9 has only moderate cytotoxicity with an £©f ~50uM on different cell

lines tested (HeLa, HEK293 and-2JOS) [Fgure 21D]. This observed inhibitor cytotoxicity at

this high concentration was probably not a specific effect of PARP14 MD2 inhjkétsoshown

by the negative control compound Mn8 [Figure S1A]. Thus altogether, Ge&9
demonstrated a biochemical ptefto warrant the evaluation of cddhsed actities. In an attempt

to show GeA69 target engagement to PARP14 in cells, cellular thermal shift assays (CETSA)
were performed using 2 OS cells which showegood levels of PARP14 expressidfi®®*®’
CETSA is based on the same principleirawitro thermal shift assays, i.e. the ligaimdiuced
thermodynamic stabilisation of the target protein, however, allows monitoring target engagement
inside cells without the need to uedelled molecules (tracers) or engineered protein to follow

the binding proess'®.

To performthe assay, intact live42 OS cells were treated with 2EM
GeA-69. After treatment, cells were transiently heated to thermally denature and precipitate the
proteins and lysed which was followed by anelysf the soluble protein fraction Bi/estern
blotting to the generate melting curves of endogenous PARP14 [FiglEe S11B] %'
Repeatedly, no thermal sthgation of PARP14 by Ge&9 was detected under these conditions.
However, this result is perhaps not surprising siRéd&kP14 is a large protein (28®a) and

stabilisation of only one small domain may have limited effect overall. This is one of the known

limitations of the CETSA assdy’.
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Figure21. Characterisation of Ge&9 concerning biophysical and cellular propertié¢s\) Binding kinetics of GeB9
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solubility.(C)GeA69 is highly cell permeable. Cell permeability was asskby PAMPA (parallel artificial permeability
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Therefore, laser microradiation assays that were previously established for PARH12 were
performed to assess G&A target engagement in cells. In these assay it was evaluated-895eA
could interfere with PARP14 MD2 recruitment to lasetuced DNA damage sites. Indeed, it was
observed that preeatment of L2 OS cells with GeA9 for 2 hours affected PARP14 MD2
re-localisation in this setip [Figure 22A]. The macrodomain recruitment was significantly
decreased in cells pteeated with 5uM GeA-69 and completely prevented in cells exposed to
250uM GeA-69. As expected, the negativeontrol MnK268 did not interfere with
PARP14MD2 recruitment and further, Ge®9 did not affect the recruitment of an alternative
macrodomaircontainingprotein, YFRALC1. Although a high inhibitor concentration had to be
applied to completely prevent RR14 MD2 recruitment to DNA damage sites, these experiments
proved that GeA9 engages PARP14 MD2 in intact cells. It is difficult to rationalise why this
high GeA69 assay concentration is required to completely inhibit PARP14 MD2 recruitment
consideringthe high cell permeability of Ge89. It may be due to its rather hydrophobic
carbazole scaffold which may be able to interact or intercalate with hydrophobic cellular
components, significantly reducing the effective concentration on PARP14 MD2. It could
furthermore be considered that at the sites of DNA damage, the local concentration of
ADPR/ADP-ribosylated proteins is very high against which the inhibitor needs to compete,
requiring these high GeB9 concentrations.

Moreover, it was tested whether G€8 affected the recruitment of the triple macrodomain
construct PARP14 MD3B [Figure 2B]. Consistent with previous results obtained WMDPR-
binding-deficient macrodomains [@apter1l.1.2], GeA-69 was not able to prevent MEBL
recruitment to the lasénduced DNA damage sites. No difference in MBecruitment was
observed between cells gireated with DMSO, the negative control Mn&8 or GeA69. Since
GeA-69 was shown to engage PARP14 MD?2 in cells, it can therefore be excluded th&0 GeA
has an effédcon MD1 or MD3 since these macrodomains must be responsible for the continued
recruitment of MD13 in the presence of Ge@9. Consequently, it can also be concluded that
GeA-69 is not able to prevent recruitment of fidhgth PARP14 to its respectivedat sitesin

further agreement with the previous Mi3Imutagenesis studies was that in presence of 250 uM
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GeA-69 the recruitment of MD3B could be significantly impaired by additionally blocking MD3

ADPR recognition by a mutation introduced in its binding site [Fi@2(&]. This confirmed again

the requirement of at least an additional MD3 inhibitoa diffeent, orthosteric, inhibitor able to

bind both MD2 and MD3o affect PARP14 recruitment to its AB®osylated target sites and

thus to affect PARP14 function

U-2 0S

pre-damage 0.5 min 1.0 min 2.5min

YFP-PARP14 MD2 wt
GeA-69
(50 uM) DMSO

GeA-69
(250 M)

MnK2-68
(250 pM)

YFP-ALC1
GeA-69
(250 pM)

+ Laser micro-irradiation

Figure22. GeA69 engages PARP14 MD2 and prever
its localisation to the sites of DNA daage. (A) GeA69

prevents recruitment of PARP14 MD2 to sitdslaser

induced DNA damage. -DJOS cells transiently
expressing YFPARP14 MD2 or felkngth YFRALC1
were pretreated with DMSO, GeB9 or the negative
control inhibitor MnK268, subjected to laser micro
irradiation and imaged at the indicated times
(B)GeA69 is not able to preventecruitment of PARP14
MD1-3 to sites of lasemduced DNA damage. The to
two series were acquired with similar exposure b
under nonsaturating condibns at peak intensity,
i.,e.t=2.5 min (C) Inhibition of PARP14 MD2 witt
GeA69 and additional inhiltion of MD3 by mutation
significantly reduces PARP14 MBtecruitment to sites
of laserinduced DNA damageNote: The experiments
were performed by Dr. lan GibBgymour (Dr. Ivan
I KSftQa [F0o2NFi2NEX { AN 2
Oxford.
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2.1.2. GeA-69selectivity over PARP15 MD1

PARP15 MD1 arose from gene duplication of PARP14 MD2

and is therefore the structurally closest macrodomain t
PARP14 MD2. It was therefore of high interest to test whethe._
GeA-69 is also selective over the first macrodomain o

PARP15. Since no crystal structure for PARBPMDL1 is

G1133
available, a homology model for PARP15 MD1 was build an

N1178
PARP15 MD1: GeA-69
Gly178 MnK2-13

comparison of PARP15 MD1 and PARP14 MD2 revealed thaFigure23. PARP14 MD2 in compl
with  MnK2-13 (magenta) an

the residues around the binding site of @A are mostly GeA69 (cyan) which was dock
into the binding site.

used for the structural analysis. Sequence as well as structu

identical inboth proteins with exception of Vdl®2, Leul171

and Asri178 which are replaced in PARP15 MD1 by Ala90, Vall71 and Glyl178, respectively
[Figure 23]. It can be assumed that Vall71 similarly interacts with MiiRZeA-69 like
Leull7l in PARP14 MD2 and the replacemaintal1092 with Ala90 in PARP1MD1 reduces

the binding affinity but certainly not prevents binding. However, Asn1178 may be important for
binding and coordination of theulfon-/acetamide moiety of Mnk23/GeA-69 together with a
structural water, potentially resulting in G&® selectivity over PARP15 MD1 [Figu@&S8]. The

aim was to obtain biophysical data confirming this hypothesis.

For performingthis selectivity study, sufficient quantities of PARP1®M protein had to be
prepared in a first step. Since no expression construct was available that yieldad solu
PARP15MD1 protein, fifteen PARP15 MD1 truncations were designed and cloned into a vector
for bacterial expression with hexahistidine tag [Feg24A]. All constructs were transformed into

E. coli and derivative clones were tested in a small expression scale for their ability to produce
soluble PARP15 MD1 protein. PARP15 MD1 expression could be achieved with all constructs,

however, none of themiglded a sufficient amount of soluble protein although high salt



Results and DiscussianChapter 2 51

concentrations and glycerol for protein stabilisation and prevention of aggregate foriation
were used during the pudétion [Figure 2B]. PARP15Ac017 with which some soluble protein

was obtained was additionally expressed at a larger Beglere 21C]. Consistent with the test
expression results, only a small amount of soluble PARP15 MD1 protein was isolated together
with other impurities after the first NMAC step. Further purification by gel filtration (GF) only
slightly improvel the purity of the sample and additional purification steps could not be
performed due to the low protein yield. GF fractions containiARPl5 MD1 protein were
therefore pooled and it was tested if an AlphaScreen signal with the PARP15 MD1 present in the
samples could be generated. In dossponse experiments, no AlphaScreen signal could be
obtained even at the highest peptide/protein eotmations, indicating that either PARP15 MD1

was not able to recognise the macrodomain AlphaScreen peptide or more likely that an
insufficient amount of correctly folded and thus fully functional PARP15 MD1 was present in the
assay [Figur@4C]. Three otler PARP15 MD1 constructs were tested similarly in large scale with
the same outcome [Figurel@]. During all protein purificationsit could be observed that
PARP15 MD1 was highly expressed, however, was found after cell lysis in the pellet as insoluble
fraction and not in the soluble fraction. It was concluded that the protein was probably expressed
in insoluble inclusion bodies. Inclusion bodies can occur upon high protein expression levels in
E. coli and their formation is attributed to a high local concentration of naive polypeptide chains,
inefficient folding and the unavailability of chaperones assisting the protein folding process. The
resulting partially folded or misfolded protein intermediatiesn accumulate via hydrophobic
contacts to insoluble, mainly ndanctional cytoplasmic protein aggregafés’”® Strategies to
solubilise proteins produced . coli include the recoveryfahese aggregated forms through
isolation of the inclusion bodies followed by vitro protein refolding or variation of the
expression conditions to decrease the formation of inclusion bodies and consequently improve the
yield of soluble proteinln vitro protein refolding is however often time consuming, challenging

in optimisation and associated with low yields of active protéirand very few attempts of
PARP15MD1 expression with modified conditions were not successful [Figa&d]S Instead,

PARP15 MD1 was expressed in an eukaryotic expression host by sgttiagbaculovirus
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expression system in insect cells which, based on past experience, has a higher success rate than
optimisation of the different methods of protein solubiligatiddditionally, PARP15 MD1 was
expressed as fusion protein with glutathi@eansferase (GST) tag to increase its solubtfity

Cloning and expression of respective PARP15 MD1 constructs were performed by the SGC
Biotechnologygroup. From test expressions, two constructs were considered to be suitable for
largescaleexpression of PARP15 MD1 (PARP15824 and PARP154&039). Both encode the

same PARP15 MD1 region; however, PARPA&¥® contains an additional biotitag for a

potential application in biophysical assays such as BLI.
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Figure24. PARP19VID1 preparation attempts by bacterial expression for selectivity studi€er legend, see top of
next page.
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Legend to Figure24: PARP15MD1 preparation attempts by bacterial expression for selectivity
studies.

(A) Fifteen PARP1BID1 constructs were cloned into pNE3a4 vectors for bacterial expression. PCR amplified
PARP15 MDL1 inserts of the corresponding expression constructs from g &0 screen are showB) Small scale

test expression of fifteen Hjgagged PARP15 MD1 constructs. Although PARP15 MD1 expression (red star) was
obtained from all constructs as seen in the total cell lysate fraction (T), all constructsedy@ity in a very small
amount of soluble PARP15 MD1 protein concluded from the eluate fraction (E). A PARP14 MD2 construct was used as
control (C) for the test expressiofC) PARP1BID1 large scale expression attempt from construct PARRDIA.

Similar tothe test expression result, only a very small amount of soluble PARP15 MD1 was obtained after cell lysis and
Ni-IMAC purification. The eluate fraction wasther purified on a S75 16/6GF column and GF fractions analysed by
SDSPAGE. Fractions markedthvia red line were pooled and tested in an AlphaScreen desponse experiment

shown below the SDBAGE gel. No AlphaScreen signal could be generated with the protein sample, indicating that
the protein was either not fully functional or was unable to dithe macrodomain AlphaScreen peptide or both.

Following expression and cell lysis, PARP15 MD1 was successfully isolated from both
expression constructs with good purity by GSH affinity purificafieigure 5A], yet the yield

was not highand indeed was not as high as the previous test expression results. Although similar
amounts of protein were obtained from both constructs, only PARP15 MD1 from construct
PARP15Ac024 could be further purified by gel filtration [Figu2BB]. The gel filtation profile
showed that PARP15 MD1 eluted before the @&J with the expected elution volume in a
symmetric peak in contrast to PARP15 MD1 frtme construcPARP15Ac039 for which at the
corresponding elution volume only a shouHlike profile of low intensity was obtained. Intact
mass and tryptic digest analysis by mass spectrometry of the samples confirmed the identity of
PARP15 MD1 [Figure $3], the ceexpressed GSTag, which is commonly observed fstable,
strongly expressed protein tags, as vesllthe presence of the heat shock protein Hsp70. Since
Hsp70 is known for binding to partially folded or misfolded proteins to prevent aggregation and
promote refolding’®, it is likely that not all PARP15 MD1 protein was completely folded. Gel
filtration fractions were pooled from the PARP 16824 purification to the sample cG34 (that

very likely contained only partially or misfolded PARP15 MD1 protein due its earlyflahd
elution profile) and sample cOZR (that was assumed to contain at least to a certain fraction
native PARP15 MD1 protein). The cO&2 corresponding fractions from PARP16839 were

also pooled to the sample cGS9.
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Figure25. PARP15 MD1 prepation by expression from insect cells for selectivity studiés) GSfagged PARP15

MD1 was expressed in insect cells from the constructs PAREIZAandPARRS5AC039 in large scale. Soluble
PARP15 MD1 protein (red star) could be obtained after cedl i affinity purification using glutathione sepharose.

(B) Pooled eluate fractions from each construct (E1 and E2 from the affinity purification step shown in (A)) were
further purified by gel filtation using a S75 10/30BL column. Shown are the obtaihgel filtration chromatograms

(top) and the corresponding SIPR\GE analysis of the GF fractions (bottom) for each construct. Fractions were pooled

as indicated into the samples cO34., c02452 and c03%1 for further characterisation. Proteins bandsised from
the gel were analysed by tryptic digest and results are noted netktetgel.
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These samples were then further characterised by differential scanning fluorimetry (DSF) in order
to assess if the GSthgged PARP15 MD1 proteins in therresponding samples were correctly
folded. The thermal profile clearly revealed two unfolding states for the sampleS@Q24e first
transition being at 37 °C for PARP15 MD1 and the second being at 56 °C for th¢aGST
[Figure26A]. The latter is coristent with the literature'’” and was confirmed by using
GSTtagged BRD9 as control. As expected, a two transition profiteild not be observed for
c024S1 and c03%2, confirming that the majority of the PARFPMD1 was notin its native

state. However, the low,, of 37°C of PARP15 MD1 in c02462 and the additionally higher
fluorescence values at the beginning of the profile may nevertheless indicate partial protein
unfolding. To obtain further evidence, an HFRHomogenous Tim&esolved Fluorescence)
assay was sep, similarly to the macrodomain AlphaScreen asfaji-GST-EU** cryptate was

used as energy donor fluorophore that could bind the -@§Tof PARP15 MD1 while
StreptavidinXL665 was chosen as the aptor fluorophore binding to the biotin tag of the
macrodomain AlphaScreen peptide. Provided PARP15 MD1 could recognise the ADPR imitating
part of the peptide, donor and acceptor fluorophore would be brought into close proximity so that,
upon excitation ofEu**-cryptate, light emission from XL665 at 665 roould be measureds

HTRF signal '®. A wide range of peptide concentrations were titrated agaieséra
PARP15MD1 protein concentrations. However, no HTRF signalld be generated in any
condition with PARP15 MD1 that was significantly higher than that obtained with the buffer
control, even at the highest peptide concentration that was compatible with the assay
[Figure26B]. This could either indicate that PARPMD1 is not able to bind the macrodomain
AlphaScreen peptide with sufficient affinity (e.g. such as PARP15 MD2) or confirms that the
protein was partially unfolded und thus not functional. ITC experiments testing for ADPR binding
could not be performed siadhe amount of PARP15 MD1 required was not available. Finally,
testing GeAB9 selectivity over PARP15 MD1 (c0ZR) by BLI through immobilisation via its

GST-tag could not be realised due to the unavailability of the require@&itisensor tips.
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Figure 26. GSTPARP15 MD1 charactieation by DSF and in the HTRBEsay.(A) GSTPARP15 MD1 samples (see
Figure25 for purification) were analysed by DSF. @8R was used as G$dgged control potein. For PARPIED1
(c024S2) the two unfolding states could lobserved (similar to the GEBRD sample), he first transition being at

37°C for PARP15 MD1 and the second being 4€5Br the GSTag. In contrast, the samples cOBl and c03%1 did

not show two trangtions indicating that these PARP15 MD1 proteins were not properly folded. The interconnecting
line of the data points(mean of n=4) is shown(B) GSTPARP15 MD1 (cO0ZR) could not generate a HTRF signal
(fluorescence signal ratio 665 nm/620 noging he macrodomain AlphaScreen peptide, indicating that the protein
was either only partially properly folded or was unable to bind the macrodomain AlphaScreen peptide or both. Data

points are mearx SEM, n = 3.

In summary, GeA69 is a new PARP14 MD2 inhioir that showed good ligand efficiency and is

highly selective over other human macrodomains, probably as a consequence of its allosteric
binding mode. Its selectivity over PARP15 MD1 could not be clarified due to the difficulty of
preparing PARP15 MD1 ptein and to confirm its native state with confidenoevitro profiling

showed that Ge&9 shows a fast binding kinetic, is soluble to high micromolar concentrations
and is highly cell permeable. More importantly, G&®&is celtactive and prevents PARPMD?2
recruitment to laseinduced DNA damage sites. However, the flat aromatic structure of its
carbazole which is often founith DNA-intercalating chemotype¥® is not a very attractive
template. Therefore, an extensive SAR study for ®8Avas performed in collaboration with two

chemistry laboratories to improve its scaffold and potency which is shown in the following.
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2.1.3. SAR of the GeAb9 lead compound

In an attempt to efficiently establish the SAR study, database searches-holuse and
commercially available compounds were performed. However, the hits showed low similarity to
GeA-69 and were not considered as good @G8&Aderivatives. Therefore, a medicirtddemistry
approach was directly started on G&%4 to improve the scaffold template and in particular its
potency. GeA69 analogues were designed and synthesised first by Dr. Kerstin Rieofelssor

F. Bracher Laboratory, LMU, Munich) and then by Moseeulstakim (Professor P. Brennan
Laboratory, SGC medicinal chemistry groupxford). All compounds were characterised for
their binding affinity to PARP14 MD2 by determination of theisd®@alues by AlphaScreen
and/orKp values by BLI andir ITC. An expressn and purification system that was already
established in the rotation project prior to this work allowed the preparation of sufficient
guantities of PARP14 MD2 with good purity that was required for the studies. PARP14 MD2
proteins were either prepar@dth hexahistidine tag for use in the macrodomain AlphaScreen
assay, with biotin tag for performance of BLI experiments or without any tag for compound
characterisation by ITC. A representative example of a PARP14 MD2 purification is shown in

Figure Z.

Legend to Figure27: Representative example of PARP14 MD2 purification for GeA69 analogue
screening and characterisation.

After recombinant overexpression . coliand cell lysis by high pressure homogenisation, PARP14 MD2 protein was
purified by NiIMAC, followed by Higag cleavage by TEV protease digestion overnight and gel filtration (GF) using a
sepharose based S75 16/60 column (M = marker, T = totdiole ell lysate,FT = flowthrough, W1-3 = wash
fractions with increasingmidazole concentrations of 260 mM, E13 = eluate fractions with increasirimidazole
concentrations of 25850mM). Alternatively, for usage of the protein in the AlphaScreen assayptbtein was
directly purified by gel filtration after the NMAC step without Histag cleavage to obtain purified Hitagged
PARP14 MD2. GF fractions were analysed for purity byPBIBE. Fractions with high target/background ratio were
pooled fpere A3 ¢ A10) and passed through a low volume ofshpharose to remove any remaining impurities
including the Hig I 33 SR ¢ 9+ LINRebifding BT =dflewthrouigts fraction W3 = wash fraction with
increasing midazole concentrations of 380 mM, E = eluate fraction with 250 mM imidazole). The fibmough
fraction was finally concentrated to the desired concentration (typice®@ mg/mL) and stored aB0°C. The protein
identity was confirmed by determining the intact mass by mass spectronfetpected mass: 21739 Da)the end of

the purification process and/or beforéhe gel filtration purification for additionally confirming completeness of
His-tag removal.
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Figure Z. Representative example of PARP14 MD2 purification for G&9A analoge screening and
characterisation.For legend, see bottom of previous page.

Various scaffold variations including removals, additions and substitutions of functional groups
were made on the hit compound G684 that allowed a detaile8BAR analysis of binding of
GeA-69 and its analogues to PARP14 MD2. The SAR results are schematically presented in
Figure 28 while the screening results of the individual compounds are summarised in Rable S
Due to the unavailability of a ecrystal struture of PARP14 MD2 with Ge&9 at the beginning

of the SAR studies, a binding mode of G&4 in the rather larger ADPR binding pocket of the
macrodomain was initially assumed. Early SAR development focused to analyse whether and to
what extent the functi@i groups present in Ge®9 interact with PARP14 MD2 as well as to
explore the space around the G@® binding site. For the latter, the carbazole and

phenylacetamide moiety were rearranged and the scaffold was extended by variations of the



Results and DiscussianChapter 2 59

amide attachingliphatic linear or cyclic residues or different (hetgraromatic cycles. The
accessibility and ease of the amide for modification made this a very attractive approach in the
early as well as in the later SAR study to improve the potency of-@@eA-urhermore,
systematic substitutions and variations of the functional groups, i.e. the secondary amine in the
carbazole and acetamide as well as the carbonylgroup of the latter, were made to assess their
hydrogen bond donor or acceptor potential interactiity this macrodomain. The amide was

also replaced with area function as well as a suffamide that provided an additional oxygen for
interaction and changed the geometry of the amide from trigonal planar to tetrahedral. In this
series, the bioisostere dbeA-69 was synthesised, i.e. MnK3, which was successfully
co-crystallised with PARP14 MD2. The «wystal structure then allowed retrospective
rationalisation: Amide modifications are tolerated, yet with increasing size, the activity of the
analogues o the macrodomain is reduced. All of these variations could not provide additional
strong hydrophobic, caten or hydr ogen bond interactions for
result in improved potency. Furthermore, all functional groups substantiailyituge to the
binding of the inhibitor, in particular the hydrogen bond donor function of the carbazole amine as
well as the hydrogen bond acceptor function of the carbonyloxygen are essential for binding. The
co-crystal structure then allowed a mordoaal design of Ge&9 derivatives. Since the inhibitor

was deeply buried within the macrodomain, modification were made that were not demanding in
space, however should allow additional interactions with the macrodomain. In order to improve
the carbazoléo a more drudike scaffold, the ring B of the carbazole was modified, resulting in

an acridone or in a sederivative of which the latter was thought to enable an improved fitting
into the binding site. However, binding of both derivatives could notmeasured at a
concentration of 50 pM. Moreover, indole derivatives, thus replacement of ring C with an
isopropyl moiety (MnK297) or a combined methyl/phenyl substitutide627383, resulted in
significant decrease of the binding affinity. The charactgoisaof MnK2-97 is shown in
Figure29. The hydrophobic nature of the carbazole core is also essential for binding, and
therefore increasing its polarity by introducing heterocycles, such- ag b-carbolines, or

additions of polar substituents around sieaffold was less tolerated and often resulted in inactive
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compounds. The phenyl ring was also in focus of the SAR studies. Due to space limitation in the
binding site, either substitutions were made, resulting in pyridine analogusmall groups, i.e.
methyl nitrile or trifluoromethyl groups, were attached iortho, meta or para position
[Figure28C]. None of the modifications could improve the potency of G8A and more
interestingly, all pyridine analogues showed no measurable binding at 50 ubt &ssumed that

the binding of the compound having the nitrogeritno position to the carbazole (MnK&9) to

the macrodomain might be significantly diminished because the pyridine nitrogen could slightly
interact by hydrogen bonding with the secondanyna in the carbazole moiety. As a result the
compound is not anymore in its active conformation for efficient PARP14 MD2 binding. From
this series, MNK&8 was chosen as negative control for @®Afor biophysical or cellular
assays.

In particular duringthe course of the later SAR studies, numerous -G@Alerivatives with a
variety of amide substitutions were prepared. Almost all amide extensions were tolerated but
could not improve the potency of Gé®, showing binding affinities betweenrlD uM. Only
E62881a, a sulihamide analogue extended with a phenyl group having a nitrihefaposition,
consistently performed better than G868 in the AlphaScreen assajth an 1Gy of 0.66uM

[Figure 30]. Since E62637a, the E6288la analogue missing the ngrdap, inhibited the
macrodomain with only an kgof 3.6 uM, and furthermore the analogues having the nitrile group

in para (E62892a) omwortho (E62895a) position showed onlydlralues of 6.2 uM and 54M,
respectively, the nitrile group was assumedsfiecifically interact with the macrodomain.
Therefore, the E62881a acetamide analogue E62942a and additional phenyl variations were
synthesised in an attempt to enhance this interaction or to mimic this interaction with other
electronrich groups. Unfortuately, neither E62942a nor the other derivatives showed similar or
improved potency than E62881a and G&A respectively. A drawback of this compound series
was the high clogP of the compounds of > 5.7, resulting in poor solubility in aqueous solution.
The 1G, values could be determined by AlphaScreen since the AlphaScreen assay buffer
contained detergent (0.05 % CHAPS) which disrupts aggregates and thereby helps to solubilise

the compounds$®. BLI experiments could also be performed in presence of%.0veen20
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enabling characterisation of the binding kinetics of E62881d estimation of th&y value of
E62881a tq550+ 220)nM which is in agreementith the AlphaScreen I value of 66M.
However, characterisation of E62881a and E62942a by ITC was therefore not possible since the
compound solubility in the ITC assay buffer was too poor to detect binding [RB6Dje In an

attempt to improve the ater solubility of E62884, this compound was prepared as salt
protonating its carbazole nitrogen and using chloride as counterion. The solubility seemed to be
improved, yet E62881a binding to PARP14 MD2 could again not be detected and analysed by
ITC. Although these calorimetric measurements can be carried out in presence of detergent, the
addition of detergent to the assay buffer was omitted since the determinatiorkgf\takie by

ITC was seen as a final characterisation step of the compounds thideoeth$oth, the binding

affinity as well as biophysical properties such as compound solubility. Those compounds such as
E62881a that could not be characterised by ITC using standard assay conditions shall maybe not
be considered as lead compounds forhirtinhibitor development; they can only guide the
compound optimisation process. Thus, despite all of these efforts providing a comprehensive SAR
analysis of GeA69 for its target PARP14 MD2, Ge#9 potency could not be improved. Its
optimisation might behallenging since being buried inside the hydrophobic environment of the
protein, the hydrophobic interactions need to be maintained, resulting in rather poor biophysical
properties of the compounds, and thus a strategy maybe worth considering woufgtdoe tioe

compound to the protein surface to enable more polar interactions.
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Figure28. Sructure-activity-relationship (SAR) study for Ge#9 and analogues for PARP14 MD2 binding developed in collaboration with Dr. Kerstin Riedel (Professor F. Bracher Laboratory,
LMU, Munich) and Moses Moustakim (Professor P. Brennan, SGC, Oxaj@ummary of modificatiomof the carbazole rings A and @) Summary of modifications of the cadwole ring C.
(C)Summary of phenylring variationd®) Overview of acetyBulfonamide variations. HBA: hydrogen bond acceptor, HBD: hydrogen bond.donor
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Figure29. Example of GeA69 analogue characterisation (IfA) Molecular structure of MnK®7 as the first Ge&9
analogue without carbazole scaffol@®) MnK297 binds PARP14 MD2 wittkgof (18.0 + 3.9)uM with similar kinetics
to GeA69 as shown by BLI measurements. M&ais 2.4 x 10M™s* while meanky is 1.0 x 10 s™ resulting in a haif
life of binding {y/», residence time) of 16econds (GeA9:t,, = 42 sec)(C)Binding of MnK2D7 to PARP14 MD2 was
confirmed by ITC (also withkg of (18 + 2.4)uM) by titratingPARP14 MD2 into a 40 uM solution of MFX2 Shown
are the raw injection heats of the titration and the normalised binding enthalpies as a function of binding site
saturation with the calculated binding parameters employing a sistée binding model.(D) ITC competition
experiments showed that MnK@7 is able to compete but not to completely prevent ADPR binding to PARP14 MD2 at
a concentration of 250 pM. Raw injection heats are shown resulting from titration of a 1 mM ADPR solution into the
cell contairing either buffer (top) or 40 uyM PARP14 MD2 in presence @i8@eA69 (middle) or 250 pM Mnk@27
(bottom). The normalised binding enthalpies are shown in the inset including the measurement of PARP14 MD2 only
as a referencel; (ADPR) €7.8 + 0.5uM). The calculate#; for ADPR bindingf PARP14 MDid presence of 250 uM
MnK297 was calculated t¢10 + 3.8)uM. Additional binding and fitting parameters are provided in Figure S17.

Legend to Figure30: Example of GeA69 analogue characterisatior(ll).

(A) Molecular structure of E62881a and E62942a, with E62881a being the firs6%ahalogue with extended
scaffold and same binding affinity as Gé\towards PARPIMD?2. (B) Representative l§gcurves of Ge&9, E62881a
and E62942a obtained from AlphaScreen assays performed with PARP14Q)IE@2881a shows a slower on/off
kinetic than Ge/9 to PARP14 MD2. Meé#gis 6.6x 10 Ms™ while meanky is 5.4 x 18 s resulting in a hatfife of
binding €., residence time) of 185econds (GefA9:t,,, = 42 sec)The calculated<y (E62884) is(550+ 220)nM.
(D)Binding of E62881a and E62942mnot be confirmed by ITC measurements, probably due to the poor compound
solubility in buffer withoutdetergent. Raw injection heats are shown from titratsosf 200 uM PARP14 MD2 into a
solution containing 10 pM E62881a E62942a(Same results were obtained with higher protein and compound
concentrations.)
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Figure30. Example of GeA69 analogue characterisation (llJzor legend, see bottom of previous page.

To support and guide the SAR studies, it was attempted-toystallise GeA69 derivatives with
PARP14 MD2 to obtain structural information about the binding mddeeocompounds. This
present work begun with characterisation of compounds synthesised aftemip@uod series of
acetamide/sutinamide variations including Mnk23 which was successfully awmystallised.
These new compound series aimed to study madiidics on the carbazole scaffold and phenyl
ring of GeA69. Almost all GeA69 variations in these series showed no or very weak inhibitory
activity towards PARP14 MD2 and were therefore not taken intorysiallisation trials. Only
MnK2-97 was a candidatmnsidered for carystallisation. Although showing significantly lower
potency than Ge&9 with aKp of 18 pM, MnK297 was the first compound that had the
carbazole replaced with an indole scaffold and was therefore far mordikdrugnformation
aboutthe orientation of the indole and its attached isopropyl moiety in the protein could have
guided the design of the indole based compound series. Therefore, the PARP14 MD2 SER

mutants including the mutant MRw4ss, k11s4s, k11sss, k11626PARP14Ac013) whech gave the



Results and DiscussianChapter 2 65

crystal structure in complex with MnKB3 were purified and sefp in crystallisation trials
[Figure 31A]. Only the SER mutant resulting from PARP14B812 was excluded from
crystallisation trials since SDBAGE and mass spectrometry analysis revealed two truncations of
unexpected size of the macrodomain which were assignedSaitgler sequencirtg a mutaton

of the stopcodon in the corresponding SER mutant encoding plasmid. The crystallisation attempts
can be summarised as follows: Crystalline structures were obtained for most of the constructs
apart from PARP144014. Their morphology was poor; eithewystal clusters formed with
flower-like structures or very flat, umountable crystals adhered to the surface of the drop
[Figure 31A (a-f)]. Attempts to improve the morphology of the crystalline structures were not
successful and included variation of fhitein concentration, settingp of follow-up screens of
selected crystallisation conditions, seeding of the protein clusters into new screens or testing of
additive screens. None of the very few mounted crystals diffractesyX Since in particular
disordered crystal clusters were obtained, it was considerduisifis caused by the flexible
N-terminus whose first nine amino acids were too disordered in the electron density map of the
PARP14 MD2MnK2-13 cocrystal structure to be resolved. Thereforere¢h Nterminal
truncations of each SER mutant were prepared angpsflr crystallisation trials with MnK-37

[Figure 31B, C]. Hits were mainly obtained with truncation 2 of the construct PARRDIA but

as before the crystals showed no diffraction eb)s.

It seemed that PARP14 MD2 did not readily form well diffracting crystals as seen before and also
observed by othersP(of. Herwig Schiler (Karolinska Institutet, Stockholm)personal
communication). Since no crystal structure of PARP14 MD2 is avaiialitsapoform, it can be
assumed that the use of ligands that stabilise the macrodomain such as ADPR may be required to
promote its crystallisation. Good ligand solubility may thereby also be beneficial. However,
MnK2-97 shows neither high solubiliiy the protein buffer nor strong binding to PARP14 MD2

like GeA69 or MNnK213. At the compound concentrationsAInM) which were necessary to
ensure saturation of the macrodomain, i.e. at least 2 x molar concentration of the protein with
> 10xKp, MnK2-97 showed precipitation that was also often associated with protein pagopit

Apart from MnK297, a cecrystal structure with the acetaraidulbnamide GeA69 analogues
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E62942aand E6288lavould have also been of interest to support the design of aealnih
structural information. Aew crystallisation trials were not successful either, very likely due to
the very poor compound solubility that made even the characterisation of the compounds by ITC
impossible. A possible future strategy would be teemfit the cecrystallisation of close
analogues of E62881a with good solubility in combination with a NMD¥2 double construct.

This construct could be successfully crystallised inaj® form as well as in complex with
ADPR®, indicating that MD2 in conjugation with MD1 might be more crystallisable and does

not requiremacrodomain stabilisation by a ligand to form crystals.
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Figure31. PARP14 MD2 carystallisation attempts with MnK297. For legend, see top of next page.
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Legend to Figure31: PARP14 MD2 cocrystallisation attempts with MnK2-97.

(A) Five SER mutants 8/ARP14 MD2 were purified (PARPEOA1 to c015) (shown by SPBGE on the right) for
crystallisation trials with Mnk27. Note that the double bands of larger size compared to the other constructs
obtained with PARP14€012 (marked with red star) resultsofn a mutation in the stopcodon of the construct.
Representative examples of crystallisation results with the other MD2 SER mutants are shown on the left and were
obtained under the dllowing conditions{a) 0.3 M nmagnesum formate dehydrate, 0.1 M BiBiis (pH 5.5 with c01]

(b) 20 % PEG6000, 1% ethylene glycol, 0.M MES(pH 6.0, 0.2M ammonium chloride with c0%%c)1.6 M &dium

citrate tribasic dihydratgpH 6.5 with c013 (d) 3 M sodium chloride, 0.1 NBis-Tris (pH 5.5 with c015 (e) 0.2 M

sodium chloride, 25 % PEG3350, 0.1 M HEBHES.5 with c015;(f) 2.4 M sodium malonate with c018B) Design of

new truncation constructs based on the PARP14 MD2 SER construct PARP34Ahich could be successfully
crystallised with MnK2.3. Truncations were made on the-términus to obtain three constructs containing mainly the
amino acids resolved in the crystal structure (shown in blue). PCR amplified inserts of the corresponding PARP14 MD2
constructs from a colony PCR screen are shown belmvcbnstruct design(C) The indicated PARP14 MD2 SER
truncation constructs were purified (shown by SPSGE) and sefp in crystallisation trials. Representative hits
obtained are shown below(a) PARP144013 truncation 2 with 60 %/v ¢ I O & A YpH 7.§;%b) PARP144011
truncation 2 with 0.2 M lithium sulfate, 0) sodium acetate(pH 4.5, 50 % w/v PEG400;c) PARP144011
truncation 2 with 20 % PEG3350, 10 % ethylene glycol, OBisNris-propane (pH 8.5, 0.2 M sodium sulfate.

2.1.4. Finding new PARP14 MDfhhibitorsi screening exgéence with Novartis using

apublic 45000 compound library

It was also desired to obtain an orthosteric PARP14 MD2 inhibitor which might perhaps be easier
to develop than Ge&9. Therefore, a mediwthroughput screen was performed against PARP14
MD?2 to identify new chemical starting points that could provide the basis for new macrodomain
inhibitor development. The compound screen itself was carriedrotite Novartis Institute for
Biomedical Research (NB) site in Base(Switzerland)in two rotation projects each lasting one
month where all resources including compound library, materials and equipment were provided.

The workflow of the screen is outlined in Figld2A.

Prior to the screen, PARP14 MD2 was prepared in sufficient quantities of high purity with
hexahistidine tag for its use in the macrodomain AlphaScreen assay as well as with biotin tag and
without tag for the following hit validation by BLI and ITC, respeely [Figure 32B]. Next,

experiments were performed to ensure that the macrodomain Alpha%oetieod could be
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directly translated to the Novartis screening systems. This included a quality control of the
AlphaScreen components, the new PARP14 MD2 bateh the macrodomain AlphaScreen
peptide. The peptide quality and stability after several harsh fthemecycles was verified by
LC-MS and the new PARP14 MD2 batch was tested in AlphaScreerreksense experiments
together with the peptide confirming @bility to produce a good and stable AlphaScreen signal.
Furthermore, the DMSO sensitivity of the AlphaScreen assay was assessed. The stock
concentration of the Novartis screening compounds of 2 mM resulted in a final DMSO assay
concentration of 1.2%. The test confirmed that DMSO concentrations of up to 2.0 % were
tolerated and did not influence the AlphaScragnal by for instance interfering with the beads or

the functionality of the protein. Furthermore, the compositibrthe AlphaScreen buffer was
re-considered concerning its additives. Apart from the addition of the detergent CHAPS (0.05 %)
to avoid compound aggregation that is often associated wittspexific protein inhibition and

BSA as carrier protein to decrease protein loss on surfacde atabilise the macrodomain in the
assay, the screening assay buffer conditions were optimised by including a reducin§*aient
Compounds can also act directly as an oxidising agent and the additiedusing agents
protects the target protein from either oxidisation or compound adduct forrtitiaa it hasalso

been shown previously in the grotf that the presencef @ reducing agent in the assay buffer
reduces the hit rate of false positive compounds in the macrodomain AlphaScreen assay, it was
tested independently from this study whether the reducing agents TCEP and DTT are compatible
with the macrodomain screenimgethod. Titration of the reducing agents combined with IC
experiments for the macrodomain inhibitor G6% confirmed that both reducing agents were
well tolerated by the assay and thereforerdd TCEP was added to the screening assay buffer.
Following these optimisation and quality controls, the NDDI (NIBR Drug Discovery Incubator)
compound library comprising ~45,000 compounds was screened against PARP14 MD2 at a
compound concentration of 25 &g M. The NDDI I
offered by commercial vendors containing structurally diverse compounds withlikiFug
properties (based on Lipingki® r 0fl5@ and without known uscceptable structural features

including reactive groups and known assay interference motives. All coaipaare screened in

k
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a singleshot mode usingGe8 9 as quality control on each ass
the IG, obtained for GeA69 confirmed the quality of ehcplate, some compounds were
re-screened in a singkehot mode if screening (signgbatterns could be detected by manual
inspection of the readout of each plate.

In the first 30,000 compound screen 664 compounds showed more than 50 % PARP14 MD2
inhibition, and 352 compounds were identified with this activity in the 15,000 compound,scree
resulting in a consistent hit rate of 2.2 %. Due to the susceptibility of the AlphaScoreassay
interfering compound®’, these initial hit compounds were then further validated by
countescreeing (as far as the compound stock was available) using a biotinylisgggeptide

that enables to detect false positive hits, i.e. compounds that interfere with the assay itself by
absorbirg the excitation or emission light, quenching the singlet oxygen, mimicking biotin or
being Nickel chelating competitors. Furthermore, desponse assays were performed to obtain
ICso values for these compounds. In summary, 0.08 %, i.e. 38 compoundse &f5,000
compounds showed more than 80 % inhibition of the macrodomain and less than 25 % activity in
the countescreenand were considered as good hits [FigB2€]. From each primary screen,
21and 20 compounds, respectively, of different chemotypere veelected for further hit
characterisation based on their PARP14 MD2 inhibition anthtescreenactivity [Figure 33A,

35A]. As strategy to identify noelective binders, more than one hit of a certain chemotype was
selected in some cases sintevasassumed that real binders would result in a certain SAR in
contrast to compoundsonspecifically interacting with the macrodomain. An example is the
NVP-BNV410-NX-1 to NVP-BNV442-NX-1 series from the 15,000 compound screBased on
throughput and sampleequirements, BLI was considered as a suitable secondary screening
platform of the compounds while ITC was intended only to be used as tertiary assay for final hit

compound validation.
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Figure 2. Performance of a 45,000 compound screen against PARP14 MD2 by AlphaS¢fgaiorkflow of the
performance and the hit validation process of the 45,000 compound screen against PARP1BMIXPAGE of
purified PARP14 MD2 proteins used for the primary screen by AlphaScreen (witadjliand forthe secondary
screens by BLI{th biotin tag) and ITC (no tag)C) The graph shows the result of the primary screen of the NDDI
library providedby Novartis (BaseBwitzerlanyl and displays the AlphaScreen activity of 953 goumds that showed

more than 50% macrodomain inhibition. 0.08 % of the 45,000 compounds showed more than 80 % inhibition of the
macrodomain and less than 25 % activity in toeinterscreen(red lines).

All compounds selected for the final hit validation were first screened in the macrodomain
AlphaScreen assay at the SGC using the same PARP14 MD2 batch that was used for the primary
screen at Novartis. The reproducibility dfet screening results was poor, in particular for the
compounds selected from the first 30,000 compound screen [R38Ale The PARP14 MD2
activity could be reproduced for only four compounds of which two compounds could be
identified as assay interferingompounds by a macrodomain crasseen [Figure33B].
Furthermore, no convincing BLI sensorgrams or ITC titration profiles were obtained, indicating
specific binding of any hit to PARP14 MD2 [Figure5h1The compound concentrations in the
respective assaywere based on the JCvalues prior determined by the AlphaScreen assay and
the compound solubility in the assay buffer. Therefore, for the hits selected from the 30,000
compound screen, new DMSO solutions from the powder stocks were prepared by Novartis
which additionally undevent a quality control by L@1S. For most of the compounds the
identity and nominal concentration of 10 mM was confirmed [Figud.21sing the new stock
solutions, the initial screening results could then be reproduced with broadly consistent PARP14
inhibition at 25 uM and I1G, values for 13 compounds [FiguB8A]. These compounds were then

again validated together with the hits selected from the 15,000 compound screen by ITC.
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Figure33. PARP14 MD2 45, 000 compound scregdmt selection and validatio by AlphaScreen (IJA) Hit selection
from 30,000 compound screen based on screening results obtained at Novartis. Due to the poor reproducibility of the
screening results obtained at the SG@w stock solution were obtained and characterised at Nosddr PARP14
MD?2 inhibition. PARP14 MD2 inhibition at a compound concentration of 25 puM is si@wmound racrodomain
inhibition and counterscreen activity®9 were determined at Novartis in a single experiment (Nrtl) and at the
SGQn a single experimentith two replicates (N=1, n=2Lompound macrodomain inhibition (%) measured with new
compound stock solutions were determined at Novaitisa single experimentvith two replicates (N=1, n=2)G,
values are mean of two replicatéd=1, n2).2 KSNBX A y RA-OFnd Sintersoredndt IGvalue could be
obtained for the hit due to the unavailability of the compound stdék.Validation of hit compounds by macrodomain
crossscreening using the old compound stock solutions. Values are miedre macrodomain inhibition (%ih the
AlphaScreen assay @fvo independent experiments with each tweeplicates (N=2, r2). Note: The moécular
structures of the compounds are shown in Tale S











































































































































































































































































































































































































































































