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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 that are present in all domains of life and
mediate recognition of sequence motifs harbouring adenosine diphosphate ribose (ADPR)
modifications. In addition, some of them are able to control the turnover of ADPR signalling
through their catalytic activity removing these modifications. Macrodomains are hence implicated
in a variety of cellular processes as well as in diseases including cancer and viral pathogenesis. The
polyadenosine-diphosphate-ribose polymerase (PARP) family member PARP14 is one of twelve
human macrodomain-containing 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 example B-cell lymphoma and hepatocellular carcinoma. Therefore
PARP14 including its macrodomains has emerged as a potential therapeutic target. However, the
lack of specific small molecule inhibitors has hampered domain-specific 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 was therefore 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 from its target sites
requires inhibitor development 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 macrodomain 3. Finally,
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

l. INTRODUCTION

1. Protein ADP-ribosylation — an ancient and versatile post-translational modification

Post-translation modifications (PTMs) have a fundamental role in cell biology.
PTMs modify the protein’s surface and/or modulate protein conformation and thus protein
activity and stability. Furthermore, they dictate cellular location and macromolecular interactions
depending on the cell type, the tissue and the environmental conditions *. More than 200 different
types of PTMs have been identified so far mainly through MS-based proteomic studies, with
phosphorylation, acetylation and N-linked glycosylation being the most common 2. PTMs are
site-specific occurring either on a specific amino acid residue or on multiple sites, whereby the
same or different modifications can be combined on the same polypeptide which substantially
increases the heterogeneity of the gene products **. PTMs are thought to act independently,
however, it is known that different types of PTMs crosstalk (e.g. phosphorylation-dependent
ubiquitination of substrates) or act in combination (e.g. multiple phosphorylation sites in a protein
resulting in a combinatorial effect on activity) *. Consequently, PTMs are involved in a variety of
diverse cellular functions. While phosphorylation cascades for instance mediate many signalling
pathways, polyubiquitination can induce protein degradation, and acetylation marks on histones
control (along with methylation and other marks) nuclear processes such as gene transcription >>°.
Each of these modifications is regulated by a dynamic interplay between different enzymes that
covalently attach PTMs onto proteins (‘writers’), enzymes that revert these reactions and thus
remove PTMs (‘erasers’) as well as proteins that recognise those modifications and thus have
control over down-stream effects (‘readers’). Such reader modules are either encoded within the
same polypeptide as the catalytic domains of writers and erasers, or are present in protein partners
that associate with them 7,
Protein ADP-ribosylation belongs to the array of post-translational modifications and was first

described in the 1960s by Chambon et al. ®°. APD-ribosylation is a phylogenetically ancient
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nucleotide-based protein modification that is conserved in all organisms from eukaryotes to
bacteria, viruses and archaea '°. Protein ADP-ribosylation is catalysed by ‘writers’ termed
poly-ADP-ribose polymerases (PARPs) including mono- and poly-ADP-ribosyltransferases
(ARTS) **2, 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 enzymes ***. Of note is that the PARP family was recently organised
under a new ‘ADP-ribosyltransferase, diphtheria toxin-like’ (ARTD) nomenclature due to the
inaccuracy of the usage of the term ‘polymerase’ and the provided numbering **. 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 single adenosine diphosphate ribose (ADPR) unit
(MARYylation) or multiple units (PARylation) from s-NAD" (nicotinamide adenine dinucleotide)
onto acceptor proteins ***>'°. The majority of the PARP enzymes have been identified as mono-
ADP-ribosyltransferases while the specificity of the reaction and thus the classification of the
PARPs is based on secondary structural features of the PARP catalytic domain together with the
presence of a conserved His-Tyr-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 enzymes *

. In the PARP-catalysed reaction, the
substrate f-NAD" is cleaved into nicotinamide and ADPR that is subsequently covalently attached
to target proteins with glutamate, aspartate, arginine, lysine and serine being the main well-known
acceptor sites *'*?!, For protein PARylation, several ADPR units are coupled via O-glycosidic
bonds between the adenine-proximal ribose of one unit and the distal ribose of another unit. In
additional branching reactions on the polymer, ADPR units are joined between two distal ribose
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 nature **°, Efficient removal and degradation of PAR polymers and
MARYylation sites is catalysed by different hydrolases, ‘erasers’ of protein ADP-ribosylation. The

break-down of PAR is predominantly mediated by poly(ADPR) glycohydrolase (PARG) which

acts mainly as exo-glycohydrolase and hydrolyses the glycosidic bond between the ADPR units,
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thereby generating free ADPR 2%, Alternatively, PAR degradation can also be catalysed by the
ADP-ribosylarginine hydrolase ARH3 %?°. However, both enzymes, PARG and ARH3, are
incapable of removing the last, protein-bound ADPR units generating MARylated proteins. This
de-MARYylation reaction and consequently the reversal of protein ADP-ribosylation is performed
by the ADP-ribosylarginine hydrolase ARH1 and in particular by mono-ADP-ribosyl hydrolases,

enzymes that are members of the macrodomain family (MacroD1, MacroD2 and TARG1) %,

Due to the size and diversity of the PARP family, protein ADP-ribosylation regulates a variety of
fundamental cellular and biological processes. These include among others DNA repair and cell
apoptosis, regulation of transcription, cytoplasmic stress responses, cell division and protein
degradation *>**%®_ At the molecular level, ADP-ribosylation either directly affects the function of
the target protein via the covalent modification or mediates non-covalent complex formation with
proteins that are able to recognise these modifications. While MARylation has been described to
mediate specific protein-protein interactions in diverse signalling pathways e.g. of NF-«xB
response *, the major types of regulation by PARylation are the inhibition of protein-nucleic acid
interactions, the formation of scaffolds that alter protein localisation and promote protein
interactions and the regulation of ubiquitination events whereby the 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 itself as well as chromatin-associated 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. ALC1, APLF), DNA repair (e.g. XRCC1) or generalised DDR signalling

(e.g. p53). Multiprotein complexes are formed that ultimately facilitate DNA repair **%.

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 (PBMs), PAR-binding zinc fingers (PBZs), the WWE domains and the

37

macrodomains [Figure 1] °'. PBMs were the first motifs described for their ability to
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non-covalently interact with PAR and found in proteins involved in RNA metabolism, chromatin
remodelling and DNA damage signalling and repair e.g. p53 and XRCC1 *¥%*, The PBZ is
characterised as a specific and high affinity PAR-binding 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 such as the DNA-repair protein APLF and
the mitotic checkpoint protein CHFR "' WWE domains and macrodomains are described in

more detail below and are the focus of this work.

o WWE domain
PROTEIN N ‘

unmodified MARylated
protein PARP protein :
/\
Wacro\ . . o
MRG« Figure 1. PARP PARylation cycle and structure of PAR with its
K (/ recognition modules. Macrodomains recognise the motif
'%‘ X highlighted in orange, WWE domains recognise the motif,
PARylated iso-ADPR, in cyan and the PBZ domains recognise the motif in
protein blue. The schematic of the molecular structure of poly-ADP-

ribose (PAR) was adapted from Barkauskaite et al., 2013 *
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2.  Macrodomains and WWE domains as readers of protein ADP-ribosylation

2.1. WWE domains

WWE domains are named after their most conserved three
residues, two tryptophan residues and a glutamate residue
that stabilise its fold. WWE domains have been shown to
R 42,43

recognise a specific subunit of PAR, i.e. iso-ADP

1so-ADPR is defined as the smallest PAR structural unit

containing the unique ribose-ribose glycosidic bond which is
Figure 2. WWE domain of RNF146 in
formed during PAR synthesis by PARP family members **.  complex with iso-ADPR (PDB ID 3v3L) ©.
The cartoon structure of the WWE
Based on NMR solution and X-ray structures of the WWE  domain is shown in cyan, and the
iso-ADPR ligand as atom-coloured stick
domains in RNF146, PARP11 and PARP14, these domains model.
can be characterised as small, globular proteins that contain six f-strands, forming half of a
p-barrel like structure which is covered by an a-helix on the other side “***. The iso-ADPR is
bound on the top of the g-barrel structure with the adenine inserting into the pocket [Figure 2].
The two phosphate moieties are involved in several interactions with each of the positively
charged edges of the WWE domain binding site, potentially explaining its specificity over ADPR
which has the phosphate on the same side *. So far, WWE domains have been identified in two
functional protein subfamilies that are associated with either ubiquitination or PARylation *. In
particular, E3 ubiquitin ligases (RNF146, Deltex family members, HUWEL, Tripl2) and the
PARP family members (PARP7 and PARP11-14) have been reported to contain one or in some
cases two WWE domains combined with other catalytic and regulatory domains ***. For 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 WWE and RING
domain functions as an allosteric signal. It induces a conformational change in the RING domain

which is then functional to bind and activate an ubiquitin-conjugating enzyme (E2) *.

Consequently, PAR binding to RNF146 activates its E3 ligase function and results in
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polyubiquitination of several PARylated proteins involved in DNA damage response including
PARP1, XCRR1, DNA ligase Il for subsequent proteosomal degradation thereby regulating cell
survival and DNA repair ““*. In a similar way, RNF146 is involved in regulation of the Wnt
signalling pathway by first interacting with ADP-ribosylated axin and then promoting its
ubiquitination and degradation *. The mechanisms, and in particular cellular downstream effects
of PAR recognition by the WWE domains present in PARP family members, are largely
uncharacterised. However, sequence alignments were performed and revealed that not all of the
PARP WWE domains have conserved all of the fold-defining WWE residues as well as the four
residues that seem to be crucial for iso-ADPR binding. An example is the WWE domain of

PARP14 which has therefore been predicted to be incapable of PAR binding ** [Figure S1].

2.2. Macrodomains

Macrodomains constitute a family of ancient evolutionary highly conserved protein domains that
can be found in all of the phylogenetic kingdoms including eukaryotes, bacteria, archaea and

ssRNA viruses “. In humans, at least ten genes encode 12 macrodomain-containing proteins

48,49

including splice variants of which the vertebrate histone variant macroH2A1 was the first

identified member *°. Macrodomain-containing proteins may include up to three macrodomains

often combined with other regulatory and signalling modules [Figure 3] **%2.
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Figure 3. Domain structure of human macrodomain-containing proteins. For legend, see top of next page.
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Legend to Figure 3: Domain structure of human macrodomain-containing proteins.

CRAL-TRIO: cellular retinaldehyde-binding protein-triple functional domain protein; RRM: RNA recognition motif;
PARP: poly-ADP-ribose polymerase catalytic domain; NLS: nuclear localisation signal; NES: nuclear export sequence;
MTS: mitochondrial targeting sequence; PIP: PCNA-interacting protein. The schematic was adapted from
Posavec et al. *° and Feijs et al. 2 and prepared using IBS >3,

Macrodomains are globular protein domains with 130-190 amino acids, thus approximately
25 kDa in size. Their structure consists of a mixed «/f/o. fold composed (for most human
macrodomains) of central s-sheets with six g-strands in a mixed parallel/antiparallel arrangement
which are surrounded by five a-helices as shown for instance for PARP14 MD2 [Figure 4] >
Based on the first macrodomain structure of the thermophile Archeoglobus fulgidus, Af1521, the
macrodomain fold was shown to bear resemblance to the N-terminal DNA-binding domain of the
leucine aminopeptidases PepA as well as to the P-loop family of nucleotide hydrolases. Therefore,
macrodomain functions associated with nucleotide binding and processing were suggested *°. The
majority of the 16 human macrodomains have since then been characterised as ligand-binding
domains for NAD"-derived metabolites. These include in particular ADPR in its monomeric and
polymeric form, PAR, as well as its analogues for instance ADP-ribose-1"-phosphate (Appr-1"-P)
or O-acetyl-ADP-ribose (OAADPR) ***%'. Appr-1"-P constitutes a tRNA splicing byproduct %,
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 domain [Figure 4]
and is stabilised by several conserved interactions within the binding pocket **. Furthermore,
ADPR is recognised by macrodomains in its free form or as a post-translational modification
attached to proteins, whereby the macrodomain recognises the entire ADPR moiety either directly
at the protein attachment site or at the termini of PAR chains [Figure 1] *****. This is in contrast
to the previously mentioned ADPR binding 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 TARG1 have been

shown to deacetylate OAADPR **® and more importantly to function as mono(ADP-ribosyl)
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hydrolases, thus reversing protein ADP-ribosylation, as briefly mentioned previously * .

By hydrolysis of the ribose-protein acceptor bond, these three macrodomains remove the protein
bound ADPR from MARylated proteins, with TARG1 being additionally able to bind PAR and to
remove the entire polymer from PARylated proteins *°. The macrodomain in PARG is together
with an associated accessory domain responsible for the glycohydrolase activity of PARG,
degrading PAR chains by cleavage of the ribose-ribose bonds %. Of note is that (with exception of
PARG) catalytically active macrodomains are stand-alone macrodomain proteins, however, reader
macrodomains only occur in multidomain proteins, combining signal recognition and translation

into various down-stream effects.

jﬁ“ff\ :ﬁ‘f
~2 ﬁ)‘“

. 1

Figure 4. PARP14 MD2 in complex with ADPR (PDB ID 3Q71) %, The cartoon structure of PARP14 MD2 is shown in
yellow, and the ADPR ligand as atom-coloured stick model.

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

functions

The abilities 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 human macrodomain-containing

proteins [Figure 3, 5] shall be provided.
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Figure 5. Phylogenetic representation of human macrodomains. The histone variants and the macroPARPs are shown
as separate groups although both belong to the as ‘macroH2A-like’ defined branch &,

3.1. The macrodomain-containing histone variant macroH2A

MacroH2A is an H2A core histone variant that contains, apart from an N-terminal histone fold for
integration into the chromatin, a C-terminal macrodomain ®. Two genes encode the proteins
macroH2A1 and macroH2A2, whereby two isoforms, macroH2A1.1 and macroH2A1.2, are
generated from macroH2A1 through alternative splicing ®. While macroH2A1.1 binds ADPR and
derivatives, macroH2A2 and macroH2A1.2 are unable to bind these ligands, for the latter caused
by the splicing event which alters the ADPR binding pocket ™.

MacroH2A variants have been associated with the regulation of gene expression programmes
during cellular differentiation and vertebrate development ™. MacroH2A1 was initially shown to
be involved in gene transcription repression contributing to the silencing of the X chromosome in
somatic cells of females '2. 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 recruitment
of DNA damage factors Ku70—Ku80, thus it was suggested to regulate DNA damage response .

However, macroH2A1 knockout mice showed metabolic rather than DNA damage phenotypes
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which assumed a role for macroH2ALl in regulating gene expression programmes that control

metabolic pathways ®".

3.2. MacroD-type macrodomains

MacroD1 and MacroD2 bind ADPR with high affinity in comparison to other human
macrodomains and although their catalytic activities were well characterised in vitro, their
biological roles are less understood. MacroD1 (also called LRP16) was reported to be involved in
estrogen and androgen receptor signalling by acting as cofactor and enhancing the receptor-
mediated transcription activities "’’. Furthermore, it was suggested that MacroD1 integrates into
the NF-«B transcriptional complex through associating with its p65 component and is required for
its functional activation ®. However, MacroD1 also possesses a mitochondrial targeting signal
and shows mitochondrial localisation ®. It is unclear how this relates with its proposed nuclear

% and was shown to activate

functions. MacroD2 is present in the nucleus and cytoplasm
glycogen synthase kinase 3 (GSK3p) in vitro and in cells by reversing its MARylation-mediated
inhibition catalysed by PARP10 *. The function of MacroD3 also known as GDAP2
(ganglioside-induced differentiation associated protein 2) is so far not known. Although it shows
structural similarity with MacroD1 and MacroD2, MacroD3 does not bind ADPR or its

derivatives . However, due to a incorporated lipid-binding SEC14 domain in the protein, a

function in the integration of ADPR and lipid-mediated signalling has been suggested ®.

3.3. ALC1, PARG and TARG1

ALCI1 (‘amplified in liver cancer 1°, also called CHDI1L) contains, apart from its N-terminal
macrodomain, a helicase domain that is also found in the Snf2 family of ATP-dependent
chromatin remodelers *®”°. 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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p53-independent apoptosis . In the context of DNA damage repair, ALC1 senses via its ADPR
binding domain PARP1-generated PAR at DNA lesion sites. This PAR recognition and
consequent ALC1 recruitment leads to formation of stable ALC1-nucleosome-PARP1 complexes
promoting ALC1 chromatin-remodelling activity, interaction with further DNA damage repair
factors and ultimately to DNA repair **®. Similarly, PARG performs a critical role in DNA
damage repair. PARG was shown to be recruited to sites of DNA damage in a PARP1 and
PAR-dependent manner but also by its interaction with PCNA. The 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
TARG]I, the ‘terminal ADP-ribose protein glycohydrolase 1’ (C60rf130, LOC221443), from cells
was also shown to result in defects in DNA repair as well as in proliferation defects and cellular

senescence but the underlying molecular mechanism are less understood *.

3.4. MacroPARPs

The so called ‘macroPARP’ group comprises three proteins, PARP9, PARP14 and PARP15, with
PARP9 being the first member identified in a genome-wide search for risk-related genes in
diffuse large B-cell lymphoma. The proteins were therefore originally termed ‘BAL’
(B-Aggressive Lymphoma) family due to their overexpression and disease association in B-cell

lymphoma %

. MacroPARPs are characterised by containing multiple macrodomains in
combination with a C-terminal PARP domain. The PARP domains of PARP14 and PARP15 show
MARylation activity, while the PARP domain of PARP9 seems to be catalytically inactive .
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 being unique in 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
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third macrodomain and the PARP domain ®. Positive 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 counter-evolve to evade the host antiviral defences ®. Since strong evidence of
positive selection was found for the macrodomains of PARP9, 14 and 15 and the PARP domain of
PARP14, an antiviral activity of these proteins in host-virus conflicts was suggested ®. In earlier
studies however, all three macroPARPs were described as transcriptional regulators with PARP9
and PARP15 repressing transcription when tethered to a promoter 3. PARP9 has additionally
been shown to be recruited to DNA damage sites in a PARP1/PAR-dependent manner, thereby
localising its binding partner BBAP (a DELTEX family member with ubiquitin E3 ligase activity)
to DNA breaks. The subsequent histone H4 ubiquitination by BBAP promotes the recruitment of
additional repair factors, including 53BP1 and BRCA1 . Due to the relevance for this project,

PARP14 functions are discussed more detailed in the following.

3.5. PARP14 — a triple macrodomain-containing protein with multiple functions

PARP14 is unique among the macrodomain-containing proteins in the way that it combines
several ADP-ribosylation recognising modules of two different types (three macrodomains and
one WWE domain) with a catalytically active PARP domain at the C-terminus and a RNA
recognition motif (RRM) at the N-terminus. PARP14 can be described in general as a pro-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 regulation and DNA repair which are summarised in the following.

PARP14 was initially shown to be involved in transcriptional regulation, modulating interleukin 4
(IL-4) induced STATG6-dependent gene expression, and was therefore also termed ‘CoaSt6’
(collaborator of STAT6) #%. Mechanistically, IL-4 interaction with its surface receptors results

in receptor dimerisation 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 p100. IL-4 furthermore stimulates the catalytic activity of
PARP14. PARP14 MARylates histone deacetylase (HDAC) 2 and 3 which are consequently
released from the IL-4 responsive promoter. This allows efficient promoter binding of STAT6 and
its transcriptional coactivators, including pl00 and p300. pl00 interacts with RNA
polymerase 11 ** and is also MARylated by PARP14 which might help to bridge STATS6 to the
transcription machinery *2%2. It was confirmed in lymphocytes that the induction of several B-cell
survival factors, including Mcl-1 and Pim-1, by IL-4 is mediated by PARP14. Both the
anti-apoptotic Bcl-2 family member Mcl-1 and the Pim kinase family member Pim-1, cooperate

with oncogenes such as c-Myc and promote cell survival and lymphomagenesis **. |

n
lymphoma cells, the IL-4-mediated transcriptional function of PARP14 was also linked to
metabolic regulation by transcriptional induction of glycolytic genes. B-cells showed an increased
glucose uptake associated with higher rates of glycolysis and glucose oxidation by a
PARP14-STAT6-dependent mechanism ®. In support of a metabolic function of PARP14 is the
finding that PARP14 stabilises and thus contributes to the secretion of phosphoglucose
isomerase (PGI), a cytosolic enzyme essential for glycolysis and gluconeogenesis which
additionally acts extracellularly as a cytokine termed ‘autocrine motility factor’, by inhibiting its
ubiquitination-mediated degradation . Moreover, PARP14 has recently been shown to promote
the Warburg effect in hepatocellular carcinoma cells by inhibiting the pro-apoptotic kinase JINK1.
This in turn halts INK1-mediated phosphorylation of PKM2 and the resulting low PKM2 activity
positively regulates aerobic glycolysis, promoting cell survival and proliferation . In an earlier
study, PARP14 was also identified as pro-survival factor acting in the JNK signalling pathway,
however thereby promoting the pathogenesis of multiple myeloma cells as downstream effector of
JNK2. Constitutively activation of 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 JNK1 kinase activity which was assumed to be crucial for the suppression of basal

apoptosis and thus the survival of myeloma cells *.
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Apart from these PARP14 functions related to transcriptional regulation and cell 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 of mMRNA degradation under stress
conditions. It was hypothesised that its ADP-ribosylation activity (increased under stress) on
miRNA binding Argonaute family members might affect functioning of the Argonaute/miRNA
complex and thus effective miRNA silencing *®. Although PARP14 possesses a RRM domain, a
more mechanistic link of PARP14 catalytic activity, mRNA binding and its protection from
miRNA silencing was not provided. However in a following independent study, PARP14 was
shown to form a complex with the mRNA-destabilising protein tristetraprolin (TTP) and the
3’ untranslated region of the MRNA of macrophage TF (tissue factor, CD142) presumably with its
RRM domain. This resulted in an increase in TF mRNA stability and consequently TF expression
in PARP14-deficient cells. TF, a transmembrane cell surface glycoprotein, triggers the extrinsic
coagulation cascade and thus the findings were in line with the phenotype of PARP14™ mice
which appeared to be healthy, however, showed increased thrombus formation ***. PARP14™
mouse models however also indicated that PARP14 plays a critical role in immunological
processes which are linked to the IL-4-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 required for B- and T-cell development by mediating
the IL-4 stimulated differentiation of naive T-cells into several T-helper cell types e.g. Th2, Th17
931027104 |n allergic disease models with PARP14” mice, this PARP14-promoted Th2
differentiation was associated with allergic airway disease - where Th2 responses and IgE are
promoters of the asthmatic conditions - but contrarily could also limit the severity of allergic skin
disease '®*% It was concluded that although PARP14 has similar effects on T-cell cytokine
production in several allergic disease models, the outcome of those effects is distinct, depending
on the target organ of disease '®. Furthermore, a global proteomic analysis of macrophage cell
lines treated with IFNy or IL-4 revealed that PARP14 cross-regulates with PARP9 macrophage

activation which could be linked to human coronary artery disease by network analysis *’. Apart
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from its role in the anti-inflammatory IL-4-STATG6 pathway, PARP14 was additionally shown to
suppress the pro-inflammatory IFNy-STAT1 axis by inhibiting STAT1 activation
(phosphorylation) through ADP-ribosylation. This is antagonised by PARP9 which interacts with
PARP14 and thereby promotes IFNy pro-inflammatory responses. In PARP14™ mouse models,
PARP14’s protective effects against arterial disease, i.e. its anti-atherogenic role by suppression
of macrophage activation, could be confirmed %,

The plethora of PARP14 functions was expanded by further in vitro studies. A systematic study of
the 17 PARP protein family members by analysis of their knock-down phenotypes as well as their
cell cycle localisation after ectopic overexpression as GFP-tagged proteins indicated that PARP14
is involved in actin cytoskeleton regulation as a component of focal adhesion complexes *.
PARP14 knock-down in HeLa cells resulted 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 proposed *®. PARP14 was shown to 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 stability '*.

Finally, it is possible that PARP14 may participate in the NF-xB signalling cascade by its
interaction with PARP10. PARP14 macrodomains were shown to bind MARylated PARP10
in vitro as well as to co-localise with PARP10 in cells. PARP10 regulates the NF-kB pathway by
MARylating NEMO (NF-«xB essential modulator), the key component in the NF-kB pathway that
assembles the IKK complex. MARylation prevents polyubiquitination of NEMO and thus
activation of the IKK complex, subsequently resulting in decreased NF-xB signalling and gene
transcription ®*', It needs however to be confirmed if and how this interaction between PARP14

and PARP10 is relevant for NF-«xB signalling.
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4. Human macrodomain-containing proteins in disease

Dysregulation of macrodomain function by overexpression or mutations has been
associated with several diseases including inflammation, developmental defects,
neurodegeneration and in particular cancer “*®’. Several macrodomain-containing proteins have
been shown to be overexpressed in different types of cancers and are linked to their progression
and aggressiveness with poor prognostic outcome. For instance, MacroD1 is overexpressed in a
range of human tumours including endometrial, gastric, colorectal and breast carcinoma and
associated with tumour proliferation, invasion and metastasis “*****°. MacroD2 was also shown
to be overexpressed in a subset of breast cancers and shown to mediate tamoxifen resistance and
estrogen independent growth *'°. Furthermore, ALC1 is frequently amplified in particular in
hepatocellular carcinoma and identified as an oncogene promoting tumorigenesis, i.e. cell
survival, proliferation and metastasis " **°. Apart from its role in DNA damage repair mentioned
previously *®, ALC1 has been shown to accelerate G1/S phase transition and to inhibit apoptosis
by activation of the AKT pathway 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 was identified as an oncogenic survival factor in diffuse large B-cell lymphoma and is
associated with increased cell migration, proliferation, survival and chemo-resistance ¥1%21%,
Mechanistically, PARP9 has been shown to act in the IFNy-STAT1-IRF1-p53 axis, blocking
IRF1-mediated apoptosis and inhibition of growth. PARP9 forms a complex with STAT1 through
its macrodomains in an ADP-ribosylation-dependent manner, and is then recruited by STAT1 to
its target promoters and inhibits the expression of the tumour suppressor IRF1 and simultaneous
up-regulates proto-oncogenes including IRF2, BCL2 and BCL6 '*. Interestingly, PARP9 was
also able to up-regulate expression of PARP14 in this context and a regulatory crosstalk between
PARP9 and PARP14 was suggested . PARP14, found to be overexpressed in particular in

lymphoid cell lines and hepatocellular carcinoma, promotes through its action in the IL-4-STAT6
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and JNK signalling 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 autocrine motility factor, an enzyme involved in tumour
progression and metastasis, as well as its knock-down phenotype displaying impaired motility and
increased cellular adhesiveness of cancer cells, are further indications of the importance of

PARP14 in cancer-related processes.

5. The therapeutic potential of macrodomain targeting and current progress

Given their pathobiological importance, macrodomain-containing proteins are seen as
potential therapeutic targets. Macrodomain-containing proteins involved in 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
macrodomain-containing proteins present in pathogens may also be a promising therapeutic
approach. Apart from bacterial macrodomains, a range of viruses including (SARS-) Corona-,
Alpha-, Togaviruses and the hepatitis E virus encode macrodomains that play a critical role for
host cell infection and viral replication ®"21%,

Targeting components of ADPR signalling has furthermore already been a successful strategy for
cancer therapy where PARP1 inhibitors have been successful in clinical trials and have been
approved for treatment *"**. Two generations of PARP1 inhibitors were developed including
AstraZeneca’s first-in-class inhibitor olaparib which are in Phase Il trials or FDA approved for
treatment of ovarian and breast cancer %, 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 specific for
individual PARP enzymes. So far, inhibitor development has focused on the PARG macrodomain.
Only recently, a chemical probe targeting PARG hydrolase activity has been reported which
shows convincing on-target pharmacology and selectivity in contrast to early inhibitors such as

rhodamine, phenolic hydrazide hydrazones or salicylanilide-based compounds or the ADPR
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131-136

analogue adenosine 5’-diphosphate (hydroxylmethyl) pyrrolidinediol (ADP-HPD)
Furthermore, potential inhibitors for the nsP3 macrodomain present in the chikungunya alphavirus
have been identified using virtual screening and molecular dynamics simulations; however, data
confirming any in vitro activities of these inhibitors or of further inhibitor development has not
been reported so far *¥. Although the availability of macrodomain inhibitors for use as tool
compounds for target validation and beyond would be highly desirable, efficient, selective and
cell active inhibitors targeting other macrodomains than PARG are not published so far. The
development may be hampered due to the lack of suitable high-throughput 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
targeting the glycohydrolase activity of PARG **. This assay is, however, 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 work, an AlphaScreen-based screening
strategy suitable for high-throughput screening of most human macrodomains was developed,
leading to the discovery of a macrodomain inhibitor, GeA-69,
[Figure 6] which targets PARP14 MD2 with micromolar affinity O o
O HN«-<
via an allosteric binding mechanism. PARP14 as an emerging N Q
therapeutic target is also currently in focus for inhibitor

Figure 6. Structure of GeA-69.
development by other research groups. However, all published
approaches so far address targeting 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 members, 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 MARYylation activity on its respective targets and its mediation of various
down-stream effects. The same outcome would be to expect as with inhibition of the PARP14

catalytic domain. GeA-69 thus represents a new class of macrodomain inhibitors and 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 of the sequence recognition
of PARP14 by its three macrodomains and WWE domain. To target PARP14 by inhibition of its
recruitment to ADP-ribosylated target sites, instead of inhibition of its catalytic domain, it is
important to analyse which macrodomain(s) need to be inhibited to efficiently prevent PARP14
recruitment. It is unknown if the inhibition of only one reader domain could be compensated by
the other three ADP-ribosylation recognising modules which would require inhibitor development
for several, potentially different domains, making this strategy of PARP14 targeting less
attractive. Furthermore, PARP14 macrodomains have been shown to bind ADPR in vitro with
micromolar affinity, however, sequence specificity of its WWE is unknown. The aim was
therefore to show whether the PARP14 WWE domain is still capable for PAR binding or if its
function was replaced by the three macrodomains as predicted.

The aim of the second part of the project was to provide a better understanding of the druggability
of PARP14 macrodomains. The new PARP14 MD?2 inhibitor, GeA-69, 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 medium-throughput
screen in collaboration with Novartis (Basel, Switzerland) as well as a fragment-based screening
approach by X-ray crystallography to allow the discovery of small molecules with new chemical
scaffolds targeting PARP14 macrodomains was evaluated. The aim was to 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, pharmacological targeting strategies for PARP14 were
explored. The aim was to confirm some of the multiple functions proposed for PARP14 by
genetic and chemical inhibition of PARP14 function and to suggest or develop an assay system

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

1. PARP14 sequence recognition by its macrodomains and WWE domain

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

In order to efficiently target PARP14 via its ADPR-recognising modules, an understanding of the
sequence specificity and recognition of its macrodomains and WWE domain is crucial. PARP14
macrodomains were previously shown to specifically recognise MARYylated proteins ®. Although
being in close proximity in the polypeptide, the macrodomains bound ADPR independently from
each other, thus did not cooperate or have allosteric contact % While MD1 was shown to interact
with ADPR only weakly, MD2 and MD3 recognised ADPR with significantly higher affinity
(~5 UM). Interestingly, alternate binding affinities for MD2 and MD3 in vitro and in cells were
suggested. MD3 apparently bound more efficiently in vitro and MD2 in cells to auto-modified
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 PARP14
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 constant Kp, the binding stoichiometry n and binding enthalpy 4H of
macromolecular interactions, e.g. of protein-protein or protein-ligand interactions, without the

142

need of chemical tagging or immobilisation of the interacting components . By directly

measuring either the absorbed or released heat, thus the enthalpy change, upon binding of two

partners, ITC provides a thermodynamic profile of the binding event ***

. Although being a method
with rather low throughput that requires relatively large amounts of protein, ITC is described as
one of the most reliable techniques for the quantitative measurement of ligand binding to a soluble

"4 and was therefore used for studies throughout this work. The ITC measurements

protein
showed that ADPR indeed bound weakly to PARP14 MD1 with a Kp of (137 £ 7) uM, and MD2

recognised ADPR with an higher affinity of (6.8 +0.1) uM than MD3 (K, (ADPR) =
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(15 £ 0.9) uM) [Figure 9B]. Of note is that, here as in the following, the errors given for Kp
values obtained from ITC measurements are only errors of the fit of the data to an one-site
binding isotherm, since errors of the Ky values themselves could not be measured by independent
biological repeats. Furthermore, Kp values of weak micro-molar binding events are of
significantly higher inaccuracy due to the low signal-to-noise ratio and therefore strongly depend
on the method of fixing the baseline of the raw ITC data which was performed manually, but as
consistently as possible. Thus, the binding affinities measured for MD2 and MD3 were broadly
consistent with the previous study. Interestingly, binding of ADP towards MD2 could not be
detected under these conditions despite the high similarity of ADPR and ADP [Figure 9B]. This
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 recognise ADP to 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 of PARP14 and RNF146 revealed that
not all of the fold-defining WWE residues as well as the four conserved residues that seem to be
important for iso-ADPR binding as defined by Wang et al. ** are conserved in the WWE domain
of PARP14 [Figure 7]. However, PAR recognition by the PARP14 WWE domain cannot be
completely excluded since two of the conserved residues involved in iso-ADPR binding

(Tyr1539, Tyrl576) are still present in this domain.

10 20 30 40 50 60 70
RNF146 92 EELKAASRGNGEYAWYYEGRNGWWQYDERTSRELEDAFSKGKKNTEMLIAGFLYVADLENMVQYRRNEHGRRRKIKR - - - -|168
PARP14 1523 EQESRADCISEF IEWQYNDNNTSHCFNKMTNLKLEDARREKKKTVDVKINHRHYTVNLNTYTATD--TKGHSLSVQRLTKS|1601
conserved WWE fold residues identical residues
conserved residues involved in iso-ADPR binding similar residues

Figure 7. Sequence alignment of the WWE domains of PARP14 and RNF146. Most conserved residues important for
WWE domain folding and binding of iso-ADPR defined by Wang et al. i
respectively. Residues highlighted in red are non-conserved, however, interacting with iso-ADPR in RNF146.

are highlighted in yellow and cyan,
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The detection of PAR binding of PAR-recognising modules is typically performed by preparation
of [*?P]-labelled PAR in a PARP1 auto-modification or substrate-assisted catalysed reaction
whereby histones are generally used as acceptor proteins. [*?P]-PAR is then incubated either
protein-bound or protein-free (after alkaline detachment) with the corresponding PAR-binding
proteins that are immobilised on nitrocellulose membranes and detected by autoradiography after
several washes of the membrane >“*®1%_ Alternatively, a method was published for in vitro
biosynthesis and purification of iso-ADPR, the unique internal structural unit of PAR, which is
not commercially available *® [Figure 8B]. The procedure included the digestion of the PARP1-
generated PAR polymer to iso-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, iso-ADPR was generated based on the latter protocol. Since PARP1
requires for efficient polymerase activity its DNA binding domain as well as the
auto-modification domain (which has been confirmed by failure of initial attempts using the
catalytic domain of PARP1 only) and is however challenging to purify as full-length protein **,
PAR was generated using the catalytic domain of PARP5 (TNKSL1). Its suitability for PAR
generation has been recently established ***'*'. Although PARP5 has been shown to be ~6 fold
less active than PARP1, the catalytic domain of PARP5 was prepared in good yield and it did not
require additional activation of its auto-modification reaction. Furthermore, the catalytic property
of PARPS5 to polymerise f-NAD" to linear oligomers with ~20 ADPR units instead to long and
branched chains obtained with PARP1 ** was thought to be beneficial for the planned enzymatic
PAR digestion. The final workflow is outlined in Figure 8A, allowing the efficient preparation of
iso-ADPR in quantities and purity sufficient for biochemical analysis [Figure 8]. Since it has been
shown that for the PARP1 auto-PARYylation reaction a catalytic dimer is required, where the two
units simultaneously function as catalyst and acceptor molecules '*, only PARP5 purified as
dimer was used for the reaction [Figure 8C]. It should be mentioned that the iso-ADPR batch
generated for these studies contained BisTris salt as a contaminant due its use in the ion exchange

buffer during the purification process [Figure S2]. The use of a volatile buffer would have enabled
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easier separation of the iso-ADPR form the buffer component. Therefore, control binding

experiments were performed in the presence of BisTris.
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Figure 8. Preparation of iso-ADPR for PARP14 WWE binding studies. (A) Schematic workflow for in vitro biosynthesis
and purification. (B) Molecular structure of iso-ADPR. (C) Preparation of the catalytic domain of PARP5. The gel
filtration profile shows the dimer formation of cat. PARP5; SDS-PAGE of the final samples of the dimer and monomer
fraction is shown next to it. (D) Gel filtration profile of PAR purified on a 575 10/300 GL column. (E) Anion exchange
purification of iso-ADPR using a MonoQ 5/50 GL. The iso-ADPR eluted at ~100 mM NaCl. (F) Absorbance spectra of
PAR and iso-ADPR for determining the concentrations of the stock solutions. (G) Mass spectrometry spectrum
confirming the correct mass of the product, iso-ADPR.

The following ITC analysis demonstrated that the WWE domain of RNF146 bound to iso-ADPR
with high affinity (Kp = (508 + 12) nM), confirming previous results ** and additionally validating
the suitability of the prepared ligand to test PAR binding of the WWE domain of PARP14
[Figure 9C]. At concentrations of 0.5 mM and 1 mM iso-ADPR, no binding of the WWE domain
of PARP14 was observed by ITC [Figure 9C]. Since ITC is however not the method of choice for
direct detection of very weak binding, nano-Differential Scanning Fluorimetry (nanoDSF)
experiments were additionally performed. Differential scanning fluorimetry 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 midpoint T, (°C), the temperature at which half of
the protein is unfolded *°**°. NanoDSF is a label-free method which measures the intrinsic
tryptophan fluorescence of proteins which relies on the close surrounding of amino acids and
changes upon thermal unfolding. The T, is calculated from the fluorescence wavelength ratio of
330/350 nm that describes the shift of tryptophan emission upon unfolding ***. Since the WWE
fold is stabilised through tryptophans in the core of the protein and iso-ADPR does not absorb
light at this wavelength, which may cause quenching effects [Figure 8F], nanoDSF seemed to be a
very suitable method for measuring if the domain can be stabilised through iso-ADPR binding.
Indeed, in the presence of 0.5 mM or 1 mM iso-ADPR, the WWE domain of PARP14 showed a
clear concentration-dependent thermal stabilisation with a T, shift of 45°C and 7°C,
respectively. No stabilisation of the WWE domain was observed at lower iso-ADPR
concentrations or in its absence [Figure 9D]. This suggests that the PARP14 WWE domain does
recognise iso-ADPR and is stabilised upon its binding. However since this effect was only
observed at high ligand concentrations and no binding was detected by calorimetric experiments,
the interaction between the PARP14 WWE domain and iso-ADPR is probably very weak and in
the high micromolar to mM Kp, range. As mentioned previously, two conserved residues shown to
be involved in iso-ADPR binding by RNF146 are not present in the PARP14 WWE domain
which explains the low binding affinity towards this ligand. It can therefore be concluded that the
interaction 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
evolutionarily taken over by the macrodomains. It should however also be considered that the
experiments were performed with the smallest PAR structural unit and not with whole PAR
chains. Additional PAR assays such as nitrocellulose membrane assays using [*P]-PAR as
previously mentioned would need to be performed to fully confirm the weak PAR-binding
capabilities of the WWE domain. Of note is further that potentially 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 PARP14 macrodomains, which also only show

micromolar affinity towards ADPR. Nevertheless, inhibitor development should address the
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domains which show the highest binding affinity for ADP-ribosylated targets, thus the
macrodomains to most efficiently prevent PARP14 recruitment and function on its respective

target sites.
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Figure 9. PARP14 macrodomain and WWE domain sequence recognition studies. (A) SDS-PAGE of purified PARP14
macrodomains and the WWE domains of PARP14 and RNF146. ~2 pg of each protein were loaded alongside a protein
marker (M) and visualised with Coomassie Blue staining. (B) PARP14 macrodomains recognise ADPR with micromolar
affinity, consistent with previous published results. Of note is that ADPR binding to PARP14 MD3 was endothermic in
contrast to previous measurements by Forst et al. % 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 Forst et al. performed the titrations at 25 °C. Titration curves show the stepwise addition of 1.0 mM
ADPR or ADP into buffer only or buffer containing 40 uM of PARP14 MD1, 2 or 3. (C) /so-ADPR binding of the WWE
domain of PARP14 cannot be detected by ITC. Titration curves show the stepwise addition of 0.5 mM iso-ADPR into
buffer only or buffer containing 25 uM of the WWE domain of PARP14 or RNF146. (D) The WWE domain of PARP14
recognises iso-ADPR. NanoDSF measurements reveal the thermal stabilisation of the PARP14 WWE domain in
presence of iso-ADPR in a concentration-dependent manner. T, shift data is mean + SD, n = 6 of three independent
experiments. (E) Summary of Ky ITC results from measurements shown in (B) and (C). Additional binding and fitting
parameters are provided in Figure S3. Note: For all ITC graphs in this figure: The insets below the raw injection profiles
show normalised binding enthalpies corrected for the heat of dilution as a function of binding site saturation (symbols
as indicated above or in the inset). Solid lines represent a nonlinear least squares fit using a single-site binding model.
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1.2. All three PARP14 macrodomains contribute to PARP14 recruitment in cells

Since PARP14 harbours three macrodomains, it is important to know which macrodomain(s) need
to be inhibited to prevent PARP14 recruitment to its ADP-ribosylated target sites. It is
conceivable that inhibition of only one macrodomain could be compensated by the other two
macrodomains, in particular since MD2 and MD3 show similar binding affinities in vitro 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 ADP-ribosylated target sites in cells. It is well 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
chromatin-associated proteins such as histones and PARP1 itself *. Macrodomain-containing
proteins which are involved in DNA damage repair 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 micro-irradiation assays ***’. In contrast to DNA damage assays using
genotoxic chemicals or diffused irradiation, laser micro-irradiation assays induce DNA damage
with a focused laser beam and thereby allow visualisation and measurement of kinetics and
dynamics of repair factor recruitment to these laser defined target sites ***. For performance of the
assay, cells are typically sensitised with the halopyrimidine deoxynucleoside 5-bromo-2’-
deoxyuridine (BrdU), which is incorporated into the DNA of replicating cells and is then
photoactivated upon laser excitation, thereby inducing single- and double-strand breaks through
released free bromine radicals. By additionally overexpressing the protein of interest fused to a
fluorescent tag, recruitment of the target protein to the laser-induced DNA damage sites can be

monitored under a microscope *******

. The assay set-up even provides the possibility of
monitoring PAR-dependent recruitment of macrodomains that are not necessarily directly
associated with DNA damage response such as MacroD2 *. The only requirement for this

technique is a good nuclear localisation of the protein of interest. Since PARP14 macrodomains
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109

have been reported to localise to sites of DNA damage ~, this assay system seemed to be suitable

for studying the macrodomain-mediated PARP14 recruitment to ADP-ribosylated sites in cells.

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

H1172

PARP14 MD2 to identify ADPR-binding-deficient
mutants that could serve as controls for the assays. The
crystal structure of PARP14 MD2 in complex with

ADPR guided the design of the mutations [Figure 10] ®.

The ADPR is stabilised by several hydrogen bond

Figure 10. PARP14 MD2 in complex with
ADPR (PDB ID 3Q71) ®. Critical residues of
PARP14 MD2 (yellow) involved in direct
interactions with ADPR (cyan) are shown as

interactions in a deep pocket of the protein. The adenine
base forms a hydrogen bond with its nitrogen N6 to the

atom-coloured sticks. Hydrogen bonds

non-conserved GIn1024 and undergoes interaction with . ligand and protein or structural

. . . . L. waters are indicated by dotted lines.
His1172. The adenine proximal ribose unit is hydrogen

bonded to Aspll75 and Thrl134. 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. Mutations were
introduced either singly or combined into PARP14 MD?2 that could sterically interfere with or
significantly reduce binding of ADPR to the macrodomain and included Q1024A, H1172A,
D1175A, D1175Y and G1044E [Figure 11A]. The latter mutation, G1044E, is the corresponding
mutation of the amino acid Gly42 to glutamate in the macrodomain of Af1521 which has been
previously reported to prevent ADPR binding ®. It 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 (PARP15 MD2 and PARG). All of these (apart
from PARG) have also at least another glycine or alanine next to it. Only macroH2A1.2,
macroH2A2 and MacroD3 that don’t bind ADPR have more sterically demanding or charged
residues (aspartate, glutamate, asparagine) at this position, indicating that this site might be
important for accommodating 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 previously ® that it prevents
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ADPR binding of PARP14 MD2. It should be mentioned that all of these mutations 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 cancer *****°. Out of
17 generated PARP14 MD2 mutants, ten mutants were characterised in regard to their ADPR
binding abilities by ITC [Figure 11B-D, S4]. The measurements showed that the substitution of
Asp1175 with tyrosine had no significant effect on the ADPR binding affinity of MD2. The
replacement of His1172 and in particular Glu1024 with alanine decreased 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 assumed that 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 G1044E-corresponding mutation G832E also did not show any ADPR binding under the
conditions tested [Figure S4]. Finally, the PARP14 MD3g57e mutant (the MD2gi044e-
corresponding mutant) as well as MD2¢1055e Were not soluble as purified proteins that would have
allowed their testing for ADPR binding. Therefore, PARP14 MD1ggae, MD2g1044e and a MD2
mutant harbouring the two additional mutations, H1172A and D1175Y, as well as MD3g1257e
were selected as controls for the assays. Although MD31,57e could not be characterised in vitro as
a purified protein, it was assumed that the mutation prevents ADPR binding of the macrodomain

based on structural analysis.

Legend to Figure 11: PARP14 MD2 mutagenesis studies.

(A) Mutations introduced into the ADPR binding site of PARP14 MD2 (PDB ID 3Q71) (singly or combined) are
highlighted in red. For Asp1175, only its mutation to tyrosine is shown. (B) SDS-PAGE of purified PARP14 MD2 mutants
(1-10) that were characterised in regard to their ADPR binding ability by ITC. Alongside protein standards (M), ~2 ug of
protein was loaded onto the gel and visualised 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 out. Proper folding of the mutant proteins was assumed based on the observed gel
filtration profiles, all showing a symmetric peak at the expected elution volumes. (C) Measurement of binding
affinities of PARP14 MD2 wild-type and mutant proteins to ADPR by ITC. Representative titration curves show raw
thermograms resulting from stepwise addition of 0.7 mM ADPR into a solution containing the corresponding
macrodomain protein (35 uM) at 12 °C. The small graph in the lower part of the figure shows an overlay of the
integrated thermograms (first data point corrected) that are fitted to an equilibrium binding isotherm for PARP14
MD2 wild-type and the H1172A mutant using a one-site model. (D) Summary of the ITC data. For the PARP14 MD2
mutants 7 and 8, 0.6 mM ADPR was titrated into a solution containing 30 UM of the macrodomain protein. For all
other titrations, 0.7 mM ADPR was titrated against 35 uM of macrodomain protein. All measurements were
performed at 12 °C. Additional binding and fitting parameters are provided in Figure S4.
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Figure 11. PARP14 MD2 mutagenesis studies. For legend, see bottom of previous page.

Following the mutagenesis studies, constructs for mammalian expression of PARP14 full-length
(1-1801) and different PARP14 truncations with yellow fluorescent protein (YFP) tag were
prepared by Gateway® cloning to enable the visualisation of the recruitment of the corresponding
proteins to the laser-induced DNA damage sites [Figure 12A]. It should be mentioned that full-
length PARP14 (1-1801) is demanding to transfer into new vector systems because of the highly
recombinogenic nature of its first 1000 basepairs on the N-terminus, a problem known in the
PARP field. Numerous cloning attempts including trying different cloning techniques and
optimisations were necessary to finally obtain the mutation free YFP-PARP14 (1-1801) encoding

plasmid [Figure 12B]. 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 additionally attached to the
C-terminus of the YFP-PARP14 truncations, the single macrodomain MD2 and the triple
macrodomain constructs encoding MD1 to MD3, in order to promote their up-take into the
nucleus. The nuclear transport of macromolecules is mediated by members of the karyopherin
transport receptor family which either import (‘importins’) or export (‘exportins’) their cargo
through the nuclear pore complex **’. The transport mechanisms are driven through recognition of
nuclear localisation signals (NLS) or nuclear export signals (NES) by the respective karyopherin
members ', For promoting the up-take of the macrodomain proteins, a classical monopartite
NLS (PKKKRKYV) from the simian virus 40 (SV40) large T antigen was used, which is
characterised by a single cluster of five consecutive basic amino acids and is recognised by
importin-a. *°. It should be mentioned that analysis of full-length PARP14 using bioinformatics
NLS and NES prediction tools did 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 experimental data. Furthermore, mammalian
expression constructs encoding the ADPR-binding-deficient macrodomains MD1ggase, MD2g1044e
or MD21044, H1172a, 1175y @nd MD3g1257e Were prepared. All constructs were confirmed to result in
correct protein expression [Figure 13A] and the localisation of the gene products was
subsequently determined in U-2 OS cells transiently expressing full-length PARP14 or PARP14
truncations [Figure 13B]. U-2 OS cells were used for these studies since this cell line was to be
used for the subsequent laser micro-irradiation 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 up-take. The initial MD1-3 constructs with and without NLS resulted in
rather poor nuclear localisation of the proteins. Therefore, the position of the NLS was optimised
by introducing additional residues between the MD3 C-terminus and the NLS. A spacer of five
amino acids was sufficient to provide good accessibility and recognition of the NLS, resulting in
improved nuclear up-take of MD1-3 protein. Unfortunately, the PARPI4 ‘macroPARP’
truncation containing the three macrodomains, the WWE and PARP domain as well as full-length

PARP14 did not localise strongly to the nucleus and showed additionally lower expression levels
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compared to the other constructs [Figure 13A, B]. Furthermore, bright fluorescent bodies were
observed in the cytoplasm indicating the formation of aggregates of the macroPARP and
full-length PARP14 proteins. It could very likely be that the proteins, due to their size (141 kDa
for YFP-macroPARP and 231 kDa for YFP-PARP14), misfolded or were partially unfolded upon
overexpression, leading to protein aggregation and also consequently to dysfunction. The 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 as MD1-3 (with
spacer and NLS) showed sufficient nuclear localisation to allow analysis of the PARP14

macrodomain recruitment to laser-induced DNA damage sites.
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Figure 12. Preparation of PARP14 mammalian YFP-expression constructs using Gateway® cloning. (A) 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 full-length PARP14 cloning). PCR products (or vectors) were then
recombined with the pDONR™221 vector containing the attP sites using the BP clonase mix where the attB and attP
sites serve as binding (attachment) sites for the recombination enzymes in this mix. The recombination reaction
results in pENTR clones containing attL sites which can be recombined with the attR sites present in the
YFP-destination vector using the LR clonase enzymes, thereby creating the final expression clone in the destination
vector. (B) Steps of final full-length PARP14 Gateway® cloning. Following the BP reaction 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 was set-up with all three clones (containing 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 site-directed mutagenesis attempts, a correct clone (labelled ‘YFP-PARP14-FL’ on the gel)
could be isolated and was confirmed by Sanger sequencing. All samples shown were run on a 1 % agarose gel and
visualised using pegGreen DNA/RNA dye under UV light.
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Figure 13. Test expression and localisation studies of YFP-PARP14 full-length and truncation constructs. (A) HEK293
cells were either left untransfected (control, C) or were transfected with the indicated YFP-PARP14 full-length and
truncation constructs and analysed for expression products by Western blotting 48 h post transfection. All constructs

resulted in expression of the proteins with the expected sizes, however, PARP14 macroPARP and full-length PARP14

showed low expression levels. Alongside of protein standards (M), 40 ug of total lysate were loaded for analysis of the
macroPARP and full-length construct and 20 pg of total cell lysate for all other constructs. (B) The cellular localisation

of the expression products was tested in U-2 OS cells. Representative images for each construct type are shown. Only

the single MD2 construct including NLS and the triple macrodomain construct with spacer and NLS showed good
nuclear localisation and could be used for laser micro-irradiation studies. The PARP14 macroPARP and full-length

construct showed bright cytoplasmic bodies indicating protein aggregation. For imaging, 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 with the Dr. Ivan Ahel’s Laboratory
(Sir William Dunn School of Pathology, Oxford). In order to establish the laser micro-irradiation
assays, experiments were first performed with the single macrodomain, PARP14 MD2
[Figure 14]. For this, BrdU sensitised U-2 OS cells were transfected with YFP-PARP14 MD2 and
subjected to laser micro-irradiation coupled to live-cell imaging. It was observed that
PARP14 MD2 wild-type is recruited to these laser-defined DNA lesions within seconds after
induction of DNA damage in contrast to the corresponding ADPR-binding-deficient mutants,
PARP14 MD2g1044e and PARP14 MD2g1044e, 111724 p1175y [Figure 14A]. This step also further
validated the ADPR binding studies previously performed with the purified mutant proteins.
Furthermore, the PARP14 MD?2 recruitment was dependent on both the presence and activity of
PARP1 [Figure 14B, C]. In the absence of PARPL, in PARP1” cells, and after inhibition of
PARP1 catalytic activity using the PARP domain inhibitor olaparib, recruitment of the

macrodomain was not detected in comparison to the corresponding controls.
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Figure 14. PARP14 MD2 is recruited to laser-induced DNA damage sites. For legend, see top of next page.
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Legend to Figure 14: PARP14 MD?2 is recruited to laser-induced DNA damage sites.

(A) PARP14 MD2 wild-type is recruited to sites of laser-induced DNA damage in contrast to the corresponding
ADPR-binding-deficient mutants, mutant 1 (PARP14 MD2g1044¢) and mutant 2 (PARP14 MD2g1044¢, H11724, D1175v). U-2 OS
cells were transfected with YFP-PARP14 MD2 wt or mutant, subjected to laser micro-irradiation and imaged at the
indicated times. (B) PARP14 MD2 recruitment depended on the presence of PARP1. U-2 OS/PARP1+/+
U-2 OS/PARPl’/’ cells were transfected with YFP-PARP14 MD2 wt, subjected to laser micro-irradiation (white arrows)
and imaged at the indicated times. (C) PARP14 MD2 recruitment depended on the activity of PARP1. U-2 OS cells
transiently expressing YFP-PARP14 MD2 wt were pre-treated for 1 hour with DMSO or with 10 uM of the PARP1
inhibitor olaparib, subjected to laser micro-irradiation (white arrows) and imaged at the indicated times. Note: These

and

experiments were performed by Dr. lan Gibbs-Seymour (Dr. Ivan Ahel’s Laboratory, Sir William Dunn School of
Pathology, Oxford).

Subsequently, laser micro-irradiation assays were performed with the YFP-PARP14 MD1-3
proteins summarised in Figure 15A. The wild-type triple macrodomain protein MD1-3 showed
strong recruitment to laser-induced DNA damage sites. Furthermore, the introduction of a
mutation resulting in macrodomain ADPR-binding deficiency only in a single macrodomain in
MD1-3 did not significantly impair the recruitment of MD1-3. The ADPR-binding deficiency of
MD1 or MD3 was presumably compensated by the other still functional macrodomains. 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 MD1-3, allowed directly studying which of the macrodomains contributes
strongest to the MD1-3 recruitment. It was observed that MD2 had the strongest effect on MD1-3
recruitment followed by MD3 and then MD1. The ability of MD1 to recruit MD1-3 to DNA
damages sites was very poor, consistent with its low ADPR binding affinity previously
determined by calorimetric studies. It was seen that the simultaneous inhibition of MD2 and MD3
resulted in significant impairment of MD1-3 recruitment to ADP-ribosylated sites. The stronger
recruitment of MD1-3 by MD2 in comparison to MD3 was also in line with the previous in vitro
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 and MD3 in vitro
and in cells as stated by Forst et al. ®. Finally, only inhibition of all three macrodomains
completely prevented MD1-3 recruitment to the laser-induced DNA damage sites, which

confirmed the consistency of the dataset and validated the MD3¢1,57e mutation. Despite their poor
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nuclear localisation, PARP14 macroPARP and full-length PARP14 were also tested in this set-up
[Figure 15B]. Weak re-localisation of PARP14 macroPARP to laser-induced DNA damage sites

was observed, however, no re-localisation was detected for full-length PARP14 as expected.
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+ Laser micro-irradiation + Laser micro-irradiation

Figure 15. PARP14 recruitment studies to laser-induced DNA damage sites. (A) U-2 OS cells were transfected with
YFP-PARP14 Macrol-3 wt or mutants, subjected to laser micro-irradiation (white arrows) and imaged at the indicated
times. Macrodomains harbouring a mutation resulting in ADPR-binding deficiency are indicated with *. All
macrodomains contribute to the recruitment of PARP14 to the DNA damage sites with MD2 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 YFP-PARP14 macroPARP (left) or YFP-PARP14-FL (right),
subjected to laser micro-irradiation (white arrows) and imaged at the indicated times. The macroPARP protein showed
very weak recruitment and no recruitment was observed of full-length PARP14. Green cytoplasmic bodies probably
indicated protein aggregation resulting in poor nuclear localisation and dysfunction. Note: The experiments were
performed by Dr. lan Gibbs-Seymour (Dr. Ilvan Ahel’s Laboratory, Sir William Dunn School of Pathology, Oxford).
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These laser micro-irradiation experiments gave rise to the following conclusions: PARP14 MD2
and therefore also PARP14 MD1-3 are recruited to laser-induced DNA lesions in a PAR/PARP1-
dependent manner, thus recognising PARYylated target sites. Yet, this result is in contrast to
Forst et al. ®® who defined PARP14 macrodomains as readers of MARYylation and stated that the
PARP14 macrodomains, in particular MD2 and MD3, recognise MARYylated targets such as
PARP10 but not PARylated PARPL. It cannot be excluded that MARylation events are involved
in PARP14 macrodomain recruitment upon laser-induced DNA damage, however, these data
showed that MD2 recruitment to DNA damage sites was not driven by MARylation. No PARP14
MD2 recruitment was observed in U-2 OS/PARP1™ cells which

still have functional PARP family members capable of

MARylation of respective target sites and PARP1 is well MW

known for its PARylation, not MARylation, activity in 150

particular in the context of DNA damage. These results were o
Ss [
additionally confirmed by pulldown experiments [Figure 16], wB [ S
‘ ¥ plldoun experiments (Fgure 161, e, Y e

where PARP14 MD2 was shown to pull-down PARylated  rigure 16. PARP14 MD2 interacts

. . o . with PARylated PARP1. Whole cell
PARP1, whose identity and modification was confirmed by  |ysates from H,O,-treated Jurkat

) ) cells were incubated with
mass spectrometry and anti-PAR  Western blotting,  macrodomain baits immobilised on

] ] ] Dynabeads®. Proteins isolated by
respectively. Since PARP14 macrodomains were hOWeVer  puii-down were eluted with 1 mM

) ) ) ADPR and visualised by silver
shown to be unable to recognise PARylated PARP1 directly in  staining (SS) and o-PAR Western

) ) ) o blotting  (WB). Control: no
in vitro pulldown assays performed with purified and  acrodomain  bait immobilised.

automodified PARP1 ® it could be possible that the PARP14 ARG hydrolases AR from PARFL.
macrodomain recognition of PARylated PARP1 in cells is only indirectly. It could be
hypothesised that a complex is formed involving 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 PARPL1.

Consistent with the in vitro studies, MD2 contributes 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 almost completely 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 PARP14 macrodomains

As discussed in chapter 1, efficient PARP14 targeting via its macrodomains to prevent its
recruitment to ADP-ribosylated target sites may require inhibitor development for both MD2
and MD3. 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 PARP14 MD2

To understand PARP14 MD?2 targeting in more detail, the new macrodomain inhibitor GeA-69
was firstly characterised concerning its biophysical properties, selectivity over human
macrodomain family members, and its target engagement in cells. Secondly, GeA-69 analogues,
which were designed and synthesised in collaboration with chemistry groups, were characterised
to develop a detailed structure-activity-relationship (SAR) analysis of GeA-69 in order to improve
its potency towards PARP14 MD2. Lastly, a medium-sized in vitro screen was performed against
PARP14 MD2 in collaboration 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-69 —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 in-house kinase inhibitor library against PARP14 MD2 along with three other macrodomains,
MacroD1, MacroD2 and TARG1. The screen was performed using an AlphaScreen (amplified
luminescence proximity homogenous assay) technology based assay that was developed in this

project specifically for macrodomain screening. The assay principle is described in Figure 17.
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Figure 17. Principle of the AlphaScreen-based displacement 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 to Ni**-chelated acceptor beads with its
hexahistidine 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 specifically, donor beads
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 520-620 nM from the thereby excited acceptor beads. Macrodomain inhibitors are able to
displace the peptide from the macrodomain binding site resulting in a reduced emission. Note: The macrodomain
AlphaScreen peptide, a biotinylated and ADP-ribosylated 11 residue peptide derived from histone H3, was designed by
Dr. Jonathan Elkins and has the following sequence: ARTK(Bio)QTARK(Aoa-RADP)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 ATP-competitive
kinase inhibitors or fragments. GeA-69 is a carbazole-based 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 a Kp of (862 = 40) nM in a 1:1 binding stoichiometry. In contrast, a closely
related compound MnK2-68 (developed during the following SAR studies) did not bind and was

used as a negative control in subsequent assays [Figure 18, S8].

Legend to Figure 18: GeA-69 as a new class of macrodomain inhibitors.

(A) Molecular structure of GeA-69 discovered in a kinase inhibitor library screen and its inactive analogue MnK2-68
developed during the following SAR studies. (B) ITC confirmed binding of GeA-69 to PARP14 MD2 with a Ky 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 MD?2 into solutions of the inactive analogue MnK2-68 (middle) and the active
compound GeA-69 (bottom). The inset shows normalised binding enthalpies corrected for the heat of dilution as a
function of binding site saturation. The ITC parameters for GeA-69 binding to PARP14 MD2 are provided in Figure S8.
(C) Schematic representation of the PARP14 domain architecture. Residue numbers refer to the human PARP14
ortholog. The macrodomain targeted by GeA-69 is highlighted with a red star.
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Figure 18. GeA-69 as a new class of macrodomain inhibitors. For legend, see bottom of previous page.

To establish the binding mode of GeA-69, the co-crystal structure of PARP14 MD2 with GeA-69
was determined by members of the group. Initial attempts at co-crystallisation of GeA-69 with
wild-type PARP14 MD2 gave crystals that diffracted X-rays only to modest resolution. Therefore,
five different surface-entropy 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 forming tighter crystal contacts *®. Each of these mutant proteins was
used in crystallisation trials with either GeA-69 or closely-related analogues. Finally, a construct
of the PARP14 MD2y104ss, k11545, k1185, k11625 Mutant gave a crystal diffracting to 1.6 A resolution
in complex with compound MnK2-13 which was well resolved in the electron density map
[Figure 19A, S5A]. MnK2-13 is the methanesulfonamide analogue of the acetamide GeA-69 and
binds to PARP14 MD2 with a Kp of (2.1 £ 0.1) uM [Figure S5B]. Surprisingly MnK2-13 did not
occupy the ADP-ribose binding site but was deeply buried within the macrodomain with no
contact with the solvent phase [Figure 19A]. Ligand binding was stabilised by hydrophobic and
hydrogen bonding interactions to the protein [Figure 19B]. The planar carbazole itself was bound
in a hydrophobic pocket with several hydrophobic interactions including the T-shaped n-n
interaction with ring C and Phel129 and with an additional hydrogen bond of the NH of the

carbazole to the proline carbonyl of Pro1130. The benzene ring of MnK2-13 was surrounded by
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hydrophobic residues including Phel182, Leull71 and Phell169. The sulfonamide moiety of
MnK2-13 formed several hydrogen bonds to the macrodomain including to the amide of 111132
and the primary carboxamide of the Asn1178 side chain. Furthermore, the NH of the sulfonamide
group was involved in a complex with a water molecule together with the Asn1178 carbonyl
group and Lys1141. Superimposition of the ADPR-bound macrodomain structure (PDB ID 3Q71)
and the MnK2-13-bound structure furthermore showed that Phel144 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 MnK2-13 co-crystal structure, GeA-69 was then
docked into PARP14 MD?2 to rationalise its slightly higher binding affinity compared to MnK2-
13. The docking model may suggest that the orientation of the carbonyl in the acetamide group in
GeA-69 may be ideal (considering bond length and angle) to allow a stronger hydrogen bond
interaction to Asn1178 in comparison to the sulfonamide oxygen of MnK2-13 [Figure S6]. The
inactivity of the negative control, MnK2-68, is even more difficult to rationalise based on this
model. Potentially the increase in polarity and differences in electron distribution in the pyridine
ring system forms less favourable hydrophobic interactions with PARP14 MD2. Interestingly,
MnK2-13 bound adjacent to but not in the ADPR binding site as would have been expected based
on its carbazole scaffold that was used for the development of ATP mimetic inhibitors ***. The
structure superimposition revealed that upon inhibitor binding a loop from Pro1130 to Pro1140
was pushed into the ADPR binding site in the inhibitor complex displacing the bound ADPR
[Figure 19C]. A portion of this loop consisting of residues Gly1133-Gly1135 showed weaker
electron density and may thus be present in multiple conformations. ITC competition experiments
confirmed GeA-69 as an inhibitor of PARP14 MD2 able to compete with its ADPR binding. In
the presence of 80 uM GeA-69, binding of ADPR to the macrodomain was not detected while in

absence of the inhibitor ADPR bound with a K, of (7.8 + 0.5) uM [Figure 19C, S17].
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Figure 19. Crystal structure of PARP14 MD2 in complex with MnK2-13 reveals an allosteric binding mode. (A) Surface
representation of PARP14 MD2 in complex with the macrodomain active GeA-69 analogue MnK2-13. The
macrodomain inhibitor (atom-coloured sticks) is deeply bound within the macrodomain. The solvent accessible
surface of the residues Alal131-Pro1140 (white loop) was removed to visualise the inhibitor. (B) The binding site of
MnK2-13 in PARP14 MD2. Residues involved in direct contacts with the inhibitor are shown in atom-coloured sticks.
Hydrogen bonds between ligand and protein or structural waters are indicated by dotted lines. Superimposition of the
ADPR-bound macrodomain structure (PDB ID 3Q71) % and inhibitor-bound macrodomain structure shows that
Phel144 (magenta) is pushed aside by the carbazole ring system of MnK2-13 (arrow). The part of the loop (Pro1130-
Pro1140) that is rearranged by comparison to the ADPR-bound structure is shown in green. (C) GeA-69 is an allosteric
inhibitor of ADPR binding to PARP14 MD2. (Left) Superimposition of the ADPR-bound macrodomain structure
(PDB ID 3Q71, green) % with the inhibitor-bound macrodomain structure (blue) revealed GeA-69 (and MnK2-13) as
allosteric inhibitor. Binding of MnK2-13 (macrodomain active analogue of GeA-69) to the macrodomain results in
movement of the loop Pro1130-Pro1140 (highlighted in magenta) into the ADPR binding site displacing the bound
ADPR. (Right) ITC experiments confirmed GeA-69 as inhibitor of PARP14 MD2 competing with its ADPR binding. Raw
injection heats are shown resulting from titration of a 1 mM ADPR solution into the cell containing either buffer (top)
or 40 uM PARP14 MD2 only (bottom) or 40 uM PARP14 MD?2 in presence of 80 uM GeA-69 (middle). Only in absence
of the inhibitor, the expected Ky for ADPR of (7.8 + 0.5) uM was observed. Additional binding and fitting parameters
are provided in Figure S17. Note: PARP14 MD2 co-crystallisation with MnK2-13 was performed by Kristin Uth 162,
structure determination by Dr. Jonathan Elkins (SGC).

GeA-69 selectivity over the other human macrodomain family members was then assessed. 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, PARG, PARP9 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 in Chapter 11.2.1.2. To perform the selectivity studies, the macrodomain
AlphaScreen assay was considered as 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 in dose-response experiments for
all of the macrodomains [Figure S7]. Including PARP14 MD2, nine of the 16 human
macrodomains gave a consistent and stable assay signal with a Z’ on average of 0.85 and could
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 characterised using 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 MD2 ** and ALC1
[Figure S7], for which binding to the ADPR imitating part of the peptide may have been
significantly decreased due to the method of conjugation to the peptide resulting in a ring-opened
terminal ribose unit, or alternatively due to the 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
AlphaScreen signal could be obtained even in the absence of the macrodomain AlphaScreen
peptide, potentially indicating non-specific binding of PARG to the streptavidin coated donor
beads [Figure S7]. ITC or biolayer interferometry (BLI) were therefore considered as alternative
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 AlphaScreen assay at a compound concentration of
200 pM, by BLI at a compound concentration of 50 UM or by ITC at a compound concentration
of 30 UM [Figure 20A, S8]. Binding was only detected to PARP14 MD?2 proving the very high
target selectivity of GeA-69 over the macrodomain 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 selectivity of GeA-69 [Figure 20B, 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 suitable for BLI testing or were too
unstable over the duration of the ITC experiment. Selectivity of GeA-69 over PARP15 MD1, the
macrodomain with highest structural similarity to PARP14 MD2, was also tested and the results
are discussed in Chapter 11.2.1.2.

Since GeA-69 was part of a kinase inhibitor library, originally synthesised in a programme aimed
at the optimisation of the activities of the alkaloid annomontine '**®° the internal database was
searched for experimental thermal shift assay data of kinases that were screened against this
compound. 46 Kkinases representing different branches of the phylogenetic kinase tree were
screened [Figure S9], none of them showing any significant stability shifts and thus no binding

affinity for this inhibitor.

Legend to Figure 20: GeA-69 is a selective macrodomain inhibitor.

(A) GeA-69 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 concentration of
200 UM (top right) or by biolayer interferometry (BLI) at a compound concentration of 50 uM (bottom right). Binding
was only detected with PARP14 MD2 (red circle). The numbers in the circles correspond to macrodomains shown on
SDS-PAGE (bottom left). PARP14 MD1, 2 and 3 proteins were prepared with different tags. Details are provided in
Figure S20. (B) Multiple sequence alignment of human macrodomains confirming no other human macrodomain has
conserved all the residues that bind MnK2-13 and therefore also GeA-69. Residues of PARP14 MD2 involved in
MnK2-13 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) amino acid likely 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 properties. The full alignment is shown in Figure S10. (C) GeA-69
selectivity over representative human macrodomain family members based on structural considerations. The
MnK2-13-bound PARP14 MD2 structure (shown in blue) was superimposed to the corresponding macrodomain
MacroD1 (PDB ID 2X47) *®, macroH2A2 (PDB ID 2XD7) or TARG1 (PDB ID 4J5R) ** structure. Residues probably causing
a sterical clash and thus preventing GeA-69 or MnK2-13 binding, respectively, to the macrodomain are highlighted in
magenta.
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Figure 20. GeA-69 is a selective macrodomain inhibitor. For legend, see bottom of previous page.

Furthermore, GeA-69 was characterised in regard to its biophysical properties. BLI experiments
showed that GeA-69 exhibited, despite its enclosed binding position, fast on/fast off kinetics when
binding to PARP14 MD2, with a mean dissociation rate constant of 2.4 x 107 s™ resulting in a
half-life of binding (t;,, residence time) of 42 seconds [Figure 21A]. Dynamic light scattering
(DLS) revealed that GeA-69 is soluble in cell culture medium up to 250 uM which was therefore
set as the maximum concentration for following cellular assays [Figure 21B]. Moreover,

performance of parallel artificial membrane permeability assays (PAMPA) in collaboration with
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Novartis (Basel, Switzerland) showed that GeA-69 was highly cell permeable with a logP, of -3.5
over three representative pH values (4.0, 6.8, 8.0) [Figure 21C]. Finally, cytotoxicity assays
showed that GeA-69 has only moderate cytotoxicity with an ECs, of ~50 uM on different cell
lines tested (HeLa, HEK293 and U-2 OS) [Figure 21D]. This observed inhibitor cytotoxicity at
this high concentration was probably not a specific effect of PARP14 MD2 inhibition, as shown
by the negative control compound MnK2-68 [Figure S11A]. Thus altogether, GeA-69
demonstrated a biochemical profile to warrant the evaluation of cell-based activities. In an attempt
to show GeA-69 target engagement to PARP14 in cells, cellular thermal shift assays (CETSA)
were performed using U-2 OS cells which showed good levels of PARP14 expression %1617,
CETSA is based on the same principle as in vitro thermal shift assays, i.e. the ligand-induced
thermodynamic stabilisation of the target protein, however, allows monitoring target engagement
inside cells without the need to use labelled molecules (tracers) or engineered protein to follow
the binding process *®®. To perform the assay, intact live U-2 OS cells were treated with 250 pM
GeA-69. After treatment, cells were transiently heated to thermally denature and precipitate the
proteins and lysed which was followed by analysis of the soluble protein fraction by Western
blotting to the generate melting curves of endogenous PARP14 [Figure 21E, S11B] %7
Repeatedly, no thermal stabilisation of PARP14 by GeA-69 was detected under these conditions.
However, this result is perhaps not surprising since PARP14 is a large protein (203 kDa) and

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

limitations of the CETSA assay *”.
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Figure 21. Characterisation of GeA-69 concerning biophysical and cellular properties. (A) Binding kinetics of GeA-69
to PARP14 MD2. The BLI sensorgram shows the kinetics of GeA-69 association and dissociation to PARP14 MD2. The
inhibitor concentration range and steady state analysis are shown next to the traces. Mean k, is 1.35 x 10* M™s™ while
the mean ky is 2.4 x 102 s* resulting in a half-life of binding (t/,, residence time) of 42 seconds. Here, a Kj for GeA-69
of (1.4 + 0.2) uM was calculated. (B) GeA-69 is soluble in cell culture medium up to 250 uM as shown by DLS
experiments. Saracatinib was used as a compound control with high solubility, LYC2603618 as control with low
solubility. (C) GeA-69 is highly cell permeable. Cell permeability was assessed by PAMPA (parallel artificial permeability
assay) performance. The highest effective permeability (logP.) of -3.5 is identical over the three representative
pH values tested. The fraction of absorbed drug (FA) was calculated to 100 % with 2 % passing paracellular and 98 %
transcellular over the membrane. Active transport mechanisms are not considered in this model. (D) GeA-69 shows
moderate cytotoxicity. Hela, U-2 OS and HEK293 cells were incubated for 72 h in the presence of different GeA-69
concentrations (25 nM - 250 uM) and cell viability was measured using the AlamarBlue™ reagent. ECsy values were
calculated from three independent experiments with ECs,_Hela = (58 + 3.9) uM, EC5,_U-2 OS = (52 = 1.1) uM,
ECso_HEK293 = (54 £+ 2.2) uM. Results are expressed as mean = SEM, n = 3. (E) CETSA experiments performed with
intact U-2 OS cells treated with 250 uM GeA-69 for 2 h show that GeA-69 is not capable of thermal stabilisation of
endogenous PARP14. The result is representative for three independent experiments. Note: The PAMPA data was
generated by Norbert Domage (Novartis Institutes for BioMedical Research, Basel, Switzerland).
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Therefore, laser micro-irradiation assays that were previously established for PARP14 MD2 were
performed to assess GeA-69 target engagement in cells. In these assay it was evaluated if GeA-69
could interfere with PARP14 MD2 recruitment to laser-induced DNA damage sites. Indeed, it was
observed that pre-treatment of U-2 OS cells with GeA-69 for 2 hours affected PARP14 MD2
re-localisation in this set-up [Figure 22A]. The macrodomain recruitment was significantly
decreased in cells pre-treated with 50 uM GeA-69 and completely prevented in cells exposed to
250 UM GeA-69. As expected, the negative control MnK2-68 did not interfere with
PARP14 MD2 recruitment and further, GeA-69 did not affect the recruitment of an alternative
macrodomain-containing protein, YFP-ALC1. Although a high inhibitor concentration had to be
applied to completely prevent PARP14 MD2 recruitment to DNA damage sites, these experiments
proved that GeA-69 engages PARP14 MD2 in intact cells. It is difficult to rationalise why this
high GeA-69 assay concentration is required to completely inhibit PARP14 MD2 recruitment
considering the high cell permeability of GeA-69. 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 GeA-69 concentrations.

Moreover, it was tested whether GeA-69 affected the recruitment of the triple macrodomain
construct PARP14 MD1-3 [Figure 22B]. Consistent with previous results obtained with ADPR-
binding-deficient macrodomains [Chapter 11.1.2.], GeA-69 was not able to prevent MD1-3
recruitment to the laser-induced DNA damage sites. No difference in MD1-3 recruitment was
observed between cells pre-treated with DMSQO, the negative control MnK2-68 or GeA-69. Since
GeA-69 was shown to engage PARP14 MD2 in cells, it can therefore be excluded that GeA-69
has an effect on MD1 or MD3 since these macrodomains must be responsible for the continued
recruitment of MD1-3 in the presence of GeA-69. Consequently, it can also be concluded that
GeA-69 is not able to prevent recruitment of full-length PARP14 to its respective target sites. In

further agreement with the previous MD1-3 mutagenesis studies was that in presence of 250 uM
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GeA-69 the recruitment of MD1-3 could be significantly impaired by additionally blocking MD3

ADPR recognition by a mutation introduced in its binding site [Figure 22C]. This confirmed again

the requirement of at least an additional MD3 inhibitor or a different, orthosteric, inhibitor able to

bind both MD2 and MD3 to affect PARP14 recruitment to its ADP-ribosylated target sites and

thus to affect PARP14 function.
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Figure 22. GeA-69 engages PARP14 MD2 and prevents
its localisation to the sites of DNA damage. (A) GeA-69
prevents recruitment of PARP14 MD2 to sites of laser-
induced DNA damage. U-20S cells transiently
expressing YFP-PARP14 MD2 or full-length YFP-ALC1
were pre-treated with DMSO, GeA-69 or the negative
control inhibitor MnK2-68, subjected to laser micro-
irradiation and imaged at the indicated times.
(B) GeA-69 is not able to prevent recruitment of PARP14
MD1-3 to sites of laser-induced DNA damage. The top
two series were acquired with similar exposure but
under non-saturating conditions at peak intensity,
i.,e.t=2.5 min. (C) Inhibition of PARP14 MD2 with
GeA-69 and additional inhibition of MD3 by mutation
significantly reduces PARP14 MD1-3 recruitment to sites
of laser-induced DNA damage. Note: The experiments
were performed by Dr. lan Gibbs-Seymour (Dr. Ivan
Ahel’s Laboratory, Sir William Dunn School of Pathology,
Oxford).
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2.1.2. GeA-69 selectivity over PARP15 MD1

PARP15 MD1 arose from gene duplication of PARP14 MD2 *
and is therefore the structurally closest macrodomain to
PARP14 MD2. It was therefore of high interest to test whether
GeA-69 is also selective over the first macrodomain of

PARP15. Since no crystal structure for PARP15 MD1 is

G1133

available, a homology model for PARP15 MD1 was build and

N1178

PARP15 MD1: GeA-69
Gly178 MnK2-13

comparison of PARP15 MD1 and PARP14 MD?2 revealed that Figure 23. PARP14 MD2 in complex
with MnK2-13 (magenta) and

the residues around the binding site of GeA-69 are mostly  GeA-69 (cyan) which was docked
into the binding site.

used for the structural analysis. Sequence as well as structural

identical in both proteins with exception of Val1092, Leull71

and Asnl1178 which are replaced in PARP15 MD1 by Ala90, Vall71 and Gly178, respectively
[Figure 23]. It can be assumed that Vall71 similarly interacts with MnK2-13/GeA-69 like
Leull71 in PARP14 MD2 and the replacement of Val1092 with Ala90 in PARP15 MD1 reduces
the binding affinity but certainly not prevents binding. However, Asn1178 may be important for
binding and coordination of the sulfon-/acetamide moiety of MnK2-13/GeA-69 together with a
structural water, potentially resulting in GeA-69 selectivity over PARP15 MD1 [Figure 23]. The

aim was to obtain biophysical data confirming this hypothesis.

For performing this selectivity study, sufficient quantities of PARP15 MD1 protein had to be
prepared in a first step. Since no expression construct was available that yielded soluble
PARP15 MD1 protein, fifteen PARP15 MD1 truncations were designed and cloned into a vector
for bacterial expression with hexahistidine tag [Figure 24A]. 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 them yielded a sufficient amount of soluble protein although high salt
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concentrations and glycerol for protein stabilisation and prevention of aggregate formation *™*
were used during the purification [Figure 24B]. PARP15A-c017 with which some soluble protein
was obtained was additionally expressed at a larger scale [Figure 24C]. Consistent with the test
expression results, only a small amount of soluble PARP15 MD1 protein was isolated together
with other impurities after the first Ni-IMAC step. Further purification by gel filtration (GF) only
slightly improved the purity of the sample and additional purification steps could not be
performed due to the low protein yield. GF fractions containing PARP15 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 dose-response experiments, no AlphaScreen signal could be
obtained even at the highest peptide/protein concentrations, 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 [Figure 24C]. Three other PARP15 MD1 constructs were tested similarly in large scale with
the same outcome [Figure S12B]. During all protein purifications, it 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 intermediates then accumulate via hydrophobic
contacts to insoluble, mainly non-functional cytoplasmic protein aggregates >’ Strategies to
solubilise proteins produced in E. coli include the recovery of these aggregated forms through
isolation of the inclusion bodies followed by in vitro protein refolding or variation of the
expression conditions to decrease the formation of inclusion bodies and consequently improve the
yield of soluble protein. In vitro protein refolding is however often time consuming, challenging

74 and very few attempts of

in optimisation and associated with low yields of active protein
PARP15 MD1 expression with modified conditions were not successful [Figure S12C]. Instead,

PARP15 MD1 was expressed in an eukaryotic expression host by setting-up a baculovirus
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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 solubilisation. Additionally, PARP15 MD1 was
expressed as fusion protein with glutathione-S-transferase (GST) tag to increase its solubility *'.
Cloning and expression of respective PARP15 MD1 constructs were performed by the SGC
Biotechnology group. From test expressions, two constructs were considered to be suitable for
large scale expression of PARP15 MD1 (PARP15A-c024 and PARP15A-c039). Both encode the
same PARP15 MD1 region; however, PARP15A-c039 contains an additional biotin tag for a

potential application in biophysical assays such as BLI.
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Figure 24. PARP15 MD1 preparation attempts by bacterial expression for selectivity studies. For legend, see top of
next page.
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Legend to Figure 24: PARP15 MD1 preparation attempts by bacterial expression for selectivity
studies.

(A) Fifteen PARP15 MD1 constructs were cloned into pNIC-Bsad vectors for bacterial expression. PCR amplified
PARP15 MD1 inserts of the corresponding expression constructs from a colony PCR screen are shown. (B) Small scale
test expression of fifteen Hisg-tagged PARP15 MD1 constructs. Although PARP15 MD1 expression (red star) was
obtained from all constructs as seen in the total cell lysate fraction (T), all constructs yielded only 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 expression. (C) PARP15 MD1 large scale expression attempt from construct PARP15A-c017.
Similar to the test expression result, only a very small amount of soluble PARP15 MD1 was obtained after cell lysis and
Ni-IMAC purification. The eluate fraction was further purified on a S75 16/60 GF column and GF fractions analysed by
SDS-PAGE. Fractions marked with a red line were pooled and tested in an AlphaScreen dose-response experiment
shown below the SDS-PAGE gel. No AlphaScreen signal could be generated with the protein sample, indicating that
the protein was either not fully functional or was unable to bind the 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 purification [Figure 25A], yet the yield
was not high, and 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
PARP15A-c024 could be further purified by gel filtration [Figure 25B]. The gel filtration profile
showed that PARP15 MD1 eluted before the GST-tag with the expected elution volume in a
symmetric peak in contrast to PARP15 MD1 from the construct PARP15A-c039 for which at the
corresponding elution volume only a shoulder-like 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 S13], the co-expressed GST-tag, which is commonly observed for stable,
strongly expressed protein tags, as well as the 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 PARP15A-c024 purification to the sample c024-S1 (that
very likely contained only partially or misfolded PARP15 MD1 protein due its early and flat
elution profile) and sample c024-S2 (that was assumed to contain at least to a certain fraction
native PARP15 MD1 protein). The c024-S2 corresponding fractions from PARP15A-c039 were

also pooled to the sample c039-S1.
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Figure 25. PARP15 MD1 preparation by expression from insect cells for selectivity studies. (A) GST-tagged PARP15
MD1 was expressed in insect cells from the constructs PARP15A-c024 and PARP15A-c039 in large scale. Soluble
PARP15 MD1 protein (red star) could be obtained after cell lysis and 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 filtration using a S75 10/300 GL column. Shown are the obtained gel filtration chromatograms
(top) and the corresponding SDS-PAGE analysis of the GF fractions (bottom) for each construct. Fractions were pooled
as indicated into the samples c024-S1, c024-S2 and c039-S1 for further characterisation. Proteins bands excised from
the gel were analysed by tryptic digest and results are noted next to the gel.
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These samples were then further characterised by differential scanning fluorimetry (DSF) in order
to assess if the GST-tagged PARP15 MD1 proteins in the corresponding samples were correctly
folded. The thermal profile clearly revealed two unfolding states for the sample c024-S2, the first
transition being at 37 °C for PARP15 MD1 and the second being at 56 °C for the GST-tag

[Figure 26A]. The latter is consistent with the literature '

and was confirmed by using
GST-tagged BRD9 as control. As expected, a two transition profile could not be observed for
c024-S1 and c039-S2, confirming that the majority of the PARP15 MD1 was not in its native
state. However, the low T, of 37 °C of PARP15 MD1 in c024-S2 and the additionally higher
fluorescence values at the beginning of the profile may nevertheless indicate partial protein
unfolding. To obtain further evidence, an HTRF (Homogenous Time-Resolved Fluorescence)
assay was set-up, similarly to the macrodomain AlphaScreen assay. Anti-GST-Eu®* cryptate was
used as energy donor fluorophore that could bind the GST-tag of PARP15 MD1 while
Streptavidin-XL665 was chosen as the acceptor 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 of Eu**-cryptate, light emission from XL665 at 665 nm could be measured as
HTRF signal '®. A wide range of peptide concentrations were titrated against several
PARP15 MD1 protein concentrations. However, no HTRF signal could 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
[Figure 26B]. This could either indicate that PARP15 MD1 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 since the amount of PARP15 MD1 required was not available. Finally,
testing GeA-69 selectivity over PARP15 MD1 (c024-S2) by BLI through immobilisation via its

GST-tag could not be realised due to the unavailability of the required anti-GST sensor tips.



Results and Discussion — Chapter 2 56

A B
— buffer
GST-Brd9
25000+ — 500004 ® PARP15 MD1 (c024-S2)
— ] c024-S2 =
=) = = buffer
< 20000 .- c024-S1 £ 40000
Y 1 ® ] §
2 15000 c039-S1 € 30000 )
3 ) 2 . i
0 ] [
2 10000+ .
g . L 20000 3 { {
3 = ]
5000 T 1o000{ _ ¥
] %3
o Y —
20 30 40 50 60 70 80 90 100 0 5 10 15 20 25 30 35
Temperature (°C) MD AlphaScreen peptide (pM)

Figure 26. GST-PARP15 MD1 characterisation by DSF and in the HTRF assay. (A) GST-PARP15 MD1 samples (see
Figure 25 for purification) were analysed by DSF. GST-BRD9 was used as GST-tagged control protein. For PARP15 MD1
(c024-S2) the two unfolding states could be observed (similar to the GST-BRD9 sample), the first transition being at
37 °C for PARP15 MD1 and the second being at 56 °C for the GST-tag. In contrast, the samples c024-S1 and c039-S1 did
not show two transitions indicating that these PARP15 MD1 proteins were not properly folded. The interconnecting
line of the data points (mean of n = 4) is shown. (B) GST-PARP15 MD1 (c024-S2) could not generate a HTRF signal
(fluorescence signal ratio 665 nm/620 nm) using the 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 mean + SEM, n = 3.

In summary, GeA-69 is a new PARP14 MD2 inhibitor 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 protein and to confirm its native state with confidence. In vitro profiling
showed that GeA-69 shows a fast binding kinetic, is soluble to high micromolar concentrations
and is highly cell permeable. More importantly, GeA-69 is cell-active and prevents PARP14 MD2
recruitment to laser-induced DNA damage sites. However, the flat aromatic structure of its

carbazole which is often found in DNA-intercalating chemotypes "

is not a very attractive
template. Therefore, an extensive SAR study for GeA-69 was performed in collaboration with two

chemistry laboratories to improve its scaffold and potency which is shown in the following.



Results and Discussion — Chapter 2 57

2.1.3. SAR of the GeA-69 lead compound

In an attempt to efficiently establish the SAR study, database searches of in-house and
commercially available compounds were performed. However, the hits showed low similarity to
GeA-69 and were not considered as good GeA-69 derivatives. Therefore, a medicinal chemistry
approach was directly started on GeA-69 to improve the scaffold template and in particular its
potency. GeA-69 analogues were designed and synthesised first by Dr. Kerstin Riedel (Professor
F. Bracher Laboratory, LMU, Munich) and then by Moses Moustakim (Professor P. Brennan
Laboratory, SGC medicinal chemistry group, Oxford). All compounds were characterised for
their binding affinity to PARP14 MD2 by determination of their 1Cs, values by AlphaScreen
and/or Kp values by BLI and/or ITC. An expression 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 prepared with 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 MD?2 purification is shown in

Figure 27.

Legend to Figure 27: Representative example of PARP14 MD?2 purification for GeA-69 analogue
screening and characterisation.

After recombinant overexpression in E. coli and cell lysis by high pressure homogenisation, PARP14 MD2 protein was
purified by Ni-IMAC, followed by Hise-tag cleavage by TEV protease digestion overnight and gel filtration (GF) using a
sepharose based S75 16/60 column (M = marker, T = total - whole cell lysate, FT = flow-through, W1-3 = wash
fractions with increasing imidazole concentrations of 20-60 mM, E1-3 = eluate fractions with increasing imidazole
concentrations of 250-350 mM). Alternatively, for usage of the protein in the AlphaScreen assay, the protein was
directly purified by gel filtration after the Ni-IMAC step without Hisg-tag cleavage to obtain purified Hisg-tagged
PARP14 MD2. GF fractions were analysed for purity by SDS-PAGE. Fractions with high target/background ratio were
pooled (here: A3 — A10) and passed through a low volume of Ni-sepharose to remove any remaining impurities
including the Hisg-tagged TEV protease (29 kDa) (‘Rebinding’; FT = flow-through fraction, W1-3 = wash fraction with
increasing imidazole concentrations of 10-30 mM, E = eluate fraction with 250 mM imidazole). The flow-through
fraction was finally concentrated to the desired concentration (typically ~20 mg/mL) and stored at -80°C. The protein
identity was confirmed by determining the intact mass by mass spectrometry (expected mass: 21739 Da) at the end of
the purification process and/or before the gel filtration purification for additionally confirming completeness of
Hisg-tag removal.
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Figure 27. Representative example of PARP14 MD2 purification for GeA-69 analogue 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 GeA-69 that allowed a detailed SAR 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 Table S2.
Due to the unavailability of a co-crystal structure of PARP14 MD2 with GeA-69 at the beginning
of the SAR studies, a binding mode of GeA-69 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 functional groups present in GeA-69 interact with PARP14 MD2 as well as to
explore the space around the GeA-69 binding site. For the latter, the carbazole and

phenylacetamide moiety were rearranged and the scaffold was extended by variations of the
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amide attaching aliphatic linear or cyclic residues or different (hetero-) aromatic 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 GeA-69. Furthermore,
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 interacting with this macrodomain. The amide was
also replaced with a urea function as well as a sulfonamide that provided an additional oxygen for
interaction and changed the geometry of the amide from trigonal planar to tetrahedral. In this
series, the bioisostere of GeA-69 was synthesised, i.e. MnK2-13, which was successfully
co-crystallised with PARP14 MD2. The co-crystal structure then allowed retrospective
rationalisation: Amide modifications are tolerated, yet with increasing size, the activity of the
analogues on the macrodomain is reduced. All of these variations could not provide additional
strong hydrophobic, cation-n or hydrogen bond interactions for macrodomain binding that would
result in improved potency. Furthermore, all functional groups substantially contribute 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 more rational design of GeA-69 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 carbazole to a more drug-like scaffold, the ring B of the carbazole was modified, resulting in
an acridone or in a seco-derivative of which the latter was thought to enable an improved fitting
into the binding site. However, binding of both derivatives could not be measured at a
concentration of 50 pM. Moreover, indole derivatives, thus replacement of ring C with an
isopropyl moiety (MnK2-97) or a combined methyl/phenyl substitution (E62738a), resulted in
significant decrease of the binding affinity. The characterisation of MnK2-97 is shown in
Figure 29. The hydrophobic nature of the carbazole core is also essential for binding, and
therefore increasing its polarity by introducing heterocycles, such as a- or p-carbolines, or

additions of polar substituents around the scaffold 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 analogues, or small groups, i.e.
methyl, nitrile or trifluoromethyl groups, were attached in ortho, meta or para position
[Figure 28C]. None of the modifications could improve the potency of GeA-69, and more
interestingly, all pyridine analogues showed no measurable binding at 50 uM. It was assumed that
the binding of the compound having the nitrogen in ortho position to the carbazole (MnK2-69) to
the macrodomain might be significantly diminished because the pyridine nitrogen could slightly
interact by hydrogen bonding with the secondary amine in the carbazole moiety. As a result the
compound is not anymore in its active conformation for efficient PARP14 MD2 binding. From
this series, MnK2-68 was chosen as negative control for GeA-69 for biophysical or cellular
assays.

In particular during the course of the later SAR studies, numerous GeA-69 derivatives with a
variety of amide substitutions were prepared. Almost all amide extensions were tolerated but
could not improve the potency of GeA-69, showing binding affinities between 1-10 uM. Only
E62881a, a sulfonamide analogue extended with a phenyl group having a nitrile in meta position,
consistently performed better than GeA-69 in the AlphaScreen assay with an 1Cs, of 0.66 uM
[Figure 30]. Since E62637a, the E62881la analogue missing the nitrile group, inhibited the
macrodomain with only an 1Cs, of 3.6 UM, and furthermore the analogues having the nitrile group
in para (E62892a) or ortho (E62895a) position showed only ICs, values of 6.2 uM and 5.4 uM,
respectively, the nitrile group was assumed to specifically 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
electron-rich groups. Unfortunately, neither E62942a nor the other derivatives showed similar or
improved potency than E62881a and GeA-69, 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 ICsy 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 0.01 % Tween-20
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enabling characterisation of the binding kinetics of E62881a and estimation of the Ky value of
E62881a to (550 + 220) nM which is in agreement with the AlphaScreen 1Cs, value of 660 nM.
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 [Figure 30D]. In an
attempt to improve the water solubility of E62881a, 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 determination of the Ky value by
ITC was seen as a final characterisation step of the compounds that considered both, 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 for further inhibitor development; they can only guide the
compound optimisation process. Thus, despite all of these efforts providing a comprehensive SAR
analysis of GeA-69 for its target PARP14 MD2, GeA-69 potency could not be improved. Its
optimisation might be challenging 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 would be to grow the

compound to the protein surface to enable more polar interactions.
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Figure 28. Structure-activity-relationship (SAR) study for GeA-69 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, Oxford). (A) Summary of modifications of the carbazole rings A and B. (B) Summary of modifications of the carbazole ring C.
(C) Summary of phenylring variations. (D) Overview of acetyl/sulfonamide variations. HBA: hydrogen bond acceptor, HBD: hydrogen bond donor.
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Figure 29. Example of GeA-69 analogue characterisation (l). (A) Molecular structure of MnK2-97 as the first GeA-69
analogue without carbazole scaffold. (B) MnK2-97 binds PARP14 MD2 with a Kj of (18.0 + 3.9) uM with similar kinetics
to GeA-69 as shown by BLI measurements. Mean k, is 2.4 x 10* M™s™" while mean kqis 1.0 x 10" st resulting in a half-
life of binding (t;,, residence time) of 10 seconds (GeA-69: t;, = 42 sec). (C) Binding of MnK2-97 to PARP14 MD2 was
confirmed by ITC (also with a K of (18 + 2.4) uM) by titrating PARP14 MD2 into a 40 uM solution of MnK2-97. 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 single-site binding model. (D) ITC competition
experiments showed that MnK2-97 is able to compete but not to completely prevent ADPR binding to PARP14 MD2 at
a concentration of 250 uM. Raw injection heats are shown resulting from titration of a 1 mM ADPR solution into the
cell containing either buffer (top) or 40 uM PARP14 MD?2 in presence of 80 uM GeA-69 (middle) or 250 uM MnK2-97
(bottom). The normalised binding enthalpies are shown in the inset including the measurement of PARP14 MD2 only
as a reference (K, (ADPR) = (7.8 £ 0.5) uM). The calculated K;, for ADPR binding of PARP14 MD2 in presence of 250 uM
MnK2-97 was calculated to (40 + 3.8) uM. Additional binding and fitting parameters are provided in Figure S17.

Legend to Figure 30: Example of GeA-69 analogue characterisation (I1).

(A) Molecular structure of E62881a and E62942a, with E62881a being the first GeA-69 analogue with extended
scaffold and same binding affinity as GeA-69 towards PARP14 MD2. (B) Representative ICs, curves of GeA-69, E62881a
and E62942a obtained from AlphaScreen assays performed with PARP14 MD2. (C) E62881a shows a slower on/off
kinetic than GeA-69 to PARP14 MD2. Mean k, is 6.6 x 10° M™s™ while mean kqis 5.4 x 10°%¢? resulting in a half-life of
binding (t;/,, residence time) of 185 seconds (GeA-69: t;;, = 42 sec). The calculated K (E62881a) is (550 + 220) nM.
(D) Binding of E62881a and E62942a cannot be confirmed by ITC measurements, probably due to the poor compound
solubility in buffer without detergent. Raw injection heats are shown from titrations of 200 uM PARP14 MD2 into a
solution containing 10 uM E62881a or E62942a. (Same results were obtained with higher protein and compound
concentrations.)
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Figure 30. Example of GeA-69 analogue characterisation (ll). For legend, see bottom of previous page.

To support and guide the SAR studies, it was attempted to co-crystallise GeA-69 derivatives with
PARP14 MD2 to obtain structural information about the binding mode of the compounds. This
present work begun with characterisation of compounds synthesised after the compound series of
acetamide/sulfonamide variations including MnK2-13 which was successfully co-crystallised.
These new compound series aimed to study modifications on the carbazole scaffold and phenyl
ring of GeA-69. Almost all GeA-69 variations in these series showed no or very weak inhibitory
activity towards PARP14 MD2 and were therefore not taken into co-crystallisation trials. Only
MnK2-97 was a candidate considered for co-crystallisation. Although showing significantly lower
potency than GeA-69 with a Kp of 18 pM, MnK2-97 was the first compound that had the
carbazole replaced with an indole scaffold and was therefore far more drug-like. Information
about the 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 inCIUding the mutant MD2K104351 K1154S, K1158S, K1162S (PARP14A'C013) which gave the
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crystal structure in complex with MnK2-13 were purified and set-up in crystallisation trials
[Figure 31A]. Only the SER mutant resulting from PARP14A-c012 was excluded from
crystallisation trials since SDS-PAGE and mass spectrometry analysis revealed two truncations of
unexpected size of the macrodomain which were assigned after Sanger sequencing to a mutation
of the stop codon 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 PARP14A-c014. Their morphology was poor; either crystal clusters formed with
flower-like structures or very flat, un-mountable 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 the protein concentration, setting-up 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 diffracted X-rays. Since in particular
disordered crystal clusters were obtained, it was considered if this is caused by the flexible
N-terminus whose first nine amino acids were too disordered in the electron density map of the
PARP14 MD2-MnK2-13 co-crystal structure to be resolved. Therefore, three N-terminal
truncations of each SER mutant were prepared and set-up for crystallisation trials with MnK2-97
[Figure 31B, C]. Hits were mainly obtained with truncation 2 of the construct PARP14A-c011 but
as before the crystals showed no diffraction of X-rays.

It seemed that PARP14 MD2 did not readily form well diffracting crystals as seen before and also
observed by others (Prof. Herwig Schiller (Karolinska Institutet, Stockholm) personal
communication). Since no crystal structure of PARP14 MD2 is available in its apo form, 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 solubility in the protein buffer nor strong binding to PARP14 MD2
like GeA-69 or MnK2-13. At the compound concentrations (1-2 mM) 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 precipitation.

Apart from MnK2-97, a co-crystal structure with the acetamide/sulfonamide GeA-69 analogues
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E62942a and E62881a would have also been of interest to support the design of analogues with
structural information. A few 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 to attempt the co-crystallisation of close
analogues of E62881a with good solubility in combination with a MD1-MD2 double construct.
This construct could be successfully crystallised in its apo form as well as in complex with
ADPR ®, indicating that MD2 in conjugation with MD1 might be more crystallisable and does

not require macrodomain stabilisation by a ligand to form crystals.
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Figure 31. PARP14 MD2 co-crystallisation attempts with MnK2-97. For legend, see top of next page.
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Legend to Figure 31: PARP14 MD2 co-crystallisation attempts with MnK2-97.

(A) Five SER mutants of PARP14 MD2 were purified (PARP14A-c011 to c015) (shown by SDS-PAGE on the right) for
crystallisation trials with MnK2-97. Note that the double bands of larger size compared to the other constructs
obtained with PARP14A-c012 (marked with red star) results from a mutation in the stop codon of the construct.
Representative examples of crystallisation results with the other MD2 SER mutants are shown on the left and were
obtained under the following conditions: (a) 0.3 M magnesium formate dehydrate, 0.1 M Bis-Tris (pH 5.5) with c011;
(b) 20 % PEG6000, 10 % ethylene glycol, 0.1 M MES (pH 6.0), 0.2 M ammonium chloride with c011; (c) 1.6 M sodium
citrate tribasic dihydrate (pH 6.5) with c013; (d) 3 M sodium chloride, 0.1 M Bis-Tris (pH 5.5) with c015; (e) 0.2 M
sodium chloride, 25 % PEG3350, 0.1 M HEPES (pH 7.5) with c015; (f) 2.4 M sodium malonate with c015. (B) Design of
new truncation constructs based on the PARP14 MD2 SER construct PARP14A-c013 which could be successfully
crystallised with MnK2-13. Truncations were made on the N-terminus 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 below the construct design. (C) The indicated PARP14 MD2 SER
truncation constructs were purified (shown by SDS-PAGE) and set-up in crystallisation trials. Representative hits
obtained are shown below. (a) PARP14A-c013 truncation 2 with 60 % v/v Tacsimate™ (pH 7.0); (b) PARP14A-c011
truncation 2 with 0.2 M lithium sulfate, 0.1 M sodium acetate (pH 4.5), 50 % w/v PEG400; (c) PARP14A-c011
truncation 2 with 20 % PEG3350, 10 % ethylene glycol, 0.1 M Bis-Tris-propane (pH 8.5), 0.2 M sodium sulfate.

2.1.4. Finding new PARP14 MD2 inhibitors — screening experience with Novartis using

a public 45,000 compound library

It was also desired to obtain an orthosteric PARP14 MD?2 inhibitor which might perhaps be easier
to develop than GeA-69. Therefore, a medium-throughput screen was performed against PARP14
MD2 to identify new chemical starting points that could provide the basis for new macrodomain
inhibitor development. The compound screen itself was carried out on the Novartis Institute for
Biomedical Research (NIBR) site in Basel (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 Figure 32A.

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, respectively [Figure 32B]. Next,

experiments were performed to ensure that the macrodomain AlphaScreen method 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 batch and the macrodomain AlphaScreen
peptide. The peptide quality and stability after several harsh freeze-thaw cycles was verified by
LC-MS and the new PARP14 MD2 batch was tested in AlphaScreen dose-response experiments
together with the peptide confirming its ability 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 1.25 %. The test confirmed that DMSO concentrations of up to 2.0 % were
tolerated and did not influence the AlphaScreensignal by for instance interfering with the beads or
the functionality of the protein. Furthermore, the composition of the 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 with non-specific protein inhibition and
BSA as carrier protein to decrease protein loss on surfaces and to stabilise the macrodomain in the
assay, the screening assay buffer conditions were optimised by including a reducing agent **¢2,
Compounds can also act directly as an oxidising agent and the addition of reducing agents
protects the target protein from either oxidisation or compound adduct formation '®. As it has also

been shown previously in the group '®

that the presence of a 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 screening method. Titration of the reducing agents combined with ICs
experiments for the macrodomain inhibitor GeA-69 confirmed that both reducing agents were
well tolerated by the assay and therefore 0.5 mM 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 uM. The NDDI library is a subset of the compound libraries
offered by commercial vendors containing structurally diverse compounds with drug-like

properties (based on Lipinski’s ‘rule-0f-5’) and without known unacceptable structural features

including reactive groups and known assay interference motives. All compounds were screened in
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a single-shot mode using GeA-69 as quality control on each assay plate. Although Z’ values and
the ICs, obtained for GeA-69 confirmed the quality of each plate, some compounds were
re-screened in a single-shot mode if screening (signal) patterns 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 screen,
resulting in a consistent hit rate of 2.2 %. Due to the susceptibility of the AlphaScreen for assay

interfering compounds ***

, these initial hit compounds were then further validated by
counterscreening (as far as the compound stock was available) using a biotinylated-Hisg peptide
that enables to detect false positive hits, i.e. compounds that interfere with the assay itself by
absorbing the excitation or emission light, quenching the singlet oxygen, mimicking biotin or
being Nickel chelating competitors. Furthermore, dose-response assays were performed to obtain
IC5, values for these compounds. In summary, 0.08 %, i.e. 38 compounds, of the 45,000
compounds showed more than 80 % inhibition of the macrodomain and less than 25 % activity in
the counterscreen and were considered as good hits [Figure 32C]. From each primary screen,
21 and 20 compounds, respectively, of different chemotypes were selected for further hit
characterisation based on their PARP14 MD2 inhibition and counterscreen activity [Figure 33A,
35A]. As strategy to identify non-selective binders, more than one hit of a certain chemotype was
selected in some cases since it was assumed that real binders would result in a certain SAR in
contrast to compounds non-specifically interacting with the macrodomain. An example is the
NVP-BNV410-NX-1 to NVP-BNV442-NX-1 series from the 15,000 compound screen. Based on
throughput and sample requirements, 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 32. Performance of a 45,000 compound screen against PARP14 MD2 by AlphaScreen. (A) Workflow of the
performance and the hit validation process of the 45,000 compound screen against PARP14 MD2. (B) SDS-PAGE of
purified PARP14 MD2 proteins used for the primary screen by AlphaScreen (with Hisg-tag) and for the secondary
screens by BLI (with biotin tag) and ITC (no tag). (C) The graph shows the result of the primary screen of the NDDI
library provided by Novartis (Basel, Switzerland) and displays the AlphaScreen activity of 953 compounds 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 the counterscreen (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 of the screening results was poor, in particular for the
compounds selected from the first 30,000 compound screen [Figure 33A]. The PARP14 MD2
activity could be reproduced for only four compounds of which two compounds could be
identified as assay interfering compounds by a macrodomain cross-screen [Figure 33B].
Furthermore, no convincing BLI sensorgrams or ITC titration profiles were obtained, indicating
specific binding of any hit to PARP14 MD2 [Figure S15]. The compound concentrations in the
respective assays were based on the ICs, values 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 underwent a quality control by LC-MS. For most of the compounds the
identity and nominal concentration of 10 mM was confirmed [Figure S14]. Using the new stock
solutions, the initial screening results could then be reproduced with broadly consistent PARP14
inhibition at 25 pM and ICs; values for 13 compounds [Figure 33A]. These compounds were then

again validated together with the hits selected from the 15,000 compound screen by ITC.
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A
Novartis SGC New stocks
Componad ID PARP14MD2 | Counterscreen o PARP14MD2 | PARP14 MD2 a
inhibition (%) | activity (%) hik (%) | inhit (%)
1 | NvP-BMMO25-AA-1 71 63
2 NVP-BNP116-NX-1 — 15 8.6 12
3 NVP-BMF069-NX-1 62 a1
4 | NVP-BMWG08-NX-1 >25 >100
5 | NVP-BMD153-NX-1 123 55 6.48 >100
6 NVP-BMC079-NX-1 s >25 11.83 >100
7 NVP-BNP071-NX-1 1 37
8 NVP-BNC609-AA-1 29.0 10 6.2 12
9 NVP-BMC081-NX-1 >25 >100
10 | NVP-BMB730-NX-1 >25 17.9 >100
11 | NVP-BME758-NX-1 55 >25 19.3 >100
12 | NVP-BMWS22-NX-1 10.7 22 19
13 | NVP-BNH686-NX-1 1338 14 7.6 >100
14 | NVP-BMI791-NX-1 - 63.6 7.0
15 | NVP-BNC605-AA-1 16.3 23 6.9 29
16 | NVP-BMP569-NX-1 06 482 9.3
17 | NVP-BNC594-NX-1 209 14 9.5 17
18 | NVP-BME91S-NX-1 203 12 67.6 1
19 | NVP-BML846-NX-1 7.6 - 471 76
20 | NvP-BMU249-NX-1 € T = >100
21 | NVP-BNC592-NX-1 14.6 — 8.4 39
B
(%) Macrodomain inhibition at 25 pM compound concentration
Compound ID  |PARP14 MD2|PARP14 MD3| PARPS MD2 | MacroD1 | MacroD2 TARG1 |macroH2A1.1
1 | NvP-BMMO025-AA-1 33.2 3.7 383 95
2 NVP-BNP116-NX-1 9.0 9.0 8.0 32 8.0
3 | NVP-BMF069-NX-1 58.6 162 | 751 46
4 | NVP-BMW608-NX-1 5.1 9.6 :
5 NVP-BMD153-NX-1 2.3 4105
6 | NVP-BMCO79-NX-1 s2 [Ees
7 NVP-BNP071-NX-1 4.8 -7.8
8 NVP-BNC609-AA-1 6.5 0.2
9 NVP-BMCO081-NX-1 -3.1 -9.6
10 | NVP-BMB730-NX-1 0.3 37
11 | NVP-BME758-NX-1 0.3 =32
12 | NVP-BMWS22-NX-1 33 49
13 | NVP-BNHE86-NX-1 6.9
14 | NVP-BMI791-NX-1 595
15 | NVP-BNC605-AA-1 5.7 -108
16 | NVP-BMP569-NX-1 26.8 41 58.6 2.7 437
17 | NVP-BNC594-NX-1 5.8 13 9.7 95 41 108
18 | NVP-BME919-NX-1 36 -10.9 s 3.9 1.9 -1.0 35
19 | NVP-BML846-NX-1 05 8.0 26 71 42 5.0 11.4
20 | NVP-BMU249-NX-1 1.9 =53] 1.7 11.1 5.9 45 2.8
21 NVP-BNC592-NX-1 7.7 10.5 7.2 248 10.4 33 7.2

(e ] GeA-69 10.1 126 204 14.3 12 11.3
o DMSO 0.4 0.4 0.3 0.3 0.3 0.4 83
Figure 33. PARP14 MD2 45, 000 compound screen — hit selection and validation by AlphaScreen (l). (A) 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 SGC, new stock solution were obtained and characterised at Novartis for PARP14
MD2 inhibition. PARP14 MD2 inhibition at a compound concentration of 25 uM is shown. Compound macrodomain
inhibition and counterscreen activity (%) were determined at Novartis in a single experiment (N=1, n=1) and at the
SGCin a single experiment with two replicates (N=1, n=2). Compound macrodomain inhibition (%) measured with new
compound stock solutions were determined at Novartis in a single experiment with two replicates (N=1, n=2). 1Cs,
values are mean of two replicates (N=1, n=2). Where indicated with ‘---‘, no counterscreen or ICs, value could be
obtained for the hit due to the unavailability of the compound stock. (B) Validation of hit compounds by macrodomain
cross-screening using the old compound stock solutions. Values are mean of the macrodomain inhibition (%) in the
AlphaScreen assay of two independent experiments with each two replicates (N=2, n=2). Note: The molecular
structures of the compounds are shown in Table S3.
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In summary, for all of the selected hit compounds from both screens, binding to PARP14 MD2
could not be confirmed. No ITC titration thermograms could be obtained for the compounds that
verified specific binding to PARP14 MD?2 [Figure S15 and S16]. From the first 30,000 compound
screen, the most promising compounds were NVP-BMMO025-NX-1 and NVP-BMF069-NX-1 due to
their consistent activity on PARP14 MD2 (regardless of whether old or new compound stocks
were used) and their mixed activity profile over different macrodomain proteins in the
AlphaScreen assay. Of both compounds, NVP-BMF069-NX-1 showed slightly better BLI and ITC
profiles and was therefore characterised in more detail [Figure 34]. NVP-BMF069-NX-1 showed
good solubility in the assay buffer (probably also due to its carboxylic acid group) that allowed
working with high compound concentrations which is beneficial for confirming weak binders.
Indeed, after optimising ITC conditions regarding protein and compound concentrations, heat
upon NVP-BMF069-NX-1 injection to PARP14 MD2 could be measured indicating a binding event
[Figure 34B]. However, the integrated and normalised binding enthalpies could not be fitted to a
function of binding site saturation with the expected 1:1 stoichiometry, even when significant
variations of the protein and compound concentrations were considered. Moreover, in ITC
competition experiments [Figure 34C], NVP-BMF069-NX-1 was unable to compete with ADPR
binding to PARP14 MD2 even when present at a concentration of 2 mM which would have been
expected considering its previously determined 1Cs, value of ~5 uM. Closer analysis of the BLI
sensorgram showed furthermore that NVP-BMF069-NX-1 binds very likely non-specifically to the
macrodomain since a very similar profile was obtained when testing NVP-BMF069-NX-1 against
SPIN1, an unrelated tudor domain protein [Figure 34D]. This observation was subsequently
confirmed for the majority of the other hit compounds showing highly similar BLI sensorgrams
when screened against PARP14 MD2 and SPIN1. Finally, since NVP-BMF069-NX-1 showed
inhibitory activity on MacroD1 in the macrodomain cross-screen, NVP-BMF069-NX-1 was soaked
at a concentration of 10 mM into MacroD1 apo crystals which were provided by a group member.
Analysis of the X-ray diffraction data showed that the compound was not present in the crystal.
All of these observations indicated that NVP-BMF069-NX-1 does not specifically interact with

PARP14 MD2 and might probably interfere with the AlphaScreen assay itself, leading to the
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positive AlphaScreen result in contrast to the remaining assays. Counterscreening of
NVP-BMF069-NX-1 revealed that this compound indeed showed some interference in the

AlphaScreen assay, excluding it finally as real binder to PARP14 MD2.
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Figure 34. Final hit validation of the PARP14 MD2 screening hit NVP-BMF069-NX-1 resulting from 30,000 compound
screen. (A) Molecular structure of NVP-BMF069-NX-1. (B) Raw injection heats resulting from titration of NVP-BMF069-
NX-1 against PARP14 MD2 at the indicated concentrations are shown. Normalised binding enthalpies could not be
fitted to an approximately 1:1 binding stoichiometry (N = 0.02) indicating non-specific binding of NVP-BMF069-NX-1 to
PARP14 MD2. (C) NVP-BMF069-NX-1 is not able to compete with ADPR binding on PARP14 MD2 even if present at a
concentration of 2 mM. Raw injection heats of the experiment are shown on the top, normalised binding enthalpies
with the calculated Kp for ADPR in the inset. Additional binding and fitting parameters are provided in Figure S17.
(D) Problematic of hit compound validation by BLI at high compound concentrations. Shown are BLI sensorgrams
obtained for NVP-BMF069-NX-1 which was screened against PARP14 MD2 and SPIN1, a macrodomain unrelated tudor
domain protein, at a concentration of 100 uM. For PARP14 MD2, a Kj of (120 + 73) uM was calculated, for SPIN1 a Kp
of (52 + 11) uM. The examples are representative for the majority of the hit compounds and illustrate that the PARP14
MD2 binding signal is probably due to non-specific binding events. The inhibitor concentration range and steady state
analysis are shown next to the traces.
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The validation process of the hit compounds selected from the 15,000 compound screen was
performed similarly, however, without screening of the hit compounds by BLI due to the
problems of non-specific binding at high assay concentrations that were observed previously. All
selected hit compounds were first tested for their reproducibility of PARP14 MD2 inhibition in
the AlphaScreen assay. As shown in Figure 35A, the reproducibility of the primary screening
results generated at Novartis is higher than of the 30,000 compound screen although not all of the
compounds showed still the same inhibitory activity on PARP14 MD2. Furthermore, the ICx
values obtained were decreased at least two-fold and up to eight-fold, with the majority between
10-50 puM instead of 2-10 uM as measured at Novartis. All hit compounds were also screened at a
concentration of 25 uM over several macrodomains by AlphaScreen [Figure 35B]. It is unclear
why the PARP14 MD?2 inhibition at 25 puM in the cross-screen was repeatedly not in good
agreement with the inhibitory activity of PARP14 MD2 previously determined at this
concentration. In the macrodomain cross-screen, only NVP-BNU459-NX-1 showed high inhibition
of PARP14 MD2, however, had also significant inhibitory activity on most of the other
macrodomains. NVP-BMF352-NX-1 showed activity on all macrodomains with an apparent
inhibition similar to its counterscreen activity, and was therefore assumed to be an assay

interfering compound and excluded from further hit validation.

Legend to Figure 35: PARP14 MD2 45, 000 compound screen — hit selection and validation by
AlphaScreen (I1).

(A) Hit selection from 15,000 compound screen based on screening results obtained at Novartis. The result of the
re-screening of the compounds at the SGC is shown next to the Novartis screening results. PARP14 MD2 inhibition at a
compound concentration of 25 pM is shown. Compound macrodomain inhibition and counterscreen activity (%) were
determined at Novartis in a single experiment (N=1, n=1) and at the SGC with three replicates from two independent
experiments (N=2, n=3). IC5, values were determined at Novartis in single dose-response experiments (N=1, n=1). ICs,
values determined at the SGC are mean of three replicates from two independent experiments (N=2, n=3).
(B) Validation of hit compounds by macrodomain cross-screening. Values are mean of the macrodomain inhibition (%)
in the AlphaScreen assay of three independent experiments with each two dublicates (N=3, n=2). Note: The molecular
structures of the compounds are shown in Table S3.
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A

PARP14 MD2
inhibition (%)

PARP14 MD2
inhibition (%)

Compound ID

NVP-BNU459-NX-1
NVP-BNV428-NX-1
NVP-BNV427-NX-1
NVP-BNU457-NX-1
NVP-BNM150-NX-1
NVP-BNX029-NX-1
NVP-BNU542-NX-1
NVP-BNU540-NX-1
NVP-BNV433-NX-1
NVP-BNQ598-NX-1
NVP-BMX995-NX-1
NVP-BMY002-NX-1
NVP-BNV425-NX-1
NVP-BMF352-NX-1

NVP-BNV413-NX-1 37
NVP-BMY031-NX-1 11
NVP-BNV442-NX-1 55
NVP-BNV240-NX-1 47
NVP-BNV410-NX-1 >100

NVP-BNL153-NX-1

PARP14 MD2

NVP-BNU459-NX-1
NVP-BNV428-NX-1
NVP-BNV427-NX-1 3.2
NVP-BNU457-NX-1 317 24.6 18.2 9.8 133 29.6

NVP-BNM150-NX-1 28 209 82 28 113 336 315
NVP-BNX029-NX-1 215 15.2 14.0 105 251 436
NVP-BNUS42-NX-1 54

NVP-BNUS40-NX-1 11.0

NVP-BNV433-NX-1 303

NVP-BNQS98-NX-1 9.8 59 .
NVP-BMX995-NX-1 280 210 239 211 331 216
NVP-BMY002-NX-1 50 7.9 81
NVP-BNV425-NX-1 73 55 35.2 29.1
NVP-BMF352-NX-1 329 405 327 345 317 574 400
NVP-BNV413-NX-1 102 200 67 165 36 406 38.1
NVP-BMY031-NX-1 222 143 16.5 182 85 26.2
NVP-BNV442-NX-1 6.1 s4 21 310 26.7
NVP-BNV240-NX-1 5.8 95 17.0
NVP-BNV410-NX-1

NVP-BNL153-NX-1
GeA-69
DMSO

Figure 35. PARP14 MD2 45, 000 compound screen — hit selection and validation by AlphaScreen (ll). For legend, see
bottom of previous page.

The majority of the compounds were then characterised for their binding affinities to PARP14

MD2 by ITC using the MicoCal200 which is slightly less sensitive compared to the VP-ITC
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instrument, yet allows a higher sample throughput. Apart for NVP-BMX995-NX-1, no ITC titration
thermogram was obtained for the other hit compounds that revealed an obvious binding event to
PARP14 MD2 under the conditions tested [Figure S16]. As final validation step, NVP-BNU459-
NX-1 and NVP-BMX995-NX-1 were tested in additional ITC experiments [Figure 36] due to their
consistent AlphaScreen activity and a good initial ITC thermogram, respectively. Neither could
binding of the hit compounds to PARP14 MD?2 be detected in direct titrations of the compounds
to the protein nor were both compounds able to compete with ADPR binding to PARP14 MD2
under the conditions tested. Due to the poor solubility of both compounds in assay buffer, their
concentration in the competition experiments was limited to 100 uM. This concentration might be
insufficient to completely prevent ADPR binding to PARP14 MD2, however, it was expected that
a slight decrease in the binding affinity of ADPR could be measured. Therefore, NVP-BNU459-

NX-1 and NVP-BMX995-NX-1 were not verified as real binders to PARP14 MD?2.
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40 M 100 pM NVP-BNU459-NX-1 1 mM (9.3 +0.5) uM
40 M 200 UM NVP-BNU459-NX-1 1mM (30 + 2.3) pM*
40puM 100 uM NVP-BMX995-NX-1 1 mM (11 £ 0.9) uM

Figure 36. Final hit validation of the PARP14 MD2 screening hits NVP-BNU459-NX-1 and NVP-BMX995-NX-1
resulting from 15,000 compound screen. (top) Molecular structure of the hit compounds NVP-BNU459-NX-1 and
NVP-BMX995-NX-1. (middle) Binding of NVP-BNU459-NX-1 and NVP-BMX995-NX-1 cannot be detected by ITC. Shown
are raw injection heats resulting from titration of PARP14 MD2 into a solution with the corresponding compounds.
(bottom) NVP-BNU459-NX-1 and NVP-BMX995-NX-1 are not able to compete with ADPR to PARP14 MD2 shown by
ITC competition experiments. * Protein precipitation was observed in presence of 200 uM NVP-BNU459-NX-1.
Additional binding and fitting parameters are provided in Figure S17.
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Conclusions from the 45,000 compound screen

In vitro screening is one of several approaches to generate new chemical hit matter. Although
being rather resource-intensive, it provides a relatively unbiased way to identify compounds with
new chemical scaffolds and binding modes for targets such as macrodomains for which
knowledge concerning its druggability is limited so that a focused screen is not possible 2>,
Therefore, a 45,000 compound screen against PARP14 MD2 was performed which was set-up in
a high-throughput screening manner. Only a few hit compounds could be obtained from the
screen that showed an acceptable initial profile concerning PARP14 MD?2 inhibition and assay
interference potential. 41 hit compounds were finally selected based on these criteria of which
none could be verified as real binders to PARP14 MD?2 in the following hit validation process by
BLI, ITC or macrodomain cross-screening. The latter enabled in particular the identification of
unselective, assay interfering compounds that were not filtered out by prior counterscreening.
Since the identity and nominal concentration of all hit compound stock solutions were confirmed
(with a few exceptions) by LC-MS [Figure S14], the quality of the compounds and an associated
incorrect assay concentration can be excluded as reason for the outcome of the validation process.
Closer retrospective analysis of the selective compounds however revealed that the majority of the
hits were similar to compounds previously reported as aggregators **” and/or had a high calculated
logP between 3.8 and up to even 6.9. Although detergent was used in the AlphaScreen assay to
prevent compound aggregation, the high lipophilicity of the compounds may be the reason for the
limited reproducibility and the high false positive hit rate of the AlphaScreen results for several of
the compounds. Compounds with high clogP are more likely to non-specifically interact with
proteins which cannot always be detected by counterscreening. In several cases, the high
compound lipophilicity can however be seen to be reflected in the increased counterscreen
activity and in the ITC thermograms of the corresponding screening hits. The poor solubility in
the assay buffer leads to formation of compound aggregates which in turn can promote protein

instability and aggregation, explaining the significant noise in several of the ITC thermograms but
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could also explain why binding of the compounds could not be confirmed. Since the NDDI library
consisted of compounds selected for their structural and drug-like properties based on Lipinski’s
‘rule-0f-5’, compounds with a clogP in particular greater than 5 were not expected to be present.
However, the clogP of the screening hits should in general have been considered for hit selection
to improve the hit validation process.

Nevertheless, several hit compounds showed good (initial) PARP14 MD?2 inhibition, acceptable
AlphaScreen assay interference and were not previously reported as aggregators with a clogP
between 1.7 and 2.3. Examples, for which also the primary screening results could be broadly
reproduced, are compounds from the series NVP-BNV410-NX-1 to NVP-BNV442-NX-1 as well as
NVP-BNV240-NX-1. The latter and two compounds of the series (NVP-BNV413-NX-1,
NVP-BNV428-NX-1) were tested by ITC at a compound concentration of 50 uM to 80 uM and
their binding to PARP14 MD2 could not be verified. NVP-BNV428-NX-1 showed an AlphaScreen
ICs5 of 11 uM (which is probably slightly overestimated due to its increased AlphaScreen assay
activity) and NVP-BNV413-NX-1 and NVP-BNV240-NX-1 of 37 uM and 50 pM, respectively. With
a calculated Wiseman c-parameter of at least 1 (defined as ¢ = nx[M]xK, with the binding
stoichiometry n, the association constant K and the macromolecule concentration in the cell [M]
(here the compound concentration due reverse performed titration)), it was assumed that the ITC
concentration should allow at least the detection of compound binding ***%. However, it is also
very likely that far higher compound concentrations would be required to confirm binding which

could not be realised due to the limitation of the compound solubility.

NVP-BMF069-NX-1 was the most promising compound from the first hit validation process.
NVP-BMF069-NX-1 is highly soluble with a clogP of 0.9 which can be attributed to its carboxylic
acid attached to the imidazole based scaffold. Although NVP-BMF069-NX-1 showed a mixed
activity profile in the AlphaScreen macrodomain cross-screen with high activity on
PARP14 MD2, calorimetric experiments indicated that NVP-BMF069-NX-1 interacts only non-
specifically with the macrodomain. It is possible that NVP-BMF069-NX-1 interferes with the

AlphaScreen assay due to its delocalised electron system, thereby potentially absorbing singlet
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oxygen in the AlphaScreen assay, and/or can electrostatically interact with its negative charge at
neutral pH with some of the macrodomains. Also NVP-BNU459-NX-1 and NVP-BMX995-NX-1
showed good activity in the AlphaScreen assay or in initial calorimetric experiments but could not
finally be verified as specific binders. It was noted that both compounds have an alkene next to an
aromatic system, an oxadiazole in NVP-BNU459-NX-1 and a triazole in NVP-BMX995-NX-1, and it
is very likely that the alkene could be functionalised through delocalisation with the aromatic
system to non-specifically interact with the protein.

It cannot be excluded that true specific binders of PARP14 MD2 may have been missed either in
the hit selection processes, due to the assay conditions or the assay format itself. As reported
previously, it is rather unlikely that true hits were missed in the primary screening process itself
because, although all compounds were screened just once at a single concentration, several
compounds of a certain chemotype (in many cases found to show similar assay activity) are
generally included in the compound library **. This could be confirmed with the screening hits
obtained. The majority of hits could be classified to only a few chemotype groups. During the hit
selection process, it is however possible that compounds were excluded due to their counterscreen
activity that would have been actually shown also true inhibitory activity on PARP14 MD2.
Although those compounds might not be desirable hit compounds, they would nevertheless be
valuable starting points for hit optimisation and templates for a second, scaffold focused screen.
The screening results may have been also influenced by the assay conditions, where in particular
the choice of reducing agent should be mentioned. It was shown that the use of reducing agents
can produce both false positives and false negatives, and therefore have potential risks of missing
positive hits '®'. The screening concentration of the compounds is another factor that could be
considered. A slightly higher screening concentration of for instance 50 uM would have included
more of the compounds from below the 50 % inhibition cut-off into the hit validation process.
Finally, it is also likely that an alternative assay, for instance an HTRF assay, results in slightly
different screening hits including potentially a real binder. Although the HTRF assay has a rather
limited dynamic range compared to the AlphaScreen assay, the advantage of time-resolved

fluorescence assays lies in their sensitivity resulting from a very low background due to the use of
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fluorophores such as lanthanides with long fluorescence decay time. Thus, by the time of the TRF
assay signal detection, most of the fluorescence of organic fluorophores, i.e. from chemical
compounds, is decayed, leaving as only source of signal the emission of the acceptor fluorophore

by specific excitation of the donor fluorophore 8%,

The outcome and in particular success of an in vitro screen depends on many factors, certainly on
the druggability of a target, however, as well as on the size and quality of the compound library.
With increasing size and diversity of a screening collection, the probability increases to identify a
true hit for a new target. In order to discover the first-in-class PARG macrodomain inhibitor
PDDO00017273, a 1.4 million compound screen (conducted by AstraZeneca) was required from
which just three structurally related hit compounds with an anthraquinone scaffold could be
identified as true hits for PARG ™. It is the limited ‘drug-like’ chemical space that is covered by
the screening libraries that requires depending on the target druggability large screening
campaigns to generate new hit matter. An alternative approach which allows covering a much
wider chemical space without the need of performing a resource-intensive HTS is a fragment-
based drug discovery approach (FBDD) which was therefore applied for hit identification

attempts for PARP14 MD3.
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2.2. A FBDD approach using X-ray crystallography for targeting PARP14 MD3

In contrast to traditional high-throughput screening, fragment-based drug discovery (FBDD) is
characterised by screening of only a limited number of compounds (typically ~1000) of relatively
low molecular weight (150-300 Da) ****'. The concept behind this strategy is that small
molecules (fragments) can sample the chemical space more efficiently than larger compounds of
higher complexity. A fragment is representative for a large amount of compounds that can
incorporate or be inspired by that fragment. In order to be identified as hit in a HTS, the
compound needs to engage in several interactions with the target which is directly associated with
a certain potency of the hit compound, typically in the 30 UM — nM range but also with a higher
screening effort to find a suitable candidate for the binding site. Due to their far lower complexity,
fragments have limited interaction possibilities with the target but the probability of matching to a
certain binding site is higher, resulting in a higher hit rate. Fragments are thus held by the target
over very few contacts which is directly reflected in a low binding affinity of fragments, typically
in the mM to 100 uM range **>**. Therefore, fragment libraries need to be screened with far more
sensitive screening techniques compared to HTS libraries. Instead of in vitro biochemical or
cellular assays, surface plasmon resonance (SPR), nuclear magnetic resonance (NMR) or X-ray
crystallography are particularly used to identify fragment hits with the advantage of the latter to
directly provide information of the fragment-protein binding mode ¥, While for HTS hits the
emphasis lies on their potency, fragment hits are selected in particular for high ligand efficiency,
i.e. the binding energy of the ligand per non-hydrogen atom ***. The potency of the fragments is
then improved through subsequent medicinal chemistry with three main strategies: fragment
linking, in which two or more fragments that bind independently to distinct sites are linked
together whereby the ideal linkage can results in an additivity effect additionally increasing the
potency, fragment growing (more common), thus appending additional chemical groups to
establish more interactions within the binding site, and fragment merging, where structural

features of the fragments are combined "'***®® [Figure 37]. Both HTS and the FBDD have their
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advantages and limitations for finally generating new hit and later lead compounds, however,
based on the prior in vitro screening experience, the latter seemed to be a worthwhile alternative
approach for attempting the identification of new chemical starting points for PARP14

macrodomains.

HTS FBDD
screening of hundreds to screening of
w W thousands of compounds LT <> < ~1000 compounds
=@ ,
complex molecules (=} simple molecules
r with MW ~250-600 Da q CZDO with MW ~150-300 Da
ﬁ emphasis on potency D v D emphasis on LE ( AG/N)
l ~30 uM - nM binding l ragment | ™M - 30 uM binding
in vitro bioassay-based ‘__i'fnkage/growmg screening with biophysical
I m screening i |:| techniques (NMR, X-ray)
drug target resource-intensive drug target potency through chemistry

Figure 37. Comparison of HTS (high-throughput screening) and FBDD (fragment-based drug discovery) principle.

Main characteristics of both screening approaches as reviewed by Rees et al. 91 are listed on the side of the

schematics. LE: ligand efficiency. Dashed lines: representative for fragment linkage. Arrow: representative for

fragment growth. The figure was adapted from Park et al. 197,

2.2.1. Performance of a crystallographic fragment screen against PARP14 MD3

As shown previously, PARP14 macrodomain inhibitor development needs to address both MD2
and MD3 to significantly impair PARP14 recruitment to target sites. Since GeA-69 already
provided in principle the possibility to selectively target PARP14 MD2 in cells, it was of high
interest to also identify new chemical scaffolds targeting PARP14 MD3. The FBDD approach
was therefore evaluated with PARP14 MD3, whereby X-ray crystallography was the preferred
fragment screening strategy since it allows the identification of fragment hits directly together
with the analysis of their binding mode due to the structural information obtained. This could
directly guide evolving the fragments to larger, more potent compounds by follow-up chemistry.
Furthermore, the accessibility to the recently established X-ray fragment screening pipeline of the
SGC in collaboration with the XChem fragment-screening facility at Diamond Light Source could

technically enable this approach. The only requirement for performing the screen was the ability
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to reliably crystallise PARP14 MD3 in its apo form. PARP14 MD3 was previously crystallised by
Forst et al. resulting in a high resolution structure of this macrodomain ®. In order to test the
crystallisability of PARP14 MD3, crystallisation plates testing two course screens (HIN3, JCSG7)
were set-up with pre-purified protein that was however prior buffer exchanged and concentrated
to 40 mg/mL to follow the previous crystallisation procedure by Forst et al. ®. Only one hit
consisting of a dense cluster of thin, plate-like crystals could be obtained in a similar condition
that was previously reported. The hit was subsequently optimised to crystals diffracting to
1.2-1.4 A, which confirmed the reproducibility of PARP14 MD3 apo crystallisation. For efficient
performance of a fragment screen by X-ray crystallography, a very reliable crystallisation system
for PARP14 MD3 had to be established. The aims were set high due to the very restricted time
available at the synchrotron and its XChem facility for performing this screen. Therefore, this
system should allow producing crystals in at least 50 % of the wells of a crystallisation plate
within a few days with several crystals in each drop. Since each fragment is added to only one
well and re-soaking could not be afforded due to time constraints, the latter should ensure that
fragments are not lost for screening due to the loss of a crystal during the mounting procedure.
The aim was to have crystals of 100-150 um in size with good morphology growing loosely in the
drop and also with no skin formation on the drop, which should allow quick crystal harvesting,
with the latter being also important for efficient soaking of the compound into the crystal. The
crystals should furthermore consistently diffract to high resolution, tolerate high solvent i.e.
DMSO concentrations and not require complicated cryoprotection.

The establishment of this crystallisation system is shown in Figure 39. Following the X-ray
diffraction testing of the PARP14 MD3 crystals, variations of crystallisation conditions were
tested with the pre-purified protein in an attempt to obtain single crystals without a surrounding
crystal cluster (similar to the initial hit). Furthermore, three follow-up conditions were selected to
test the reproducibility of PARP14 MD3 crystallisation. Although conditions could be found to
reduce the crystal cluster formation, the crystals obtained with these screens were of rather poor
morphology and showed insufficient reproducibility (~20 %). Therefore, PARP14 MD3 was

freshly purified on a large scale [Figure 38].
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Figure 38. Purification of PARP14 MD3 for crystallisation for the crystallographic fragment screen. After
recombinant overexpression in E. coli and cell lysis by high pressure homogenisation, PARP14 MD3 protein was
purified by Ni-IMAC, followed by His¢-tag cleavage by TEV protease digestion and dialysis in imidazole-free buffer
overnight of the eluate fractions E1-4. The dialysed protein samples (three batches, FT1-3) were purified again by
Ni-IMAC (‘Rebinding’; performed twice to remove impurities including the cut Hisg-tags, the TEV protease and
uncleaved PARP14 MD3). The pooled flow-through fractions were further purified by gel filtration (GF) using a
sepharose based S75 16/60 column. GF fractions were analysed for purity by SDS-PAGE and fractions with high
target/background ratio were pooled (here as example: B4 — C3) and passed through a low volume of Ni-sepharose to
remove any remaining impurities. The flow-through was additionally purified by gel filtration and only the peak
fractions (not including fractions from the peak tails) were concentrated to 40 mg/mL, flash frozen in liquid N, and
stored at -80 °C. The protein identity was confirmed by measuring the intact mass by mass spectrometry (expected
mass: 19786 Da). (T = total - whole cell lysate, FT = flow-through, W = wash fractions with increasing imidazole
concentrations of 20-60 mM, E = eluate fractions with increasing imidazole concentrations of 250-350 mM).

Consequently, the PARP14 MD3 protein was set-up in a follow-up crystallisation screen designed
around the initial hit conditions. Probably due to the purity of the protein sample and lack of
spontaneous formation of nucleation sites, only one single crystal, however of good size, could be

obtained. This crystal was subsequently used for seeding and by optimisation of the crystallisation
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parameters and seeding procedure, high quality crystals could be reliably obtained with
reproducibility > 85 %. The seeding procedure was crucial to establish this crystallisation system,
since by using seeds, that provide the nucleation sites for crystal growth, the crystal formation did
not depend on spontaneous nucleation anymore but could be well controlled to yield crystals of
size and amounts as required additionally in only a few hours [Figure 40]. Thus, the crystal
growth was completed within 24 hours and by using a dilution of 1:500 of the seed stock, 5-10
crystals grew in each drop of an average size of 100 um. Higher seed concentrations resulted in
too many and small crystals whereas with higher dilutions too few and large crystals were
obtained. The previous crystallisation conditions including protein concentration, crystallisation
solution and temperature had however to be adjusted with the seeding procedure. Initial seeding
attempts using crystallisation conditions in which the seeding crystal was obtained with high
protein concentrations at 20 °C resulted in uncontrolled fast nucleation and crystal growth. The
contact of the pipetting robot needle with the drop (for adding the seeds) induced additional strong
nucleation (as seen at the ring like structures in the drop) which used-up the protein preventing the
formation of larger crystals. Therefore, screens at 20 °C and 4 °C titrating the protein and
precipitant concentrations were performed. The decrease of the protein concentration to
30 mg/mL and the crystallisation temperature from 20 °C to 4 °C using crystallisation plates
pre-equilibrated to 4 °C were found to be crucial to enable a controlled crystal growth initiated
through nucleation by the seeds only. Lower protein concentrations significantly reduced crystal
formation and lower precipitant concentrations in particular of the PEG polymer (PEG2KMME)
resulted in unstable crystals. Although crystals were obtained at all PEG polymer concentrations
(20-30 %) after 24 hours, only at high concentrations of 26-30 % the crystals were stable over
7 days and not prone to re-dissolving. The final crystallisation conditions are summarised in

Figure 40C.
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Figure 39. Optimisation of PARP14 MD3 apo crystallisation for performing a crystallographic fragment screen.
Crystallisation attempts from the initial hit until HIN3-H12-2004 were performed with pre-purified and stored protein.
The following crystallisation optimisation was performed with freshly purified protein (the ‘new protein purification’ is
shown in Figure 38). The protein concentration used for obtaining the initial hit was 40 mg/mL. PEG2kMME:
polyethylene glycol 2000 monomethyl ether.
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Figure 40. PARP14 MD3 apo crystallisation. (A) With the optimised crystallisation conditions, crystal growth is
completed after 24 hours. Examples of two time series are shown. (B) ‘H6 seeds’ dilution series to determine the best
seeding concentration aiming for several (5-10) crystals per drop with good size for mounting into D (100 um) and
E (150 um) loops. (C) Final PARP14 MD3 apo crystallisation conditions. (D) Example of a diffraction pattern obtained
from a PARP14 MD3 crystal from in-house screening (the whole diffraction pattern is shown with the edges of the
detector being at 2.6 A and the corners being at 2.0 A). Diffraction to 1.05 A resolution was confirmed at 10-4
(Diamond Light Source) for a series of 30 crystals in a solvent tolerance test.
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Following the set-up of this crystallisation system for PARP14 MD3 apo and its validation for
reliably yielding crystals with high X-ray diffraction by in-house screening, a solvent tolerance
screen was performed at the XChem facility at Diamond Light Source to determine the amount of
solvent that is tolerated by the crystals. Due to their in general weak binding affinity, fragments
solubilised mainly in DMSO are soaked with rather high concentration to ensure a good ligand
occupancy in the crystal. However, the resulting DMSO concentrations can affect the integrity of
the crystal and thus the X-ray diffraction **'%. Therefore, the crystals were tested in triplicates
for X-ray diffraction after soaking for 4 hours at final DMSO concentrations of 5-30 % (v/v) or at
final ethylene glycol concentrations of 10-30 % (v/v). The latter was tested since a subset of the
fragments of the library was solubilised in this solvent. The crystal soaking was performed by
acoustic dispensing as recently set-up at the XChem facility, where the solvents or fragments are
transferred from the solvent- or fragment-library plate to the (inverted) sitting-drop crystallisation
plate containing the crystals using an Echo 550 liquid handling system [Figure 41B]. The
diffraction of the 33 crystals was not affected by any of the DMSO or ethylene glycol
concentrations compared to the non-soaked control crystals, with an average diffraction of 1.06 A,
The crystals diffracted to 1.05 A even when soaked at 30 % DMSO, allowing high fragment
concentrations for the screen. Additionally, a test screen of 50 fragments was performed at a
fragment concentration of 50 mM with average diffraction to 1.1 A resolution. It should be
mentioned that for the solvent tolerance screen as for the fragment screen, no cryoprotectant was
used which confirmed previous experiences that by matching the mounting loop to the crystal size
and limiting excessive solvent surrounding the crystal, cryoprotection is not required which

allows quick crystal harvesting after the soaking procedure %2

. Furthermore, the use of
PEG2KMME at a concentration of 30 % may act slightly as a cryoprotectant. Altogether, the
crystallisation system fulfilled all requirements set previously so that the fragment screen for

PARP14 MD3 could be performed. The final workflow is outlined in Figure 41A.
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Figure 41. (A) Workflow for performing the crystallographic fragment screen with PARP14 MD3. (B) Schematic
representation of acoustic droplet ejection for crystal soaking using an Echo 550 liquid handling system. The schematic
was adapted from Collins et al. 198 (C) Echo targeting using TeXRank. An excerpt of the interface of TeXRank is shown.
Clicking at the position highlighted with the red circle records the xy coordinates (written on top of the drop for
clarity) for later acoustic dispensing of the fragment by the Echo 550 liquid handling system.

To perform the fragment screen, several crystallisation plates with PARP14 MD3 apo crystals
(> 1000 wells) were prepared and processed for the Echo targeting using TeXRank [Figure 41C].
Three fragment libraries are provided by the XChem facility at Diamond Light Source including
the ‘Edelris Keymical Fragments’, the ‘Maybridge 1000’ and the ‘DSPL2 - Diamond-SGC Poised
Library 2.0’ of which the latter was screened against PARP14 MD3. The DSPL2 library is a
collection of structurally diverse fragments commercially available from different vendors that
were defined as “poised’ **'. Poised fragments contain at least one functional group that can be
chemically derivatised using a robust and general synthetic reaction. This allows a rapid
elaboration of the fragment hit into a library of analogues by parallel chemistry and thus the quick
development of a SAR of the respective hits. Due to furthermore positive previous experiences
with this library at the SGC !, the DSPL2 library was selected for screening against

PARP14 MD3. The library consisted of 776 fragments at a compound concentration of 500 mM
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of which 645 fragments (due to time constraints) were screened by singleton soaking at a final
concentration of 50 mM, calculated based on the initial drop volume. As shown previously, the
resulting DMSO concentration of 10 % did not affect the integrity and thus X-ray diffraction of
the crystals. All fragments were soaked in batches (usually half of a crystallisation plate was used
for one batch) into the crystals for at least 4 hours which was extended for some batches to
6 hours upon delays in processing of the previous batches. The soaking concentration and time
needed to reach good occupancy of the fragment in the crystals, and thus to be able to detect a
fragment as hit, varies, with the latter ranging from a few minutes to overnight (or even longer)
incubations of the crystals with the fragment. This is determined by factors such as the binding
affinity of the fragment, its solubility in the crystallisation drop and the nature of the bulk-solvent
channels through the crystal lattice **?%2. Based on previous experiences, a soaking time of
4 hours is sufficient for most fragments to guarantee their diffusion from the dispensing site
through the crystallisation drop into the interior of the crystal over the lattice channels *.

Following the fragment soaking, the crystals were harvested manually but robot-assisted that
allowed an average (final) mounting time of 25 sec per crystal. The X-ray diffraction data were
then collected in an automatic mode of the beamline which used diffraction based centring of the
loop in the X-ray beam. With one duty cycle, i.e. mounting the crystal containing pin on the
goniometer, loop centring, data collection and returning the pin back into the robot storage tank,
lasting ~2 min, the diffraction data was collected in slightly less than 24 hours. Out of
645 mounted crystals, 622 workable data-sets were collected with an average resolution of
1.09 A. Thus, screening data from 23 fragments (3.5 %) could not be obtained because either the
crystal showed no diffraction anymore (11 cases) or diffraction could be seen, however, the
auto-processing failed (7 cases) or due to crystal mounting mistakes in particular in the beginning
of the screen (5 cases). Overall, the performance of the fragment screen for PARP14 MD3 was

successful and allowed the following hit identification and validation process.
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2.2.2. ldentification and validation of PARP14 MD3 fragment hits

The 622 data sets were processed and analysed using the XChemExplorer, a data management and
workflow tool developed for batch processing of multiple crystallographic data sets in particular
in the context of structure-based ligand discovery projects such as fragment screenings 2*.
XChemExplorer does not automate the structure determination process but provides a graphical
interface that incorporates different software packages to process, solve and refine protein—ligand
structures, thereby enabling their large-scale simultaneous analysis. In a first step, the data
collections were reviewed and the log files generated from selected auto-processing pipelines. The
difference map pipeline DIMPLE was then used for map calculation and initial refinement using a
reference model of PARP14 MD3 to solve the structures by molecular replacement. To prepare
the PARP14 MD3 apo reference model, a data set collected in the solvent tolerance test was

204

processed. Next, AceDRG “" was used to generate the coordinates and geometry restraints of the
ligands. Then, the hit identification process was performed using the PanDDA (Pan-Dataset
Density Analysis) software recently developed for applications such as fragment screenings **.
PanDDA allows reliable identification of binding events by calculating a so called ‘event map’
which is defined as [event map] = [dataset map] — BDC x [ground state map]. The ground state
map, representing the crystal without bound ligand, was obtained by averaging 200 independently
measured crystals. Since fragment binding events are rare and only occur in a subfraction of the
whole crystal, their signal contribution to the ground-state map is negligible. Using an averaged,
instead of a single, ground-state map for subtraction further reduces experimental noise in the
ground-state estimate and the event map. Multiplication of the ground-state map with the BDC,
the ‘Background Density Correction’ factor, approximates the ground-state, i.e. background,
density in fragment-bound crystals which is superimposed to the density of the ligand-bound
state. Thus, the subtraction of the background density from the data sets identifies only regions
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that are unique to each data set, including the density resulting from a bound fragment =~.

36 datasets were identified by PanDDA (5.8 % of the datasets) with statistically significant
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difference signal, of which into 25 the corresponding ligand could be modelled with high
confidence. All resulting models were exported and validated after one refinement step.
17 models in which the fragment was also partially or even well resolved in the crystallographic
map, which may be an indirect measure of the binding strength of the fragments, were finally
refined using REFMAC and Coot [Table 1].

Closer analysis of the fragment-bound structures showed that all fragments identified bound
around the same site of the ADPR binding pocket and no other allosteric binding sites were
identified [Figure 42 and S18]. In order to analyse the position of the fragments relative to the
natural ligand, ADPR, the PARP14 MD3 fragment structures were superimposed with the
PARP14 MD3 ADPR-bound structure (PDB ID 4ABK) %. Prior comparison of the apo and
ADPR-bound conformation of the macrodomain showed that ADPR binding induces only a very
minor movement in the loop engaging with the pyrophosphates and the terminal ribose which
allowed this analysis. All fragments bound around the adenine site, thus none were able to enter
the diphosphate-terminal ribose site. The surface representations of the apo and ADPR-bound
structure showed that this region is rather covered by this loop that needs to be pushed aside for
ADPR binding. In contrast, the adenine-proximal ribose site is very accessible and open to the
solvent phase in both conformations. It could be considered that either the screened fragments
were too weak to induce this loop shift or the flexibility of the loop required is not provided in the
crystal to this extent. Furthermore, it could be seen that the majority of the fragments bound rather
close or almost in the crystal contact and only very few fragments were found deeper in the
binding pocket, the latter being summarised in Figure 42. Interestingly, almost all fragments
contained a saturated or aromatic (hetero) cycle that targeted Phel371 in the macrodomain. In
particular, all of the fragments identified in close proximity to the crystal contact showed only this
interaction with the macrodomain and it may be possible that Phe1371 helps to hold the fragments
by the hydrophobic interaction, i.e. m-m stacking, when passing through the crystal.
Superimposition of the structures also showed the flexibility of Phe1371 to engage in particular
with the aromatic ring system of the compounds [Figure 43A]. It is furthermore interesting that

the recently published PARG inhibitor PDD00017273 **' occupies the same site of the ADPR
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binding pocket with roughly the same relative position to the ADPR. PDD00017273 moreover
targets like the PARP14 MD3 fragments the corresponding phenylalanine residue (Phe902 in

PARG) with its quinazolinedione core motif [Figure S19].
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Figure 42. Fragment hits obtained in PARP14 MD3 fragment screen by X-ray crystallography. The molecular
structure of the fragment identified in the corresponding crystal is shown on the left. The left images from the panel
show the fragments in the crystallographic model. The 2F,-F. electron density map contoured at 1.00 is shown in blue.
For weaker fragments, the calculated PanDDA event map countoured at 2.00 is additionally shown in cyan. The F,-F,
electron density map, green/red, is contoured at +3.00. The images in the middle of the panel show the binding site of
the fragments in PARP14 MD3 which residues are shown as atom-coloured sticks. Hydrogen bonds between ligand
and protein or structural waters are indicated by dotted lines. As reference for the position of the fragment relative to
the ADPR in the PARP14 MD3 binding site, PARP14 MD3 in complex with ADPR (PDB ID 4ABK) % was superimposed
with the corresponding fragment structure and the ADPR shown as atom-coloured sticks in low transparency in the
model. The images on the right show the surface representation of PARP14 MD3 in complex with the corresponding
fragment. White arrows indicate in which directions the fragments could be expanded into the binding site.

However, a few fragments showed additional interactions with PARP14 MD3. The fragment in
X266 was only partially resolved in the crystallographic map, however, was well defined in the
PanDDA event map. Although being located rather on the protein surface, it seemed to target
apart from Phel371 the side chain of Glul264 with its primary amine over an electrostatic
interaction. Only in x266, Glul264 was found in this conformation which supports this
conclusion. Furthermore, all of the other fragments found deeper in the adenine binding site
formed a hydrogen bond to the backbone amide of VVal1258 via their amide or urea group. Only in
x315, the angle of this bond was not ideal (< (C=0--N) ~ 113°) which would probably allow a
favourable interaction. This might be due to the additional hydrogen bond interaction of the
fragment with its ether oxygen to Gly1334 which restrains together with Phe1371 the fragment in
its orientation. This might also explain why the x590 fragment, which is very similar to the

fragment in x315 however lacks the ether group, was far better resolved in the crystallographic
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map and therefore potentially bound stronger to the site. The fragments present in x324 and x505
are also both extended on the amide however by a nitrile group that does not seem to specifically
target any residue in the binding site. The x505 fragment is less resolved in the crystallographic
map (although being well defined in the PanDDA event map) than the x324 fragment. The latter
seems to be held stronger in the binding site over additional van der Waals interactions between
Leul372 and its cyclohexane as well as an interaction with a structural water. The x457 fragment
is the only fragment from these series with a urea group instead of an amide. This group seems to
interact with Val1258, a structural water (the same that engages with the x324 fragment) as well
as additionally with Thr1333. The phenylpyrimidine is held by van der Waals interactions with
Leul372 and in particular Phel371 in the binding site. Due to the interactions of the polar urea
group, the phenyl cannot be orientated for ideal n-n stacking with Phel1371 which could increase
its binding strength and resolution in the crystallographic map. The fragment present in x712
which is well resolved in the electron density map was found rather close to the crystal contact
and interacts like the x457 fragment with Thr1333. Its orientation in the binding site is interesting
since although it contains the same structural motif as the x315 fragment (only with an additional
amide group in meta position of the benzene) it is not binding in the same mode like the x315
fragment. The x712 fragment interacts with Vall258 via its amide instead of its
methoxyacetamide although the latter would allow an additional hydrogen bond with the ether
oxygen and Gly1334 and a better orientation of the benzene ring for Phe1371 targeting. Thus, the
hydrogen bond interaction with Thrl333 together with the binding being less restrained and
entropically favoured may result in this binding mode. The common structural core of these
fragments and their targeting of the adenine-ribose binding site of PARP14 MD3 is summarised

in Figure 43.
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Figure 43. PARP14 MD3 targeting of the identified fragments. (A) Almost all fragments identified target Phe1371
with a saturated or aromatic (hetero) cycle. Several fragments furthermore show interaction with the amide in the
backbone of Val1258 and some additionally with a structural water. The fragment bound in the crystal x266 interacts
with E1264, the fragment bound in x315 with G1334. The PARP14 MD3 structures with the fragments shown in
Figure 42 were aligned and superimposed to the PARP14 MD3-ADPR bound structure (PDB ID 4ABK) ® to indicate the
position of the fragments in the PARP14 MD3 binding site relative to ADPR. The residues of PARP14 MD3 are displayed
as atom-coloured lines, the fragments and the ADPR as atom-coloured sticks. Hydrogen bonds are indicated by dotted
lines. (B) Schematic representation of the interactions to PARP14 MD3 shown by at least two fragments. The common
structural core is shown in black, examples for amide extensions in blue, the structural water in red and the main
targeted PARP14 MD3 residues in green. Dotted lines around the ring system indicate its expansion in meta, ortho

and/or para position.
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Table 1. Data collection and refinement table for PARP14 MD3 fragment screen structures shown in Figure 42. The PARP14 MD3 apo structure (PDB ID 4ABL) % was used to build the
reference model by molecular replacement. The fragment RSCC (real-space correlation coefficient) describes the correlation between the model and the observed density (recommended
value > 0.7). The B-factor ratio measures the consistency of the fragment model with surrounding protein residues, and is calculated from the B-factors of the fragment atoms and the
fragment surrounding side-chain atoms within 4 A (recommended value ~1.0). r.m.s.d.: coordinate root-mean-squared deviation.

® Values within parentheses refer to the highest resolution shell.

X266 x315 X324 x457 x505 x590 X712
Space group P2,2:2, P2,2:2, P2,2:2; P2,2:2; P2,2:2, P2,2:2, P2,2:2,
No. of molecules in the 1 1 1 1 1 1 1

asymmetric unit
Unit cell dimensions
a, b, c(A)
o B.v ()

Data collection
Resolution range (A) 2

Unique observations ?
Average multiplicity

Completeness (%) ?

a
Rmelrge

Mean (1)/o(1)
Mean CC(1/2)

Refinement

R-value, Rfree (%)

r.m.s.d. from ideal bond length (A)
r.m.s.d. from ideal bond angle (°)
Ramachandran plot
(favoured/allowed) (%)

Fragments
Occupancy
r.m.s.d.
RSCC
B-factor ratio

34.1,414,111.0
90, 90, 90

29.05- 1.11
(1.15-1.11)

60296 (4325)
1.9 (1.3)
95.7 (69.6)
0.02 (0.23)
18.8 (1.3)
1(0.921)

214,233
0.012
1.49

98.3/100

N13660a
0.45
0.16
0.83
111

34.3,41.7,111.0
90, 90, 90

29.2-1.17
(1.21-1.17)

54221 (4925)
1.9 (1.6)
99.0 (91.4)
0.02 (0.33)
17.2 (1.6)
1(0.888)

19.9,22.3
0.011
1.29

98.3/100

N13844a
0.37
0.60
0.64
1.50

344,416,1114
90, 90, 90

29.27 - 1.15
(1.20 - 1.15)

56159 (4465)
1.9 (1.6)
97.2 (78.7)
0.02 (0.36)
20.3 (1.6)
0.999 (0.703)

18.7,20.9
0.011
1.14

96.7 /100

N13767a
0.78
0.16
0.95
1.00

343,41.7,1114
90,90, 90

55.68 - 1.08
(1.12 - 1.08)

62265 (2975)
1.9(1.2)
89.7 (43.7)
0.02 (0.11)
23.2 (2.4)
0.999 (0.973)

20.1,21.9
0.010
1.17

97.8/100

N13462a
0.55
0.19
0.84
1.13

34.6,41.6,110.7
90, 90, 90

29.31-1.05
(1.09 - 1.05)

55612 (991)
2.0 (1.5)
73.9 (13.4)
0.02 (0.21)
28.3 (2.5)
0.999 (0.861)

19.3, 20.6
0.010
1.16

98.9/100

N14015a
0.71
0.11
0.88
1.35

34.4,415,1108
90, 90, 90

29.22 -1.05
(1.09 - 1.05)

60506 (1180)
1.9 (1.3)
80.9 (16.0)
0.03 (0.11)
25.0 (5.1)
0.996 (0.975)

18.5,20.2
0.010
1.15

98.9/100

N13888a
0.80
0.09
0.97
0.94

34.3,41.8,110.5
90, 90, 90

29.17-1.14
(1.18-1.14)

57368 (4566)
1.9 (1.4)
97.3 (78.4)
0.02 (0.35)
21.3 (1.3)
1(0.818)

21.2,23.6
0.011
1.20

95.0/100

N13605a
0.57
0.16
0.92
0.91
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Finally, in an attempt to validate the binding of the fragments also in a biophysical assay, five
fragments were selected based on diversity in the scaffold, their resolution in the crystallographic
map and the observed interactions with PARP14 MD3. The fragments were purchased together
with a few structurally related compounds that were thought to potentially allow an initial SAR
[Table 2, 3]. The final selection of SAR compounds was very limited and determined by their
commercially availability, acceptable delivery time and price. Most of the compounds that would
have matched the core of the fragments with additional variations required synthesis and were
therefore not considered. The identified fragments in x315, x457 and x590 were used as templates
for the searches and an aromatic ring system for targeting Phe1371 as well as an amide or urea

group were defined as essential structural features of the SAR compounds.

Table 2. Selected fragment hits for characterisation of PARP14 MD3 binding in biophysical assays.

Selected fragment hits (crystal ID / compound 1D of DSPL2 library)

X266 / N13660a x315 / N13844a x457 [ N13462a
H N 0 2
H
A
/O/ \( \)OJ\ /O/ \HJ\H | NS
N
HoN 7 ~° N N
x590 / ‘N13888a“ * X712 / N13605a comment

* N13888a: (not affordable)

oy A AL Cor
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Table 3. SAR compounds of fragment hits for characterisation of PARP14 MD3 binding in biophysical assays.

Compound structure Comment Compound structure Comment
E63361a E63362a
H H o x457 fragment
Y o X457 fragment derivative
5 derivative o « variation of head group
o variation of head group to explore space in
to target Asp1235 binding pocket
N e not available as urea Z |N e not available as urea
9 J\ P ana_logue and with *JS )\ analogut_e and with
N N amide at *, thus HN N N pyrrolidine group at *,
| requires flip of thus requires flip of
pyrimidine pyrimidine
E63363a E63364a

o x315 fragment
derivative

« with CH, spacer
between aryl and amide
group to allow more
flexibility and better
Phel1371 targeting

« only available without
hydroxyl group

E63365a

o x315 fragment
derivative
o furan variation of the
ether extension of the
amide; more rigid;
¢} contrast to E63363a
« only available without
hydroxyl group

ZT

E63367a

o X590 fragment
derivative

o bioisostere replacement
of the amide with
sulfonamide

o hydroxyl group not in
ortho position available

H

N /N\©/OH

O=n=0

o x315 fragment
derivative

« amide variation with
small ring system to
explore space

« not available without
methoxy and with
(preferred) cyclopropane
group

E63366a

H o x315 fragment
derivative

o isostere replacement of
ether

E63368a

o x457 fragment
derivative

o variation of the benzene
for better Phe1371
targeting

o cyclopropane
extension of urea group
to explore space

AL

Iz
Iz
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All fragments were tested up to a concentration of 1 mM in macrodomain AlphaScreen
dose-response assays for their ability to displace the peptide from PARP14 MD3. Due to the high
compound concentrations applied, all fragments were counterscreened at the corresponding
concentration. Subtraction of the counterscreen activity from the PARP14 MD3 AlphaScreen
assay activity revealed that none of the fragments was able to displace the AlphaScreen peptide
from the macrodomain. It is very likely that the binding of the fragments to PARP14 MD3 is far
too weak to measure any activity on the macrodomain in competition experiments such as the
AlphaScreen assay. Therefore, the fragments could potentially be validated by directly measuring
their binding to PARP14 MD3 using sensitive techniques, for instance SPR, that allow
determining Kp values in the high micromolar range. Furthermore, co-crystallisation of the SAR
fragments to analyse their binding mode and occupancy in the crystal as a measure of binding
strength may provide the starting points for future PARP14 MD3 inhibitor development projects.
Since all fragments are poised, it should be possible together with the structural information to
rather rapidly build up a comprehensive initial SAR library, potentially leading to compounds
with higher binding affinities. Synthesis of analogues by amide couplings or by click reactions
with the nitrile containing fragments are possible strategies to explore the sites of the binding

pocket as indicated in Figure 42.
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Conclusions of the PARP14 macrodomain hit discovery approaches

In summary, two different approaches for discovery of small molecules with new chemical
scaffolds targeting PARP14 macrodomains were evaluated, i.e. traditional in vitro screening of
a medium-sized compound library as well as structure-based fragment screening using X-ray
crystallography. Both approaches have their merits and drawbacks as discussed previously and
their success generating new hit matter depends among other factors certainly on the target and its
druggability. This is in particular true for a crystallographic fragment screening approach for
which a prerequisite is not only the reliable crystallisability of the target but also that the binding
pocket of interest is accessible for the ligand by diffusion through solvent channels within the
crystal lattice. Are these sites involved in crystal packing or otherwise obscured, then this
approach is not feasible for hit discovery '®. It is a speculative that only fragments could be
obtained that target the adenine-ribose site and not the pyrophosphate-ribose site because of the
coverage of the latter by a loop region of the protein. In in vitro screenings, the ligand binding in
solution provides freedom for potential structural changes in the protein and thus other types of
hits can be discovered such as the PARP14 MD?2 inhibitor GeA-69. It is unlikely that compounds
of this molecular size that bind deep within the protein, and therefore necessarily need to induce a
structural change for binding can be identified in fragment screenings by X-ray crystallography.
An alternative are fragment screenings by NMR, which the size of the macrodomains of ~25 kDa
would allow, however, the final decision for the kind of drug discovery approach pursued is after
all also determined by the availability of the facility and resources required as well as the

expertise in performing and processing of the amounts of data generated.

In either case, in the in vitro screening as well as in the crystallographic fragment screening
approach, the following hit validation process is a crucial but challenging part. It is not possible to
avoid false positives hits and the hit validation is essential for filtering these hits out and

confirming true binders. Due to the inherent characteristic of structure-based hit discovery, it is
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rather easy to select interesting and true hits based on the structural information. Fragments
binding in crystal contacts identified by hit identification methods such as PanDDA can be
quickly excluded from further hit validation. However, due to the weak binding of the fragments,
their characterisation and confirmation of binding in solution by biophysical assays is challenging.
The crystallographic fragment screen was performed at a high concentration of ~50 mM which
drives the binding of the fragments to the protein even with affinities in the high micromolar
range, however, with which in vitro biophysical assays such as the AlphaScreen cannot be
performed due to assay interference. Sensitive biophysical methods are required to assess the
binding strength of the fragments and it was therefore not unexpected that no activity of the
fragments in the AlphaScreen competition assay at a concentration of 1 mM could be observed. In
contrast, hits obtained from the medium-sized in vitro screen could be characterised by
determining ICs, values with the AlphaScreen since their initial screening concentration was set to
25 uM and compounds binding as weak as the fragments would not have been identified as hits.
The validation process focussed therefore in particular to confirm specific binding of the
compounds. Counterscreening allows excluding the majority of assay interfering compounds,
however, calorimetric binding measurements are seen as standard for reliable confirmation of
binding. This proved to be difficult for many hits due to their poor water solubility. This might not
only be the reason for the observed inconsistency of the screening results but furthermore
decreased the probability of the compounds to be co-crystallisable with targets that itself do not
readily crystallise like PARP14 MD2 to alternatively obtain structural information of the binding

mode.

For PARP14 macrodomain targeting, both approaches could yield chemical hit matter yet with its
limitations. From in vitro screening of in total ~50,000 small molecules from in-house and the
academic compound library provided by Novartis, only one hit compound, GeA-69, targeting
PARP14 MD2 could be identified. Despite its good ligand efficiency, availability of structural
information and considerable medicinal chemistry efforts, GeA-69 could not be improved in its

potency. Considering its molecular size and the fact that it is completely surrounded by the
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protein, which enables interactions to the protein with all of its sites, indicates that the
hydrophobic and the few hydrogen bond interactions between GeA-69 and PARP14 MD2 are not
ideally positioned which would result in the desired nanomolar affinities. A significant change of
the scaffold might be required which development may not be trivial.

Compared to the in vitro screen, the crystallographic fragment screen was more successful
regarding the hit rate (as expected), providing several related scaffolds that are amenable for the
ADPR binding site. However, all fragments are very weak binders, based on the fact that they are
not characterisable in the AlphaScreen competition assay, and it will probably require iterative
rounds of analogue synthesis, biophysical characterisation and structure determinations to obtain
suitable hit and later lead compounds. Numerous fragments could nonetheless be successfully
optimised even to final drugs entering the clinical phase ?*, demonstrating its feasibility. The
development of a PARP14 MD3 inhibitor would be essential for preventing PARP14 recruitment
to target sites via its macrodomains and thus to gain insights into PARP14 macrodomain biology,

for which the results obtained in this work may be valuable starting points.
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3. Exploring pharmacological targeting strategies for PARP14

Although different cellular functions have been proposed for PARP14 ranging from
transcriptional regulation, immune response, cell migration to metabolic regulation and DNA
repair, the majority of the findings show evidence of the value of therapeutic targeting of
PARP14. Due to the lack of PARP14-specific inhibitors, almost no data are available on
phenotypic effects of PARP14 inhibition. Only Peng et al. ** has been able to show that a
chemical knock-down of endogenous PARP14 activities using PARP14 catalytic domain
inhibitors induced (similarly to a genetic PARP14 knock-down) an apoptotic phenotype in cancer
cells. The plethora of different PARP14 functions that have been proposed in the literature makes
the assay development for evaluating PARP14 inhibitors a challenging task. Many PARP14
functions are not well understood on a molecular level and it is unclear if or how some of these
PARP14 functions are linked to each other. The aim of the final part of this project was therefore
to explore pharmacological targeting strategies for PARP14 and to develop an assay system
suitable for characterisation of PARP14 macrodomain inhibitors. For this, three different PARP14
functions that were most recently reported were selected for evaluation: the role of PARP14 in
cell migration and adhesion shown by Vyas et al. *®, PARP14 involvement in the Warburg effect
shown by lansante et al. *® and the contribution of PARP14 in DNA repair shown by
Nicolae et al. *®. All of these studies provided good experimental evidence and used cellular

model systems, addressing both cytoplasmic as well as nuclear functions of PARP14.

3.1. PARP14 knock-down and knock-out in HeLa and U-2 OS cell lines

The PARP14 studies were initially planned to be performed with genetic and chemical
interference of the PARP14 function using SiRNAs and the PARP14 macrodomain inhibitor
GeA-69, respectively. Since GeA-69 showed activity on MD2 only and did not prevent full-length

PARP14 recruitment to target sites without additional inhibition of MD3, the latter approach
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could not be realised. PARP14 knock-down phenotypes were induced using siRNAs which were
previously reported for performing the PARP14 DNA damage response (‘siPARP14 #1’ and
‘siPARP14 #2°) ' and motility studies (‘siPARP14 #3) 1%,

HelLa and U-2 OS cell lines were considered for the following PARP14 studies since HelLa cells
were used in the PARP14 motility and DNA damage assays and U-2 OS cells were used also in
the latter *°*'® and in the established PARP14 macrodomain laser micro-irradiation assays. Both
cell lines are furthermore immortalised and well characterised, fast growing in non-demanding
culture conditions, amenable for gene editing and provide a cancer background. Cell lines
reported with very high PARP14 expression such as lymphoid cell lines, fibroblasts and

hepatocellular carcinoma cell lines %1%

were not considered due to either their unavailability,
low transfection efficiency or unsuitability for the envisaged assays.

U-2 OS cells showed higher endogenous PARP14 expression levels than Hela cells, which was
consistent with the reported RNA expression levels **°, and for both cell lines siRNA-induced
PARP14 knock-down was most efficient 72 hours post transfection [Figure 44A, S21A]. The
HeLa cell phenotypes resulting from the siRNA-induced PARP14 knock-down were analysed in
more detail, focusing on changes in cell viability and morphology. In agreement with previous

observations %1%

, the cell viability was significantly reduced upon PARP14 knock-down, in
particular when induced by siPARP14 #1 and siPARP14 #3 [Figure 44B]. Interestingly, the
PARP14 knock-down using siPARP14 #3 furthermore resulted in strong alterations in cell
morphology compared to control cells or cells with PARP14 know-down induced by
SiPARP14 #1 and #2 which showed a normal cell morphology [Figure 44B]. This phenotype
induced by siPARP14 #3 showing elongated processes extending from the cell body was also
described by Vyas etal. '® who therefore concluded a PARP14 function in actin cytoskeletal
regulation. However, it was striking that this phenotype could only be observed using
SiPARP14 #3 and furthermore not in U-2 OS cells [Figure S21B]. Analysis of the siPARP14 #3
nucleotide sequence using BLAST® revealed vitrin (gene: VIT) as a hit apart from PARP14, with

16 (out of 19) adjacent nucleotides of the siRNA matching the vitrin transcript. Vitrin is an

extracellular matrix protein which is assumed to play a role in matrix assembly, cell adhesion, and
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migration due to its two VWA (Willebrand A) domains “"?®, In contrast, siPARP14 #1 and
siPARP14 #2 did not show vitrin as BLAST® hit. Moreover, based on the RNA expression profile
provided by the Human Protein Atlas *®®, vitrin is expressed in HeLa cells (similar to PARP14
expression levels) but not in U-2 OS cells and it is very tempting to assume that therefore
siPARP14 #3 did not result in a corresponding phenotype in U-2 OS cells. All this may indicate
that this visual PARP14 knock-down phenotype induced by siPARP14 #3 and thus the proposed

PARP14 function in actin cytoskeletal regulation analysed by Vyas et al. '

potentially results
from vitrin silencing and not from PARP14 targeting. In order to confirm this hypothesis, HelLa
cells should be further analysed in cell adhesion and migration assays. However, establishing in
particular the planned scratch migration assays, where monolayers of cells are required, proved
very difficult due to the decrease of the cell viability resulting from PARP14 knock-down by
SiPARP14 #1.

Instead of screening several PARP14 targeting siRNAs for their suitability, PARP14 was
knocked-out in HeLa and U-2 OS cells using the CRISPR-Cas9 system. Based on PARP14 KO
mice which were reported to appear healthy and a CRISPR KO screen ™°, PARP14 was
assumed to be a non-essential gene, theoretically enabling this approach. The possibility of
performing various experiments with stable PARP14 KO cell lines without the need of a

transfection procedure prior to the assay were the final motivation to engineer these HelLa and

U-2 OS cell lines.

Legend to Figure 44: PARP14 expression and knock-down in HeL.a and U-2 OS cell lines.

(A) Hela and U-2 OS cells were left either untreated (-) or were transfected with siMOCK or PARP14 targeting siRNAs
and analysed for PARP14 expression 72 hours post transfection by Western blotting (loading: 45 pg of total cell lysate
for Hela cells, 35 pg of total cell lysate for U-2 OS cells). (B) Phenotypic effects of PARP14 siRNA knock-down.
Wild-type Hela cells were transfected either with 20 nM siMOCK or 20 nM siPARP14 #1, #2 or #3 and analysed
72 hours post transfection. PARP14 knock-down induced by siPARP14 #1 resulted in significant decrease in cell
viability as shown by nuclei co-staining with Hoechst33342 (blue) and propidium iodide (red) of transfected cells (top
right). Furthermore, in contrast to siPARP14 #1 and #2, siPARP14 #3 results in a phenotype with extended cellular
protrusions as also previously reported 1% The black rectangles in the representative bright field images (top) indicate

the section that was enlarged and shown below the corresponding image.
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Figure 44. PARP14 expression and knock-down in Hela and U-2 OS cell lines. For legend, see bottom of previous
page.

The clustered, regularly interspaced, short palindromic repeat (CRISPR) technology using the
RNA-guided nuclease ‘CRISPR-associated protein 9’ (Cas9) was derived from adaptable immune
mechanisms used by bacteria and provides a tool for rapid and efficient targeted genome
editing ?. In contrast to ZFN and TALEN methods, which use protein-DNA interactions for

targeting, the Cas9 nuclease is directed to genomic target sites by single-guide RNAs (SgRNAS)
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where it mediates like other nucleases DNA double-strand breaks (DSB). These DSBs typically
undergo one of two major pathways for DNA damage repair: nonhomologous end-joining (NHEJ)
and homology-directed repair (HDR) (in presence of a repair template). NHEJ is error-prone and
can lead to introduction of insertion/deletions (indels) of various lengths, which can result in
frameshift mutations and premature stop codons within coding exons, thus generating gene
knock-outs. Alternatively, DSBs are repaired by HDR which can be used to introduce specific
mutations or to insert desired sequences through recombination of the target sites with an
exogenously supplied DNA repair template #*?'2. The principle and workflow for generating

PARP14 KO HeLa and U-2 OS cell lines is outlined in Figure 45.

B
PARP14
chromosome 3: 122,680,618 - 122,730,840 ) .
s — Workflow for PARP14 KO cell line generation
- Exi Ex2Ex3 Exd Ex5 Ex6 Exr+6 £x9 Ex10-12 EXI3
’ design of sgRNAs using the crispr.mit.edu tool
o cloning of sgRNAs
target (20 bp) & PAM |
5. -‘I‘lcf'f‘fcl‘?ﬁ?‘l;m(’CGAGTGTGAGGTCCGCCT?T?T???‘??T- -3 testing cleavage efficiency of sgRNAs in HEK293 cells
3' . . TCCAGCCCTCCGCCGCTCACACTCCAGGCGETCCTAGGGTCC. . 5 |
RN RRRNNRNERRRE selection and clonal expansion of edited HeLa and U-2 OS cells
5)/ CGGCGAGTETGAGGTCCGCCGUUPUAGAGCUAG |
sgRNA AR Ry
AGUUC?ACUAUUGCCUGAUCGGMUWUUGAACGAUA screening for PARP14 edited clones by Western blotting
-1 ¢
G 59 o 1] A e .
3' \YUUUUUCGUGGCU e validation of PARP14 editing on protein, gDNA and mRNA level

Figure 45. PARP14 KO cell line generation using the CRISPR-Cas9 system. (A) Principle of the PARP14 gene editing
strategy (figure adapted from Ran et al. 22 SgRNAs were designed for targeting exon 1 of PARP14. PARP14 gene
schematic (top) shows arrangement of 13 of 17 exons present in PARP14; for illustration, introns are shown in
10 times shorter size. As example, the blue nucleotide sequence cloned into the sgRNA pSpCas9(BB)-2A-Puro-PARP14-
c002 targets the 20 nucleotide sequence in exon 1 shown in green which is located upstream of the requisite 5'-NGG
protospacer adjacent motif (PAM). The sgRNA pairs with the target sequence and thus directs the Cas9 nuclease
(co-expressed with the sgRNA vector system) to the genomic locus of PARP14. The Cas9 nuclease mediates double
(Cas9 wild-type) or single (Cas9 nickase with D10A mutation) strand breaks ~3 bp upstream of the PAM (red triangle)
resulting in PARP14 editing upon errors made by the DNA repair machinery. (B) Schematic workflow for HelLa and
U-2 OS PARP14 KO cell line generation.

After designing and cloning of sgRNAs targeting the exon 1 of PARP14, their DNA cleavage
efficiency was evaluated in HEK293 cells. PARP14 gene editing potential was confirmed for all
sgRNAs of which the combination of the Cas9 nickase constructs c001 and c003 showed the
highest cleavage efficiency [Figure 46A]. Following this functional validation of the sgRNAs,

HelLa and U-2 OS cell lines were edited on their PARP14 gene sites. After optimisation of the
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transfection, selection and clonal expansion procedure, 50 HeLa and 64 U-2 OS clones were
derived from the corresponding parental cell lines and were screened for PARP14 KO editing by

Western blot analysis [Figure 46B and S22].

A
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(bp) M — 1 2 3 4 1  Cas9 wt construct c002
: 2  Cas9 wt construct c004
3 Cas9 nickase constructs c001 and c003
4  Cas9 nickase constructs c005 and c006
B
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Figure 46. (A) Functional validation of PARP14 targeting sgRNAs by testing their PARP14 gene editing efficiency in
HEK293 cells. Genomic DNA of HEK293 cells which were left either untransfected or were transfected with sgRNA
constructs as indicated was extracted and PARP14 exon 1 was PCR-amplified. The resulting PCR products were
re-annealed and analysed after T7 endonuclease | digestion. The sgRNA Cas9 nickase constructs c001 and c003 show
the highest cleavage efficiency. (B) Example of screening for PARP14 edited Hela clones by Western blotting (50 pg of
total lysate were loaded and the blot was overexposed to analyse for PARP14 edits). Clones 3-20 were obtained from
Hela cells transfected with sgRNA Cas9 nickase constructs c001 and c003. Clone F9 and D8 result from cells
transfected with GFP-targeting control sgRNAs. Clone 4, 6 and 17 are PARP14 KO clones shown by further validation.

Potential HeLa and U-2 OS PARP14 KO cell lines were then selected and validated by
characterisation of their PARP14 edits on protein, gDNA and mRNA level [Figure 47]. Validation
on the protein level excluded the U-2 OS clone 49 which probably expressed a truncated version
of PARP14 [Figure 47A]. Next, gDNA analysis suggested the presence of two alleles encoding
PARP14 in HeLa cells and three PARP14 alleles in the U-2 OS cells. Based on the reported

karyotypes of these cell lines ****

, the observed PARP14 copy numbers were expected for
U-2 OS cells but rather not for HeLa cells for which the presence of three chromosomes 3, yet
with abnormalities, was described. Using CRISP-ID #° a web application tool developed to
decode CRISPR-mediated indels by Sanger sequencing, HelLa and U-2 OS clones could be
genotyped for PARP14 edits with high confidence, apart from U-2 OS cells with three differently

edited alleles [Figure 47B, Table S4]. The HeLa clones showed various edits including insertions
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and deletions of 8-22 bp, with two clones (21 and 50) showing the same gDNA edit on both
alleles. The U-2 OS clone 30 showed different edits, one being an insertion of 240 bp which could
be confirmed (as all other edits) by gel electrophoresis. Due to this significant and rather atypical
edit, this clone was excluded from further analysis. The gDNA (as well as the later mRNA
analysis) of the U-2 OS clone 49 revealed an in frame deletion of 9 bp. Since the resulting
PARP14 product would be 202 kDa in size, the assumed PARP14 truncation previously detected
by Western blotting cannot be rationalised based on this edit. Finally, all other PARP14 edited
HelLa and U-2 OS clones were validated on the mRNA level [Figure 47C, Table S5]. The
exons 1-4 of the PARP14 mRNA (~600 bp) could be PCR-amplified from all clones which
indicated that PARP14 mRNA was present in all of them and did not undergo non-sense mediated
decay due to any gDNA edit. Furthermore due to the use of different exon-crossing primers, it
could be concluded that no intron sequences were present in this part of the PARP14 mRNAs,
indicating that probably all PARP14 mRNA transcripts were correctly spliced. This required
analysis of the mRNA products by Sanger sequencing. Interestingly, in most cases the mRNA edit
of one allele was different to the gDNA edit, probably indicating different splicing events of the
transcripts depending on the gDNA edit. Only the HelLa clones 21 and 50 showed the same gDNA
and mRNA edit in exon 1, i.e. deletions of 22 and 16 bp, respectively. These HelLa clones as well
as the U-2 OS PARP14 KO clones 23 and 65 were selected for the following PARP14 studies
[Figure 47D]. For all of these clones, the gDNA and subsequent mRNA edit led to formation of a
premature stop codon and thus to a disruption of the reading frame, resulting in no PARP14
protein products longer than 100 amino acids. In parallel to the PARP14 KO cell line generation,
clonal wild-type PARP14 cell lines were prepared by transfecting the parental HeLa and U-2 OS
cell lines with GFP-targeting instead of PARP14 targeting sgRNAs. These clonal wild-type cell
lines (HeLa clone D8, U-2 OS clone E9) were used as control cell lines for the following PARP14
studies, which were considered to be more similar to the also clonal PARP14 KO cell lines than
the parental, heterogeneous, cell lines due to their transfection, selection and clonal expansion

background.
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Figure 47. HelLa and U-2 OS PARP14 KO cell line validation on protein, gDNA and mRNA level. For legend, see top of
next page.
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Legend to Figure 47: HeLa and U-2 OS PARP14 KO cell line validation on protein, gDNA and
mRNA level.

(A) Validation on protein level by analysing from screening selected clones by Western blotting. (B) Validation on
gDNA level. For this, the exon 1 of PARP14 was PCR-amplified from the extracted genomic DNA and analysed by
Sanger sequencing. Sequencing data obtained from clones with differently edited alleles were analysed using the
CRISP-ID online software tool 2*® which extracts individual sequences from the sequencing data and detects indel size
and location of the CRISPR-Cas9 targeted region. An example is shown for the Hela clone 4. The yellow arrow in the
chromatogram marks the start of the two different overlaying sequence traces resulting from different gDNA edits.
Analysis results were confirmed by gel electrophoresis (left). The white star marks the 240 bp insert identified in the
exon of the U-2 OS clone 30. (C) Validation on mRNA level. PARP14 cDNA was PCR-amplified with different primer
pairs covering up to 600 bp (exon 1-4) and analysed by Sanger sequencing. Schematic below the agarose gel shows
the design of one primer pair used for amplification and sequencing. All reverse primers were designed as exon-
crossing primers so that in case the intron sequence is still present, i.e. the mRNA is not correctly processed, the
primers cannot anneal at the PCR annealing temperature of 62 °C. The start codon of the PARP14 cDNA is highlighted
in cyan; the PAM sequence before the sgRNAs is underlined. (D) Final selected clones used in the following PARP14
studies are shown.

Prior to the PARP14 studies, the validated HelLa and U-2 OS cell lines were characterised
regarding their proliferation behaviour and visual phenotype compared to the clonal and parental
wild-type cell lines [Figure 48]. HeLa wild-type and PARP14 KO cell lines showed no difference
in growth behaviour with a doubling time of 24 h. Also the parental wild-type U-2 OS cell line
showed the same proliferation rate as the PARP14 KO cell lines with a doubling time of 35 h.
Only the doubling time of the clonal wild-type U-2 OS cell line E9 was higher with 50 h
[Figure 48A]. Furthermore, brightfield and confocal images visualising the cytoskeleton of the
HeLa and U-2 OS wild-type and PARP14 KO cell lines did not reveal any visual difference in the
phenotype within each cell type. All generated PARP14 KO cell lines did not show a phenotype
that would suggest any defects in actin cytoskeletal regulation and thus in functions associated
with it, i.e. cell adhesion and motility [Figure 48B]. This may be another indication that the
reported actin cytoskelelatal misregulation in HeLa cells upon PARP14 siRNA knock-down using
SiPARP14 #3 is based on off-target effects. To obtain functional data confirming this hypothesis,
the PARP14 KO cell lines were characterised regarding their cell adhesion and migration

behaviour.
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Figure 48. Proliferation behaviour and visual phenotype of Hela und U-2 OS wild-type and PARP14 KO cell lines.
(A) HelLa and U-2 OS cells were seeded at low density and proliferation was monitored by determining the cell count
every 24 h (data points: mean = SEM, n = 3). Hela wild-type and PARP14 KO cell lines show no difference in growth
behaviour with a doubling time of 24 h. The parental wild-type U-2 OS cell line shows the same proliferation rate as
the PARP14 KO cell lines with a doubling time of 35 h. The clonal wild-type U-2 OS cell line shows a higher doubling
time of 50 h. (B) Brightfield and confocal images of HelLa and U-2 OS wild-type and PARP14 KO cell lines do not reveal
a visual difference in phenotype within each cell type. For confocal imaging, cells were fixed with 4 % formaldehyde
and the cytoskeleton was visualised with a-tubulin staining (green). The nucleus was counterstained with
Hoechst33342 (blue).
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3.2. Role of PARP14 in cell adhesion and migration processes

| 108

Analysis of the PARP14 knock-down phenotype in HelLa cells performed by Vyas et a
suggested PARP14 as a focal adhesion complex protein. Real-time imaging showed that
migrating PARP14 knock-down cells appeared unable to retract membrane protrusion efficiently,
resulting in elongated dendritic-like extensions and an atypical cell morphology. A process crucial
for cell migration is the dynamic assembly and disassembly of focal adhesion complexes which
mature from small focal complexes to large multi-protein complexes and function as anchor for
the actin cytoskeleton to the substrate, the extracellular matrix **"#®, Balancing the formation and
turnover of the focal adhesion complexes regulates the adhesive strength of the cell onto the
substrate and allows the cell to pull itself and to move in the desired direction by then again
releasing from the substrate. PARP14 was shown to localise to focal adhesions and seemed to be
required for efficient focal adhesion turnover. The resulting increased adhesive force to the
substrate due to PARP14 knock-down prevents proper retraction of these cellular protrusions,
thereby impairing cell motility '°®. Since the macroPARP family member PARP9 was also
reported to promote migration in B-cell lymphomas %, the HeLa PARP14 KO cell lines were
characterised regarding their adhesive force to different substrates as well as their migration

potential.

3.2.1. Testing PARP14 importance for cell adhesion

The adhesive strength of control and PARP14 knock-down HeLa cells has been examined by
Vyas etal. '® by performing a centrifugation-based assay (comparing the number of cells
remaining adhered to the substrate after constant application of centrifugal force), a cell-spreading
assay (measuring the area of cell spreading per unit time) and a trypsin-based detachment assay
(measuring the time required to detach the cells from the substrate). The latter was established for

characterisation of the HeLa PARP14 KO cell lines. The cell adhesion assay workflow is shown
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in Figure 49A. In order to quantify the number of cells remaining attached to the substrate after a
certain time of the trypsin treatment as accurately as possible, the trypsination reaction was
stopped using the protease inhibitor PMSF and counts of adherent cells after treatment were
determined by automated image analysis based quantitation of Hoechst33342 stained cells
[Figure S24]. In several independent assays performed with standard TC treated plates, no
significant difference in the adhesive strength between wild-type and PARP14 KO cell lines could
be observed. Only the clonal wild-type cell line showed a slightly lower adhesive strength
compared to the other cell lines [Figure 49C, S28B]. Therefore, to imitate the extracellular matrix
and perform the assays under similar conditions as Vyas et al. '®, trypsin-based detachment
assays were additionally performed on fibronectin and laminin coated plates [Figure 49D, E,
S28B]. Compared to standard TC coated plates, HeLa PARP14 KO and wild-type cell lines
adhered far stronger to the fibronectin coated plates, that required therefore higher trypsin
concentrations for cell detachment, yet showed lower adherence to laminin coated plates. On the
latter, no difference between the cell lines in their adhesion strength was observed. On fibronectin
coated plates, the parental wild-type and PARP14 KO cell lines adhered similarly strong to the
substrate. Only as previously observed, the clonal wild-type cell line D8 showed reduced
adherence to the fibronectin coated plates compared to the other cell lines. Due to time
constraints, other clonal wild-type HeLa cell lines could not be tested in this assay to verify if this
observation was a cell line specific or indeed a PARP14 KO-specific effect. Since the parental
wild-type cell line however consistently showed the same adhesive strength as the PARP14 KO
cell lines and the visual atypical cell morphology resulting from inefficient retraction of cellular
protrusions was not observed in PARP14 KO cells, this data suggests that the observed difference
in the clonal cell lines is only a cell line-specific effect and PARP14 is not crucial as stated by

Vyas et al. ' for cell adhesion processes.
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Figure 49. Testing the adhesive strength of wild-type and PARP14 KO Hela cell lines in a trypsin-based detachment
assay. (A) Workflow of the established cell adhesion assay. PMSF: phenylmethylsulfonyl fluoride. (B) Example images
of a time series acquired after a cell adhesion assay performed with the wild-type (parental) HelLa cell line. Those
images were further processed and cell counts were obtained using a customised protocol of the IN Cell Developer
Toolbox software [Figure S24]. Control: trypsin-untreated cells. (C) PARP14 KO cell lines show similar adhesive
strength as the parental wild-type Hela cell line but are more adhesive than the clonal PARP14 wild-type cell line (D8).
This cell adhesion assay was performed on a standard TC treated plate. (D and E) Cell adhesion assays performed with
TC plates coated with different substrates as indicated. For all cell lines, cell adhesion was significantly increased on
fibronectin coated plates and significantly decreased on laminin coated plates. On laminin coated plates, no difference
in the adhesive strength of PARP14 wild-type and KO cell lines was observed. On fibronectin coated plates, PARP14 KO
cell lines behave similarly to the wild-type (parental) cell line but are more adhesive to the substrate than the wild-
type clonal cell line D8. For all graphs, the data was normalised to the corresponding trypsin-untreated controls,
where data points are mean + SEM, n = 6. Assay repeats are shown in Figure S28B.
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3.2.2. Characterisation of the migratory potential of PARP14 KO cells

The migratory potential of the HeLa wild-type and PARP14 KO cell lines was assessed by
establishing a scratch (wound-healing) migration assay. Scratch assays enable a Kinetic
assessment of the cell migration including recording of the phenotype of the moving cells *°.
In principle, a confluent monolayer of cells adherent to the plate is scratched (‘wounded’) by
scraping off an area of cells, e.g. using a pipette tip. The closure of the scratch is microscopically
monitored over time which allows conclusions about the motility of the cells **?°, Since scratch

assays are also suitable for compound high-throughput screening %

, @ scratch assay was
established that should allow both assessing the migratory potential of PARP14 KO cell lines
compared to the control cell lines as well as potential screening of PARP14 (macrodomain)
inhibitors. For this, the assay was set-up in a 96-well format using a 96 pin array to produce
scratches of uniform shape and consistent placement within each well. Furthermore, the cells were
stained with CellTracker™ Green CMFDA dye prior to the assay to enable monitoring of the
closure of the scratch at regular time intervals (every 2 hours over 24 hours) using an automated
fluorescence microscope. This procedure provided images of good resolution and of higher
contrast than normal brightfield images which was greatly beneficial for the following data
processing. The acquisition of these time-course series for ~100 wells required the development
of an automated image analysis routine which finally allowed a reliable, rapid and consistent
guantitation of the scratch areas at the respective time points to determine the migration rate of the
cell lines [Figure S25, S26]. However, the scratch assay itself cannot distinguish the closure of the
scratch area due to cell proliferation from closure through actual cell migration. Since the
migration assays were performed over 24 hours, this factor had to be considered based on the
previously determined doubling time of 24 hours of the HelLa cell lines. Therefore, cytosine
arabinoside (Ara-C) was used as a proliferation control inhibitor in the scratch assay

[Figure 50] *2. For the HeLa PARP14 wild-type and KO cell lines an Ara-C ICs, halting

proliferation of 65-180 nM was determined [Figure 50C] and the performance of scratch assays in
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presence of 5-20 uM Ara-C showed that Ara-C treatment did largely suppress cell proliferation
over the duration of the assay, however, it neither affected cell migration behaviour nor cell
viability as seen by counterstaining with propidium iodide [Figure 50A, B]. Of note is that a very
minor increase of the cell count over the duration of the assay could nevertheless be observed,
even after treatment of the cells with 20 uM Ara-C. This is likely due to the application of Ara-C
to the cells just prior to the assay. In order to completely halt cell proliferation, either longer
pre treatment of the cells with Ara-C or culturing the cells for 24-48 hours in medium with lower
serum concentration prior to the assay could be considered. As further control for the following
PARP14 migration studies and in respect to potential compound screening, the scratch assay was
established with Cytochalasin D as migration control inhibitor which was previously reported to
be suitable for this purpose *!. Treatment of the HeLa PARP14 wild-type and KO cell lines with

1 uM Cytochalasin D completely inhibited cell migration, yet it did not affect cell viability

[Figure 51].
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Figure 50. Establishing a scratch migration assay for wild-type and PARP14 KO Hela cell lines using Ara-C as
proliferation control inhibitor. For legend, see top of next page.
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Legend to Figure 50: Establishing a scratch migration assay for wild-type and PARP14 KO HelLa
cell lines using Ara-C as proliferation control inhibitor.

(A) Migration curves of Hela cell lines in presence of Ara-C at three different concentrations are shown. For all cell
lines, Ara-C treatment did not influence the migration behaviour. Data points are mean * SEM, n = 6. (B) Determining
the increase of the cell count over 24 h in the scratch assay shown in (A) confirmed efficiency of halting proliferation
with Ara-C. Data points are mean + SEM, n = 6. (C) IC5, values of Ara-C for Hela cell lines from three independent
experiments. A representative curve of one experiment is shown. Data points are mean * SD, n = 3. Cells were treated
with Ara-C at different concentrations (100 pM to 300 pM) for 24 h (duration of the scratch assay) and then live
stained with Hoechst33342 to count the nuclei for quantitation. For generating the graph, data was normalised with

0 % inhibition defined by the cell count of untreated wells and 100 % inhibition defined by the cell count of wells
treated with 100 puM Ara-C.
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Figure 51. Establishing the scratch migration assay for wild-type and PARP14 KO Hela cell lines with Cytochalasin D
as migration control inhibitor. Migration curves of Hela cell lines in presence of Cytochalasin D at three different

concentrations are shown. For all cell lines, 1 uM Cytochalasin D efficiently inhibited cell migration. Data points are
mean £ SEM, n = 6.

Finally, the migration potential of the HeLa wild-type and PARP14 KO cell lines was evaluated

in the established scratch assay. In several independent repeats, both PARP14 KO cell lines
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migrated almost always with the same rate, however, slower than the parental wild-type cell line
and with a higher or similar rate as the clonal wild-type cell line [Figure 52, S27, S28]. After
24 hours, the initial cell-free scratch area was reduced by the parental wild-type cell line to over
90 %, with the migration rate even increasing with the passage number. The clonal wild-type and
PARP14 KO cell lines migrated slower, reducing the initial scratch area to 30-50 % over 24 hours
[Figure 52C]. The reason for the different migration behaviour of the wild-type parental and
clonal cell line is unknown as for the previously observed difference in cell adhesion. It seems the
clonal cell line may engage less with the substrate, potentially resulting in a reduced adhesive
strength which could be necessary for more efficient migration. Although the wild-type parental
and clonal cell lines thus provided a rather large window, it was nevertheless expected that the
clonal PARP14 KO cell lines with the hypothesised impaired cell migration function would show
a significantly reduced rate of migration compared to the clonal wild-type cell line. Since this
could not be observed in all assays performed, these data together with the prior acquired cell
adhesion data indicates that PARP14 is not as crucial for cell migration processes as stated by
Vyas et al. 1% — if at all. In support of this is the observation that HeLa cells — wild-type and
PARP14 KO — treated with Cytochalasin D developed small dendritic-like structures extending
from the cell bodies in all directions, resulting in a very similar phenotype observed after PARP14
knock-down using siPARP14 #3. This very clear visual phenotype showing inability or significant
impairment of motility, respectively, could not be observed in all generated HeLa PARP14 KO
cell lines, neither under normal culture conditions nor during migration in the scratch assay. No
visual indication or functional experimental data thus allowed concluding an impaired motility of
HelLa cell lines due to PARP14 depletion. Alternative assays, e.g. transwell assays which were
performed for showing the role of PARP9 in cell migration ® or 3D spheroid migration assays
which are able to closer mimic the in vivo situation in tumours #°, could further validate these
results, however, were for this reason and due to time constraints not further considered. Instead
the PARP14 wild-type and KO cell lines were further characterised regarding their metabolic

activity and their response to DNA damage.
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Figure 52. PARP14 wild-type and KO Hela cell lines in the established scratch migration assay. (A) Migration curves
of Hela cell lines in presence of 10 uM Ara-C are shown on the left, confirmation of efficiency of halting proliferation
with Ara-C during the assay (over 24 h) on the right. Individual migration curves also including the corresponding
Cytochalasin D controls for the different Hela cell lines are shown in the panel below. Plots are representative for six
independent experiments. Data points are mean + SEM, n > 4 for untreated cells, n > 8 for Ara-C treated cells, and
n>5 for Cytochalasin D treated cells. (B) Representative images from the migration assay shown in (A) at the
indicated time points which were further processed using a customised protocol of the IN Cell Developer Toolbox
software [Figure S25]. It can be seen that the PARP14 KO cell lines migrate slower than the parental wild-type cell line,
yet faster than the clonal wild-type cell line D8. (C) Graphs show the quantitation of the scratch area after 12 and
24 hours of six independent experiments. The assay repeats are shown in Figure S27 and S28A. Error bars represent
SEM, n =6, * adj. p < 0.05, ** adj. p < 0.01, *** adj. p < 0.001 (multiple comparison one-way anova test).
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3.3. PARP14 and the Warburg effect — a brief study on PARP14 KO HelLa cells

Several studies suggested that PARP14 plays a critical role in regulation of cell metabolism either
by inducing transcription of glycolytic genes or by contributing to the secretion of
phosphoglucose isomerase, thereby increasing glycolysis, or by acting in the JNK signalling
pathway, promoting the Warburg effect * %, The Warburg effect is a characteristic of many

cancer cells 2%

and describes the metabolic switch from ATP generation by mitochondrial
oxidative phosphorylation to ATP generation by glycolysis only, regardless of the presence of
oxygen. This metabolic process, referred to as ‘aerobic glycolysis’ is far less efficient in ATP and
thus energy production, however, is thought to facilitate the use of intermediary glucose
metabolites to generate reducing equivalents (NADPH) and consequently to enable the
biosynthesis of macromolecules (carbohydrates, nucleotides, proteins and lipids). This change in
metabolism allows doubling of the biomass required for cell proliferation ?***°, The pyruvate
kinase isoform M2 (PKM2), which catalyses the final rate-limiting step in glycolysis, i.e. the
conversion of phosphoenolpyruvate (PEP) to pyruvate, was shown to be a key mediator of the
Warburg effect. Low PKM2 activity is assumed to slow down the passages of metabolites through
glycolysis and consequently promotes the entering of these substrates into alternative metabolic
pathways for macromolecular biosynthesis. In contrast, high PKM2 activity is associated with
ATP synthesis over the TCA cycle and oxidative phosphorylation *#"??% Various factors have

228229 and recently, lansante et al. *® provided evidence

been reported to control PKM2 activity
that the low PKM2 activity, promoting aerobic glycolysis, is regulated by PARP14.
Mechanistically, PARP14 has been shown to inhibit JNK1 which consequently prevented JINK1
binding and activation of PKM2 through phosphorylation [Figure 53A]. Whether JNK1 inhibition
is mediated by PARP14 directly for instance by MARylation or indirectly via upstream targets of
JNK1 is unknown. Since PARP14 knock-down in several different cancer cell lines (HCC,

RPMI-8226, U87, MCF7) impaired aerobic glycolysis metabolism, lansante et al. concluded that

PARP14 may generally promote the Warburg effect in human cancers . It was therefore tested
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whether the HeLa PARP14 wild-type and KO cell lines indeed showed different metabolic
behaviour, which would indicate a role for PARP14 in the Warburg effect. Compared to cells
metabolically relying on oxidative phosphorylation thus showing increased mitochondrial
respiration, cells with an aerobic glycolysis metabolism show increased glucose consumption and
lactate production. The latter is converted from pyruvate by the lactate dehydrogenase and its
excretion results in a higher rate of extracellular acidification ****°. HeLa wild-type and PARP14
KO cell lines were therefore characterised in so-called seahorse assays that allow assessing the
glycolysis and oxidative phosphorylation activity of the cells by simultaneously measuring in
real-time the extracellular acidification rate (ECAR) and the oxygen consumption rate (OCR),

respectively %

[Figure 53A]. According to the proposed model, PARP14-expressing cell lines
were expected to show a higher ECAR and a lower OCR than the PARP14 KO cell lines. Prior to
the characterisation of the cell lines, the seahorse assay was optimised in particular regarding cell
number, oligomycin concentration to ensure to measure the maximum glycolytic capacity and the
normalisation procedure of the data. Due to the sensitivity of the assay and unavoidable minor
variabilities of the cell number in each assay well, the latter is crucial for obtaining consistent and
reliable data and was performed by quantitation of the cell number in the respective wells by live
staining of the cells with Hoechst33342 right after the assay and counting using an automated
image analysis procedure [Figure S24]. In the following experiments, the HelLa wild-type and
PARP14 KO cell lines were then sequentially exposed to saturating concentrations of glucose,
oligomycin and 2-deoxyglucose and their metabolic reaction resulting in changes of the ECAR
and OCR was recorded. A typical bioenergetic profile is shown in Figure S29A. In several
independently performed assays, typical ECAR and OCR profiles were obtained for both HelLa
wild-type and PARP14 KO cell lines, however, neither a significant difference in the ECAR nor
in the OCR between the cell lines could be measured at any condition and time point in the assay
[Figure 53C]. HelLa wild-type and PARP14 KO cell lines therefore showed the same rate of
glycolysis as well as the same glycolytic capacity and reserve [Figure 53E]. No significantly
different metabolic behaviour was observed regardless whether the cell lines were adapted to high

glucose medium (DMEM) containing diabetic levels of glucose (25 mM) or to medium containing
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approximately normal physiological glucose levels (5.5 mM, EMEM) or were starved of glucose
prior to the assay [Figure 54, S29]. It was also noted by lansante et al. ®® that PARP14 knock-
down did not result in a significant change in oxygen consumption. Based on the metabolic model
proposed by lansante et al. %, it could yet be considered that in HeLa PARP14 KO cell lines
pyruvate converted from PEP through unsuppressed PKM2 activity could directly enter the TCA

CyCIe 98,225

, resulting in an increased OCR which perhaps cannot be detected in seahorse assays.
Thus, it was hypothesised that the PARP14 KO cell lines might show higher sensitivity to
oligomycin treatment due to their increased metabolic dependency on oxidative phosphorylation
compared to HelLa PARP14 wild-type cell lines, which should gain most of their energy by
aerobic glycolysis. However, ICs, determinations indicated that oligomycin treatment affected the
cell viability of all cell lines to the same extent [Figure 53B].

It was rather unexpected that no difference in the ECAR profiles representing the glycolytic
activity of HeLa wild-type and PARP14 KO cell lines could be observed as it was in the seahorse
assays performed by lansante et al. ®. However, lansante et al. ® reported impaired aerobic
glycolysis of cell lines in which PARP14 was only transiently knocked-down using shRNA. It is
conceivable that the PARP14 KO cell lines developed mechanisms after gene editing which
compensated for the constant loss of PARP14 and which can also promote aerobic glycolysis.
Wild-type and PARP14 KO cell lines would consequently not show a difference in glycolytic
activity. Therefore, HeLa cells with siRNA-induced PARP14 knock-down were characterised in
the established seahorse assay. As shown in Figure 53D, the HelLa wild-type and PARP14 knock-
down cells showed the same ECAR profiles resulting from the sequential exposure to glucose,
oligomycin and 2-deoxyglucose. A difference in the glycolytic activity, indicating impaired
aerobic glycolysis of PARP14 knock-down cells compared to control cells, was not measured
[Figure 53E]. Only the OCR profiles revealed a reduced oxygen consumption of HelLa cells with
PARP14 knock-down. However, a reduced oxidative phosphorylation activity through PARP14
knock-down is contradictory with the metabolic model suggested by lansante et al. * and it is
very likely that this effect was observed due to the cells being in a more quiescent state after

PARP14 knock-down that is, as shown previously, associated with a decrease of cell viability.
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Figure 53. Characterisation of the metabolic behaviour of PARP14 wild-type, KO and KD Hela cells. For legend, see
top of next page.
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Legend to Figure 53: Characterisation of the metabolic behaviour of PARP14 wild-type, KO and
KD HeLa cells.

(A) Metabolic model adapted from lansante et al. % showing the proposed role of PARP14 in the regulation of the
Warburg effect. PARP14 is assumed to inhibit the conversion of PEP to pyruvate over the p-INK—PKM2 regulatory axis
which should be possible to confirm by measuring the extracellular acidification rate (ECAR) and oxygen consumption
rate (OCR) in seahorse experiments. Upon glucose injection (initiating glycolysis), pyruvate is generated which is
consequently converted to lactate (resulting in an increased ECAR) as well as to acetyl-CoA. The latter enters the
tricarboxylic acid (TCA) cycle that is linked to the oxidative phosphorylation pathway and the electron transport chain,
resulting in an increased OCR. As control, 2-deoxyglucose (2-DG) is used to inhibit glycolysis and oligomycin which
inhibits the ATP Synthase Complex V of the electron transport chain and thus shifts the energy production towards
glycolysis (and consequently increases the ECAR). (B) Wild-type cells which should not depend on energy production
over oxidative phosphorylation as strong as the PARP14 KO cell lines are not less sensitive to oligomycin treatment
than PARP14 KO cell lines as assumed. A representative graph of two independent experiments is shown. Data points
are mean = SEM, n = 3. (C, D) Measurements of ECAR and OCR of PARP14 wild-type, KO and KD cells in seahorse
experiments before and after sequential injection of 10 mM glucose, 2 uM oligomycin and 50 mM 2-DG. The ECAR and
OCR profiles cannot reveal significant differences between PARP14 wild-type, KO and KD cells. Data points are
mean * SD, n =9 for PARP14 wild-type and KO cells, n = 6 for siMOCK and siPARP14 cells. Graph for PARP14 wt and KO
cells is representative for five independent experiments. The siRNA-induced PARP14 knock-down experiment was
performed once. (E) Calculation of metabolic parameters (for equations see section IV.11.6.) for the experiments
shown in (C and D) which are not significantly different for PARP14 wild-type, KO and KD cells. Data points are
mean * SD (n = 9 for characterisation of PARP14 KO cells and n = 6 for characterisation of PARP14 KD cells). Assay
repeats are shown in Figure S29B and C.

In a further attempt to reveal potential differences in the metabolic behaviour of HeLa wild-type
and PARP14 KO cell lines, it was tested how these cell lines were able to cope with removals of
the growth medium supplements glutamine and glucose [Figure 54], the two major sources for
cells in culture that are catabolised to free energy and utilised for macromolecular biosynthesis *°.
Additionally, pyruvate was removed to confirm that the increase in the ECAR results from
conversion of the injected glucose to pyruvate and not by conversion of externally provided
pyruvate. For this, cells were kept for one hour in the corresponding growth medium condition
prior to the seahorse assays. It should be mentioned that the change of the growth medium to the
assay medium (containing no pyruvate, no glucose but optional glutamine, depending on the
growth medium conditions) for one hour prior to the recording of the ECAR and OCR profiles
was retained. The following observations were made: Firstly, removal of pyruvate for an
additional hour prior to the assay had no measurable effect on the ECAR and OCR profiles of all

cell lines and based on the control measurement it was assumed that one hour pre-incubation of
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the cells in medium without pyruvate (as also recommended by the manufacturer) is sufficient to
ensure accurate measurement of glycolysis. Secondly, additional removal of glutamine from the
growth and assay medium significantly reduced the OCR and the typical spike of the ECAR after
oligomycin injection, whereby HelLa wild-type and PARP14 KO reacted in the same way. As
expected, both effects were reversed by injecting glutamine (together with glucose) just prior to
the oligomycin injection. This experiment demonstrated that glutamine directly enters the TCA
cycle and is utilised by HeLa wild-type and PARP14 KO cell lines for mitochondrial respiration.
Its removal is not compensated by shuttling pyruvate converted from glucose via glycolysis into
the TCA cycle. This is in agreement with a study showing that glutamine, not glucose, is the
major source for energy production by oxidative phosphorylation in cultured HeLa cells . It
furthermore provides an explanation for the previous observation that all cell lines showed the
same sensitivity towards oligomycin. Of note is that PARP14 knock-down cells also showed the
same metabolic reaction compared to control cells upon removal of glutamine and pyruvate from
the growth and assay medium. Finally, upon additional removal of glucose from the growth
medium, all HeLa wild-type and PARP14 KO cell lines showed a significant decrease of the basal
glycolysis rate and a dramatic increase of the ECAR, thus of glycolysis, upon glucose injection.
The former observation was expected for all cell lines, however based on the model, HeLa wild-
type cell lines were thought to show a higher ECAR than PARP14 KO cell lines due to the PKM2
suppression by PARP14. Testing PARP14-depleted cells compared to control cells in the
condition with pyruvate and glutamine removed was also thought to provide a possibility to
observe any regulatory influence of PARP14 on PKM2. Hereby only glucose was provided for
conversion to pyruvate which is - depending on the PKM2 activity - either converted to lactate
(increasing the ECAR) or passed into the TCA cycle which is down-regulated due to the removal
of glutamine and could be theoretically up-regulated through pyruvate on demand of energy
production through oxidative phosphorylation (increasing the OCR). However, both experimental

set-ups could again not provide any evidence of regulation of the glycolytic rate by PARP14.
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Figure 54. Variations of the seahorse assay performed with PARP14 KO, KD and wild-type Hela cells. Prior to the
assay measuring the ECAR and OCR before and after sequential injection of glucose, oligomycin and 2-DG, cells were
kept for 1 h in growth medium containing no FBS and supplements as indicated over the graphs. In brief, removal of
pyruvate has no effect on ECAR or OCR, removal of glutamine, that directly enters the TCA cycle, reduces the OCR, and
removal of glucose decreases basal glycolysis and results in strong increase of the ECAR after injection of glucose in
the seahorse assay (as indicated by red arrows). None of these variations could detect a different metabolic reaction
of PARP14 KO, KD and wild-type cells. Data points are mean + SD, n > 3. The ‘no pyruvate, no glucose, no glutamine’,

‘no pyruvate, glucose, glutamine’ and the siRNA experiment were performed once, graphs of the other sections are
representative for two independent experiments.

In summary, throughout the performed seahorse assays, HelLa wild-type and PARP14-depleted
cells consistently showed similar bioenergetic profiles. PARP14 depletion, through knock-out or
siRNA-induced, did not result in a metabolic phenotype indicating impaired aerobic glycolysis
which is in contrast to studies performed by lansante et al. ®®. Since PARP14 was proposed as
universal regulator of the Warburg effect and HeLa cells moreover were previously characterised
as cancer cells showing aerobic glycolysis %, cell-type specificity may probably be excluded as

reason for the inability to confirm the role of PARP14 in the Warburg effect. It would therefore be



Results and Discussion — Chapter 3 129

necessary to investigate more thoroughly the proposed regulatory axis PARP14-JNK1-PKM2.
This would include the characterisation of the JNK1 and PKM2 activity in HeLa wild-type and
PARP14 KO cell lines as well as elucidating the mechanism of JNK1 inhibition by PARP14
which was not only associated with the Warburg effect but also with B-cell survival over the
INK2 signalling pathway *. Probably most enlightening for understanding the role of PARP14 in
cell metabolism would however be monitoring the glucose metabolism in HeLa wild-type and
PARP14 KO cells by performing mass spectrometric metabolic flux analysis using **C-labelled
glucose. However due to the time constraint of this project, such an in-depth analysis of the
PARP14 role in regulation of cancer cell metabolism could not be realised and instead the HeLa
wild-type and PARP14 KO cell lines were characterised regarding their response to DNA

damage.
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3.4. Role of PARP14 in DNA damage response

Apart of the variety of cytoplasmic functions, nuclear functions including a role in transcriptional
regulation and more recently in DNA repair were proposed for PARP14 ' In regard to the
previously performed studies [Chapter 11.1.2.] showing the recruitment of the PARP14
macrodomains to laser-induced DNA damage sites in U-2 OS cells, it was evaluated whether
HeLa and U-2 OS PARP14 KO cell lines indeed showed a phenotype indicating a role of
PARP14 in DNA damage response.

PARP14 was shown by Nicolae et al. ' to be required for efficient repair of DNA strand breaks
at replication forks by homologous recombination (HR). Together with translesion synthesis
(TLS), HR is one of the major mechanisms essential for DNA repair at stalled replication forks.
Stalling of the replication machinery can result from unrepaired DNA lesions at the replication
site or can occur at common fragile sites, i.e. unstable genomic regions difficult to replicate due to
their sequence properties. Since prolonged replication arrest can lead to fork disassembly and
double-stand break formation, efficient repair mechanisms at these sites are critical for genomic
stability 2*%*. The recombinase RAD51 is an important mediator of the HR reaction, which is
loaded by BRCA2 on the DNA strand end and catalyses the pairing of homologous DNA
sequences 2. PARP14 siRNA studies performed with U-2 OS and HeLa cells provided evidence
that PARP14 associates with the DNA replication machinery component PCNA and is involved in
HR at a step following RAD51 foci formation. Based on the interaction of PARP14 MD2 with
RADS51, it was assumed that RAD51 is MARylated after DNA damage. PARP14 was thereby
suggested as primary enzyme responsible for RAD51 MARylation and thus together with mono-

ADP-ribosylation itself as a mediator of HR %

Cell fractionation assays performed with U-2 OS and HeLa cells showed that PARP14 localised
primarily in the cytoplasm, however, was also present in the nucleus as a soluble form and bound

to chromatin [Figure 55A, S30]. Furthermore, it could indeed be confirmed in U-2 OS cells that
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the amount of chromatin-bound PARP14 increased upon treatment of the cells with the replication
fork stalling agent hydroxyurea (HU) [Figure 55A]. HU induces replication stress by inhibiting
the ribonucleotide reductase. Consequently, DNA synthesis is inhibited, slowing down initiation
and progression of replication forks and finally creating DNA lesions and preventing the cell
cycle passing through S phase %2, Of note is that in this, as in all following experiments, cells
were treated with HU for 24 hours at a concentration of 2 mM. It was shown in U-2 OS cells that
short HU treatment (< 2 h) only transiently stalls replication forks which are then restarted after
release from the HU block. Only a longer HU treatment of 24 h or longer triggers the collapse of
the fork resulting in double-strand breaks and activates HR repair *°. Yet in contrast, PARP14
re-localisation to the nucleus after treatment of the cells with the topoisomerase inhibitor
camptothecin (CPT) was not observed under the assay conditions tested. CPT also leads to
replication stress by creating torsional strain within the DNA and thus induces replication-
dependent double-strand breaks ?*". The effect could furthermore not be confirmed in HeLa cells,
probably due to the far lower PARP14 levels in the nucleus [Figure S30B].

U-2 OS wild-type and PARP14 KO cell lines were then characterised for their response to
replication stress induced by HU treatment. As shown in Figure 55B, PARP14 KO cell lines were
indeed more sensitive to replication stress compared to the PARP14 wild-type cell lines
confirming the reported PARP14 knock-down phenotype. In contrast to PARP14 wild-type cells,
HU treatment led to strong induction of apoptosis in PARP14-depleted cells, as indicated by
cleaved PARP1 which was detected up to 24 hours of recovery from the HU treatment.
Furthermore, both PARP14 KO cell lines showed a far stronger activation of KAP1 which is
phosphorylated in an ATM-dependent manner upon sensing of double-strand breaks by the MRN

complex 24024

. pKAP1 levels were significantly attenuated in PARP14-expressing cells,
suggesting their more efficient repair of DNA lesions and thus better abilities to cope with
replication stress induced by HU. Similarly, the yH2Ax signal was increased in the PARP14 KO

cell lines, indicating together with the pKAP1 activation the presence of more unrepaired DNA

lesions even 12 hours after release from the replication stress.
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The high pKAP1 levels in PARP14 KO cell lines upon HU treatment indicated the activation of
the ATM-dependent repair pathways and thus prompted analysis of the PARP14 wild-type and
KO cell lines for 53BP1 foci formation upon induction of replication stress by HU. The tumour
suppressor protein p53-binding protein 1 (53BP1) also functions in the ATM signalling cascade
and localises to sites of DNA double-strand breaks, whereby KAP1 phosphorylation was shown

to be critical for 53BP1-mediated repair %%

. Interestingly even under normal replication
conditions, HeLa and U-2 OS PARP14-depleted cells showed the formation of several large
53BP1 bodies in the nucleus, many of them co-localising with yYH2AXx foci, in comparison to
PARP14-expressing cells [Figure 55C, 56]. Following HU treatment, these 53BP1 bodies became
diffuse where PARP14 KO cell lines showed more cells with numerous distinct 53BP1 bodies
than PARP14 wild-type cell lines. Moreover, the induction of replication stress elicited YH2Ax
foci formation in both PARP14 wild-type and KO cell lines as expected, however, YH2Ax
staining was far stronger in PARP14-depleted cell lines. The PARP14 KO cell lines showed more
cells with very high yH2Ax activation throughout the nucleus, which were assumed to be

apoptotic. Thus, these results were in line with the previous observations **° and confirmed the

sensitivity of the PARP14 KO cell lines to HU-induced replication stress and DNA damage.
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Figure 55. Indication for PARP14 role in DNA damage repair upon replication stress induced by HU. (A) Cell
fractionation showed PARP14 localisation in cytoplasm and nucleus and confirmed increased PARP14 binding to
chromatin in U-2 OS cells after HU treatment (2 mM for 24 h) reported by Nicolae et al. %9 i contrast after CPT
treatment (1 uM, 2 h). a-tubulin and histone H3 were used as loading controls for cytoplasmic and nuclear fractions,
respectively. Data in the graph is the densitometry analysis of three independent experiments, error bars represent
SD, *** p < 0.001 (unpaired two-tailed t-test). Assay repeats are shown in Figure S30A. (B) Both PARP14 KO cell lines
showed increased DNA damage response and a slower recovery from DNA damage induced by HU than the parental
wild-type cell line. Wild-type and PARP14 KO U-2 OS cells were left untreated (-) or were treated with 2 mM HU for
24 h and analysed at t = 0 and after 12 h and 24 h recovery time by Western blotting with the indicated markers.
GAPDH was used as loading control. The experiment was performed once. (C) Analysis of immunofluorescence
experiments performed with U-2 OS and Hela wild-type and PARP14 KO cell lines which were left untreated or were
treated with 2 mM HU for 24 h. Representative images are shown in Figure 56. The number of 53BP1 nuclear bodies
and yH2Ax foci (of 200-250 cells) was quantified for each condition which were increased in PARP14 KO cell lines
compared to the wild-type cell lines. The experiment was performed once with one repeat for the U-2 OS cell lines
and 53BP1 staining shown in Figure S31.
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Figure 56. PARP14 KO U-2 OS and Hela cell lines show stronger DNA damage response under normal replication
conditions and under HU-induced replication stress compared to PARP14 wild-type cell lines. Cells were left
untreated or were treated with 2 mM HU for 24 h and then processed for immunostaining with anti-53BP1 (green)
and yH2Ax (red) antibodies. DNA was counterstained with DAPI. White arrows indicate yH2Ax positive (presumably
apoptotic) cells which were counted as nuclei containing more than 200 foci. The quantitation of 53BP1 and yH2Ax
nuclear bodies is shown in Figure 55C.
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Figure 56 [continued].
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Finally, it was tested whether the U-2 OS PARP14 KO cell lines also showed sensitivity to other
replication stress and DNA damage (olaparib, CPT, cisplatin, doxorubicin) or apoptosis
(staurosporine) inducing agents [Figure 57, 58]. Upon PARP1 inhibition, single-strand breaks are
unrepaired and collapse replication forks into double-strand breaks in S phase 2. Cells with HR
deficiency are therefore sensitive to PARPL inhibition which could be shown for PARP14 knock-
down cells *®. Sensitivity of PARP14 KO cell lines to olaparib could yet not be confirmed either
in cell viability or clonogenic survival assays. Besides, it was noted that the clonal cell lines were
all significantly less sensitive to PARP1 inhibition than the parental wild-type cell line and it is
tempting to correlate this observation to the selection background of these cell lines. Further,
PARP14-depleted cells showed also no increased sensitivity to CPT as well as to staurosporine
and doxorubicin. HepG2, MCF7 and HCC cells with induced PARP14 knock-down were
previously reported to be more sensitive to the latter ***. Clonogenic survival assays could
furthermore not reveal any increased sensitivity of PARP14 KO cells to ionising radiation (IR),
that activates the ATM repair pathway **° in which PARP14 seemed to be involved, or cisplatin,
which is known for inducing various structural DNA modifications creating severe DNA

lesions %%,

However, hypersensitivity of the PARP14 KO cell lines to HU treatment was
confirmed in clonogenic survival assays [Figure 58B, C] and partly in cell viability assays. It is
unclear why in the latter the PARP14 KO cell line derived from clone 23 consistently showed the
increased sensitivity to HU resulting in an ICs, of 120 uM, however, the PARP14 KO cell line
derived from clone 65 was as susceptible to the treatment as the parental wild-type cell line, with
both showing an ICs, of ~240 uM [Figure 57, S32]. Thus, among the different types of stress and
DNA damage induced, only a sensitivity of the PARP14 KO cell lines to HU treatment was

observed under the assay conditions tested.

These results may therefore allow the following conclusions: Under normal replication
conditions, PARP14 may be required to suppress spontaneous DNA damage. This could explain
the observation of several large 53BP1 nuclear bodies that co-localised with yH2Ax foci in

PARP14 KO cells in the absence of induced replication stress which probably marked the
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presence of unrepaired DNA lesions activating ATM response. The cell cycle stage of these cells,
of which the majority are to be assumed in G1 phase, could be revealed by cyclin A
counterstaining, a marker for cells in S and G2 phase ?’. In' S phase, PARP14 may be indeed
essential for protection against replication stress as suggested by Nicolae et al. *®. Upon induction
of replication stress and consequently DNA damage by HU, the PARP14-depleted cell lines
showed increased DNA damage associated with a slower recovery rate from the treatment
compared to the PARP14-expressing parental cell line. This observation together with the
increased frequency of 53BP1 nuclear bodies and yYH2Ax foci in PARP14 KO cells after HU
treatment may reflect their lower efficiency of replication stress induced DNA repair. Since
53BP1 is a mediator and activator of ATM in response to DNA damage 2%, it further indicates
that the PARP14 HR-mediated DNA repair involves activation of ATM signalling pathways.
However, it is unclear why PARP14 KO cell lines seem to rather specifically show sensitivity to
HU. PARP14 wild-type and KO cell lines reacted with same sensitivity to IR and other chemical
agents inducing replication stress and DNA damage including in particular CPT, which rather
may not suggest a general activity of PARP14 in HR-mediated repair but potentially a more
specific mechanism elicited by HU treatment. Furthermore, this observed specificity to HU
treatment may rather indicate that the previously performed laser micro-irradiation experiments
[Chapter 11.1.2.] showing the recruitment of PARP14 macrodomains to laser-induced DNA
damage sites in a PARylation-dependent manner may not reflect physiological activities of
endogenous PARP14 in all types of DNA repair. However, all this is speculative and a more
in-depth analysis including repeating these observations and re-considering the assay conditions is
required. Finally, the impairment of DNA repair and progression of the cells through S phase
could directly result in the increased activation of apoptosis in PARP14-depleted cells, which can
be concluded from the formation of cleaved PARP1 and agrees very well with the reported

importance of PARP14 for cell survival %1013,
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Figure 57. Wild-type and PARP14 KO U-2 OS cell lines tested for sensitivity to DNA damage and apoptosis inducing
agents by resazurin viability assays. (A) U-2 OS cells were exposed to the indicated compounds at different
concentrations and cell viability was measured after 6 days of treatment using the AlamarBlue™ reagent. Graphs show
representative results for each compound where data points are mean + SD, n = 3. (B) The ICsy values calculated from
these assays are provided in the table for each U-2 OS cell line, with the number of experiments given behind the
corresponding compound. All viability assays performed are shown in Figure S32.



Results and

Discussion — Chapter 3

139

A
U-2 OS
—a— Wwild-type (parental)
125 4 o— wild-type (clone E9)
100 4 —a— PARP14 KO (clone 23)
= —%— PARP14 KO (clone 65)
S 75
g 501
7
25
0 T - T T J
00 05 10 15 20 25
IR (Gy)
125 -
100 4
g 75
£ 501
a }
25
0 T T T T T J
00 1.0 20 3.0 40 50 6.0
Cisplatin (uM)
B 125 *
2100
125 - .‘_g 75
£100 4 g 50
< P 25
375 :
g 50 | 2 mM HU
7
25
0 r T T r J
00 05 10 15 20 25
HU (mM)
C
U-2 0S
wild-type PARP14 KO PARP14 KO
P (clone23)  (clone 65)
untreated |

treated with
2 mM HU

—a— wild-type (parental)

125 4 ~o— wild-type (clone D8)
327100 4 —a— PARP14 KO (clone 21)
< —=— PARP14 KO (clone 50)
S 751
g 50 i
(7]

25 -

0 . r . . .
00 05 1.0 15 20 25
IR (Gy)
125 -
100 4
g 75
g 50
a ¥
25
0 . . . ,
00 25 50 7.5 100

Survival (%)

untreated

treated with
2 mM HU

Olaparib (uM)

Survival (%)

2 mM HU
00 05 1.0 15 20 25
HU (mM)
HelLa
wildtvoe  PARP14KO  PARP14KO
P (clone 50)

(clone 21)
%,

Figure 58. Wild-type and PARP14 KO Hela and U-2 OS cell lines tested for sensitivity to DNA damage inducing
agents by clonogenic survival assays. (A) Clonogenic experiments performed with IR and cisplatin or olaparib treated
Hela and U-2 OS cell lines did not reveal a difference in sensitivity to DNA damage of wild-type and PARP14 KO cells.
Representative graphs of two independent experiments are shown for IR and olaparib. The clonogenic assay
performed with cisplatin was performed once. Data points are mean + SEM, n = 3. (B) Clonogenic assays showed
sensitivity of PARP14 KO cell lines to HU treatment (2 mM, 24 h) compared to the corresponding wild-type cell lines.
Graphs shown are representative for three independent experiments performed with the Hela and U-2 OS cell lines.
Error bars represent SEM, n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001 (unpaired two-tailed t-test). (C) Representative
images obtained from the clonogenic assays in (B) are shown. All clonogenic survival assays performed are shown in

Figure S33.
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Conclusions from the PARP14 cell biology studies

The focus of the last part of this work was to explore pharmacological targeting strategies for
PARP14 with the aim to develop PARP14-specific assays to evaluate future PARP14 inhibitors.
PARP14 is localised primarily in the cytoplasm but was found also in the nucleus, making
(different) functions in both cellular compartments plausible. Out of the numerous functions
proposed for PARP14, three functions derived from cellular models, with the potential to develop
PARP14 cell assays for compound screening and evaluation, were analysed, i.e. the role of
PARP14 in cell migration, in regulation of the Warburg effect and in DNA repair. These PARP14
functions were previously studied by comparing control cells with their corresponding PARP14
knock-down phenotype %!%1%  Since siRNA-induced PARP14 knock-down, however,
significantly reduced cell viability and resulted in visible off-target effects (siPARP14 #3)
providing difficulties for assay development, HeLa and U-2 OS PARP14 KO cell lines were
generated using the CRISPR-Cas9 system. The preparation of cell lines expressing PARP14 with
ADPR-binding-deficient macrodomains as control cell lines for the assays would have been also
highly desirable but could not be realised in the course of this work. Since off-target cleavages of
SgRNAs cannot be excluded, two PARP14 KO clones of each cell line were selected for the
following studies that were (apart from the U-2 OS clone 65) generated with a pair of nickase
Cas9 sgRNAs, a strategy which was shown to greatly minimise any off-target mutagenesis 24,
This should ensure that only PARP14-specific effects were observed. Since the PARP14-depleted
cell lines displayed no visual difference compared to PARP14-expressing cell lines, assays were
performed to functionally characterise these cell lines and which may allow the following
conclusions: Firstly, PARP14 is not as essential for cell motility including cell adhesion and
migration as reported ‘. Secondly, a role of PARP14 in the Warburg effect was not confirmed by
metabolically characterising PARP14 KO and knock-down cell lines. Thirdly, PARP14 may
indeed play a role in protection against replication stress and DNA damage. Although a far more

detailed analysis of the underlying mechanism of PARP14-mediated DNA repair assumed by HR
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is required, this work provides further evidence for the hypothesis that PARP14 (macrodomain)
inhibitors might prove useful to potentiate genotoxic chemotherapy by rendering cancer cells
more susceptible to DNA damage '®. Therefore, the established migration and seahorse assays
cannot be considered for evaluating PARP14 inhibitors. Instead, specific DNA damage assays
need to be set-up that allow characterising PARP14-mediated DNA repair in cancer cells.
Immunofluorescence and Western blot analysis of DNA damage marker proteins of the HR and
ATM signalling pathways including pKAP1, 53BP1, yH2Ax, RPA in combination with apoptosis
marker, e.g. cleaved PARP1, and general survival assays could be performed for initial
characterisation of PARP14 inhibitors. Then, specific HR assays for instance using the DR-GFP
reporter ©° may be established for final validation of the efficiency of PARP14 (macrodomain)
inhibitors to impair HR. Since compounds in the developmental phase may have an
uncharacterised profile and can non-specifically induce apoptosis and DNA damage in particular
if used in higher concentrations, resulting in a positive readout in general DNA damage assays,
PARP/macro-domain inactive control compounds are seen as crucial controls for performing
these assays. Finally, the established laser micro-irradiation assay monitoring the recruitment of
PARP14 macrodomains to DNA damage sites [Chapter 11.1.2.] is a valuable tool to initially prove
target engagement of PARP14 macrodomain inhibitors and should therefore be routinely

performed prior to any further evaluation.



Future Directions 142

1. FUTURE DIRECTIONS

Future directions for this work would need to include studying the role of the PARP14
macrodomains for PARP14 function at its respective target sites. For this, the generation of cell
lines with ADPR-binding-deficient PARP14 macrodomains by introducing the corresponding
point mutations validated in this thesis using CRISPR-Cas9 technology could be considered.
Since the DNA damage role of PARP14 was the only role out of the previously published
PARP14 studies that could be verified, using such CRISPR-Cas9-generated point mutants to
study the DNA damage role of PARP14 would be an interesting avenue for future studies.
Furthermore, future work may also be directed towards the development of more potent and
selective PARP14 MD3 inhibitors using the structural information provided by the co-crystal
structures of the fragment hits as well as optimising GeA-69 to a lead compound with desired low
nanomolar affinity. Additional structural studies on dual domain constructs may help to clarify if
a bivalent inhibitor that simultaneously binds MD2 and MD3 could be developed. Ideally, linkage
of MD2 and MD3 targeting compounds would result in a very potent and specific PARP14
inhibitor which would have significant advantages over any PARP14 catalytic domain inhibitor.
Yet, once available, both single and bivalent PARP14 macrodomain inhibitors would be highly
useful tools for PARP14 target validation studies and perhaps beyond. Furthermore, the PARP14
MD3 fragment hits provide insight into chemical scaffolds that might be generally amenable for
the ADPR binding site and may therefore serve as starting points for inhibitor development for
other macrodomains. Ultimately, macrodomain inhibitors optimised in their biophysical
properties as well as potency and selectivity will aid to elucidate the (patho-)physiological
functions of macrodomains and macrodomain-containing proteins. A detailed understanding of
their roles in the various ADP-ribosylation-regulated cellular processes and also of their so far
rather poorly characterised signalling pathways and networks may in the future identify novel

pharmacological targeting strategies.
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1IV. EXPERIMENTAL PROCEDURES

1. General reagents

General reagents met at least the criteria of the purity standard p.a. and were purchased

from Sigma Aldrich with the following exceptions: Acros Organics (agar (powder), magnesium

chloride, rubidium chloride, manganese(ll) chloride), Alfa Aesar (Triton X-100), Apollo
Scientific (HEPES, TCEP), ChemCruz (bicine), Fluka Analytical (polyethylenimine), Merck
(LB broth (Miller), peptone from casein, glycerol, trichloroacetic acid), Melford Biolaboratories

(yeast extract granulated), Thermo Fisher (chloramphenicol, dipotassium hydrogen phosphate,

EDTA, ethanol (absolute), imidazole, IPTG, puromycin dihydrochloride, sodium dodecyl sulfate,

sodium hydroxide) and VWR chemicals (sodium chloride). Buffers and solutions were prepared

with ultra-pure water (18.2 MQ) obtained from the water purification system Purelab Option

DV 25 and optionally sterile-filtered through 0.2 um membrane filters (Pall Life Sciences).

2. Oligonucleotides

Unless stated otherwise, the following oligonucleotides were purchased from IDT

(Integrated DNA Technologies (Belgium)).

PARP14 Gateway® cloning

Primer name

Primer sequence 5> — 3’

Comment

PARP14A-GW-f001
PARP14A-GW-r001

PARP14A-GW-f002

PARP14A-GW-r002

PARP14A-GW-f003

PARP14A-GW-r003

PARP14A-GW-f004

PARP14A-GW-r004

PARP14A ins_f005

PARP14A ins_r005

GACAAGTTTGTACAAAAAAGCAGGCTCCATGGGGCAGAAGTGCTTCTCTC
GGACCACTTTGTACAAGAAAGCTGGGTTCACCCTTCTCTTTTCTTCATGT

GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGCAGCAGCGGGGCCTG
GGAA
GGGGACCACTTTGTACAAGAAAGCTGGGTTCAGACCTTTCGCTTCTTCTTC
GGGACGAGATTTCCATTAGCCC

GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGGGCAGAAGTGCTTCT
CTC
GGGGACCACTTTGTACAAGAAAGCTGGGTTCAGACCTTTCGCTTCTTCTTC
GGCCCTTCTCTTTTCTTCATGT

GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGGGCAGAAGTGCTTCT
CTC
GGGGACCACTTTGTACAAGAAAGCTGGGTTCATTTTCTAAACGTAATAAGG
TACTCT

GAAAAGAGAAGGGACTCAGCTTTCTTCCCCGAAGAAGAAGCGAAAGGTCT
GAACC
GCTTCTTCTTCGGGGAAGAAAGCTGAGTCCCTTCTCTTTTCTTCATGTTGGC
ATA

PARP14
Macrol-3

PARP14 MD2
+ NLS

PARP14
Macrol-3
+ NLS

PARP14
macroPARP

PARP14
Macrol-3 +
spacer + NLS




PARP14-M11-R

GGTACAATCATCAACAAATCTTATAGTATCTATGTGCTTT
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PARP14 mutagenesis
. . R y AA
Primer name Primer sequence 5 — 3 Comment
change
PARP14-M1-F TATGGTGAACTGGCCGCTGCGCTCTCAAAAGCAGCTGGCC . 'zzz?i;'gd'i’r‘]g
PARP14-M1-R GGCCAGTTCACCATAATGCTTAAGGTCCTCATTAGATGCA - y
PARP14 MD1
PARP14-M2-F AGTAGAGAACCTCTTTCTAAGTCCCTCTTGGAAAAAGCTG C1004E Ad'gfﬁ ?ijr’]'gd'iﬁg
PARP14-M2-R AAGAGGTTCTCTACTAAGCACGAGATCCAAGGGAACGGAG ™ y
PARP14 MD2
PARP14-M3-F AAAGCAGAAGTCTCCAAAGCAATTTTAGAATGTGCTGGAC cre e iinding
PARP14-M3-R GGAGACTTCTGCTTTGAGATTGAATGAGTTTGATGTTGA P y
PARP14 MD3
PARP14-M4-F GGTGTGGCTAATGCTAAGACCGATGTTGTTGTCAACTCCGTT 01024A Pﬁiﬁgﬁ]“ ';’i't'gz
PARP14-M4-R AGCATTAGCCACACCCTCTTTCACCAACAGCATCTGCAGGCC P inding s
PARP14 MD2
PARP14-M5-F GCTCCGAGTGCTCATGAAAATATTCAGGCATTTTCAGATGAA  pHIIT2A, Pt MD
PARP14-M5-R  AGCACTCGGAGCCAGCAGAAAGTGAACCTCTTGTAAAGTTTT  p.DI175A inding o
PARP14 MD2
PARP14-M6-F GCTCCGAGTTATCATGAAAATATTCAGGCATTTTCAGATGAA  pHIIT2A, Pt MD
PARP14-M6-R ~ ATAACTCGGAGCCAGCAGAAAGTGAACCTCTTGTAAAGTTTT  p.DI1175Y inding o
PARP14-M7-F2  CTGCTGGCTCCGAGTGATCATGAAAATATTCAGGCATTTTCA H1172A Pﬁiﬁ;}]“ ';’i't'gz
PARP14-M7-R  ACTCGGAGCCAGCAGAAAGTGAACCTCTTGTAAAGTTTTCAG ™ inding o
PARP14-M8-F CCGAGTGCTCATGAAAATATTCAGGCATTTTCAGATGAATTT D1175A Paﬁgiln“ ';’i't'gz
PARP14-M8-R2  TTCATGAGCACTCGGGTGCAGCAGAAAGTGAACCTCTTGTAA P inding o
PARP14-M9-F CCGAGTTATCATGAAAATATTCAGGCATTTTCAGATGAATTT D117y Pﬁﬁgﬁ ';’i't'gz
PARP14-M9-R2  TTCATGATAACTCGGGTGCAGCAGAAAGTGAACCTCTTGTAA P inding o
PARP14-M10-F AAAGCTGAACCAGAGCTCCAGGAGGAATTGGACACAGTTG 105E PGF;;}]“ ';/iltlgz
PARP14-M10-R CTCTGGTTCAGCTTTTTCCAAGAGGGACTTAGAAAGAGGC P inding o
PARP14-M11-F GTTGATGATTGTACCAAGCACCATTCAATTAAACAACTTC YFP-PARP14
p.D207A full-length

mutagenesis

Note: The codons for mutation of the corresponding amino acid are underlined.

PARP14 MD2 ligation-independent cloning

Primer name

Primer sequence 5° — 3’

Comment

PARP14MD2-f001
PARP14MD2-f002
PARP14MD2-f003
PARP14MD2-r001

TACTTCCAATCCATGAAAACATCATGGGAAAAAGGAAGCC
TACTTCCAATCCATGGAAAAAGGAAGCCTGGTGTCCC
TACTTCCAATCCATGAAAGGAAGCCTGGTGTCCC
TATCCACCTTTACTGTCAATTAGCCCTTCTGGCAAATTCATC

PARP14 MD?2 truncation 1

PARP14 MD?2 truncation 2

PARP14 MD2 truncation 3
for PARP14 MD2 truncations

PARP15 MD1 ligation-independent cloning

Primer name Primer sequence 5° — 3’

PARP15A-f005 TACTTCCAATCCATGTCCAGAGACAACAAGTTCAGCA
PARP15A-f006 TACTTCCAATCCATGAACAAGTTCAGCAAGAAAGATTGTCTTTCA
PARP15A-f007 TACTTCCAATCCATGAGCAAGAAAGATTGTCTTTCAATCAGGAATG
PARP15A-f008 TACTTCCAATCCATGCTTTCAATCAGGAATGTTGTAGCTTCA
PARP15A-f009 TACTTCCAATCCATGGTTGTAGCTTCAATCCAAACCAAAGA

PARP15A-r006
PARP15A-r007
PARP15A-r008

TATCCACCTTTACTGCTGGCCTTGTTGGGATTTATTCT
TATCCACCTTTACTGTCAGGCCTTGTTGGGATTTATTCTT
TATCCACCTTTACTGTCATATTCTTGACCAGTTAGTGAATTCATCTAAAAATG
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PARP14 gene editing using the CRISPR-Cas9 system

. On target
Guide ID sgRNA (PARP14 target sequence) Iocusg Target
PARP14_FW_O1/ CACCgCGGCGAGTGTGAGGTCCGCC Chra:
PARP14_N_b_FW_01 9 + 122680999
PARP14_RV_01/ AAACGGCGGACCTCACACTCGCCG Chrs:
PARP14 N _b RV 01 ¢ + 122680999
PARP14_FW_02/ CACCYTCAAGTTCTTCGGGGGGTCG chrs:
PARP14_N_a FW_02 9 - 122680930
PARP14 RV_02/ AAACCGACCCCCCGAAGAACTTGA Chrs: it
PARP14_N_a RV 02 ¢ - 122680930 transcript:
ENST00000474629,
Chr3:
exon 1
PARP14 N_a FW 01 CACCgCTCCCGACCTCTTCGGGCTC 127680075
Chr3:
PARP14_N_a RV 01 AAACGAGCCCGAAGAGGTCGGGAGE 127680075
Chr3:
PARP14_N_b_FW_02 CACCGTGTACTTCCAGAGCCCGAAG + 129680968
Chr3:
PARP14_N_b RV 02 AAACCTTCGGGCTCTGGAAGTACAC + 129680068
PARP14 editin .
g Primer sequence 5’ — 3’ Comment

analysis

GCGGGGGATGACTCTGCCATTCCTGGGTCCGC
TCACCCCACCCCTCGCGCCCCTCACCGTCC
GAAGGCAAAAGGAAACCAAG

PARP14_Ex1_Fwd1l
PARP14_Exl_Revl
PARP14_ExL_seq

PARP14 exon 1 gDNA amplification
and sequencing

PARP14_mRNA _f

PARP14_mRNA rl
PARP14_mRNA r2
PARP14_mRNA r3

CTGCAGTCCGGCGGAGAG
TTTGGTCTTGGATTCTTTTGTTAGAAGTTC
AATTCTTCTGACACATCTGGTTCTTTAACAT
CAACAAATCTTATAGTATCTATGTGCTTTTGAAA

PARP14 exon 1 cDNA amplification
and sequencing for mRNA analysis

Additional primers for screening and Sanger sequencing analysis

Primer name Primer sequence 5° — 3’ Comment

PARP14-seql TGGAGAACATAAGTGGCCTG

PARP14-seq2 CCAATTAAAGTGGATCCAACAA

PARP14-seq3 GTTAACTTCAGAAACCACAG ) ) )

PARP14-seqd GAAAGCTGCCCTACCACCAC for sequencing of PARP14 inserts in

Gateway® vectors

PARP14-seq5 TCACTCAAGATAATGGAAGA

PARP14-seq6 ACAACACCCAGATAAGGTTG

PARP14-seq7-r TCTGGCAAATTCATCTGAA

M13 forward TGTAAAACGACGGCCAGT

M13 reverse CAGGAAACAGCTATGACC

CMVE_pCDNA3 CAACGGGACTTTCCAAAATG for screening clones and sequencing of

= Gateway® vector inserts

EGFP-C-F CATGGTCCTGCTGGAGTTCGTG

BGH Reverse TAGAAGGCACAGTCGAGG

pLIC-F TGTGAGCGGATAACAATTCC

pLIC-R AGCAGCCAACTCAGCTTCC for screening clones and sequencing of
prokaryotic expression constructs with

T7F TAATACGACTCACTATAGGG LIC and T7 promoter site

T7R GCTAGTTATTGCTCAGCGG

U6-Fwd GAGGGCCTATTTCCCATGATTCC sequencing sgRNA plasmids
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SiRNAs

siRNA ID PARP14 targeting sequence 5’ — 3’ Reference / Supplier

siMOCK n/a AlIStars negative control sSiRNA (Qiagen)

SIPARP14 #1 AGGCCGACTGTGACCAGATAGTGAA reference: Nicolae et al. (Nucleic Acids Res., 2015)
custom synthesis purchased from Dharmacon®

SiPARP14 #2 CGGCACTACACAGTGAACTTGAACA reference: Nicolae et al. (Nucleic Acids Res., 2015) *°
custom synthesis purchased from Dharmacon®

SIPARP14 #3 GGAAAGGGCUCACUCACAA reference: Vyas et al. (Nat. Commun., 2013) 1%

purchased from Dharmacon®
3. Plasmids

Gateway® vectors and Gateway® cloning-derived plasmids

Protein Protein

Plasmid 1D Description Vector Mutation(s)
(* = mutation) start end
PARP14A-c060 YFP-tagged MD2 wt Ala994  Vall195  pDEST-N-YFP/FRT/TO
with NLS
PARP14A-c061 \TviF?;_It\laEged MD2 M1 Ala994  Vall195  pDEST-N-YFP/FRT/TO p.G1044E
p.GLO44E,
PARP14A-c062 YFP-tagged MD2 M3 Ala994  Valll95  pDEST-N-YFP/FRT/TO p.H1172A,
with NLS
p.D1175Y
PARP14A-c063 ::Z'Egge“ MD1-3wt Gly789  Glyl388 pDEST-N-YFP/FRT/TO
PARP14A-c064 :OF;'ggged MD1-3 M1 Gly789  Glyl388  pDEST-N-YFP/FRT/TO p.G1044E
) ) p.GLO44E,
PARP14A-c065 YFP-tagged MD1-3 M3 Gly789  Glyl388 pDEST-N-YFP/FRT/TO p.H1172A,
no NLS
p.D1175Y
PARP14A-c066 YFP-tagged MD1-3 wt Gly789  Glyl388 pDEST-N-YFP/FRT/TO
with NLS
PARP14A-c067 \Tqut E'It\lafge‘j MD1-3 M1 Gly789  Glyl388 pDEST-N-YFP/FRT/TO p.GL044E
PARP14A-c068 YFP-tagged MD1-3 wt Gly789  Ser1393  pDEST-N-YFP/FRT/TO
with spacer and NLS
_ 2 *
PARP14A-c069 YFP-tagged MD1-3 *MD1 Gly789  Serl393  pDEST-N-YFP/FRT/TO p.G832E
with spacer and NLS
_ 2 *
PARP14A-c070 YFP-tagged MD1-3 *MD2 Gly789  Serl393  pDEST-N-YFP/FRT/TO p.GL044E
with spacer and NLS
- 2 *
PARP14A-c071 YFP-tagged MD1-3 *"MD3 Gly789  Ser1393  pDEST-N-YFP/FRT/TO p.G1257E
with spacer and NLS
YFP-tagged MD1-3 *MD12 p.G832E,
PARP14A-c072 with spacer and NLS Gly789  Ser1393  pDEST-N-YFP/FRT/TO D otoaE
YFP-tagged MD1-3 *MD13 p.G832E,
PARP14A-c073 with spacer and NLS Gly789  Ser1393  pDEST-N-YFP/FRT/TO D o1257E
YFP-tagged MD1-3 *MD23 p.GLO44E,
PARP14A-c074 with spacer and NLS Gly789  Ser1393  pDEST-N-YFP/FRT/TO  G1257E
) e p.G832E,
PARP14A-c075 YFP-tagged MDL-3 *MD123 o 709 5er1303  pDEST-N-YFP/FRT/TO p.G1044E,

with spacer and NLS

p.G1257E
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PARP14A-c076 YFP-tagged macroPARP Gly789 Lys1801  pDEST-N-YFP/FRT/TO ---

YFP-tagged full-length

PARP14A-c077 PARP14

Metl Lys1801  pDEST-N-YFP/FRT/TO

Note:

All constructs PARP14A-c060 to c077 were created by LR reaction of the pDEST-N-YFP/FRT/TO vector with the
corresponding pDONR™221 entry vectors.

Empty pDONR and destination vectors

Plasmid ID Description
DONR™221 Gateway® donor vector (Invitrogen, cat.no. 12536-017) for creating pENTR clones by recombination of
p attB site containing PCR products or vectors using BP Clonase™ enzyme mix
Gateway® destination vector for creating mammalian expression constructs for N-terminal YFP-tagged
52;?;;_’?_‘ /-T 0 target proteins provided by the Dr. Ivan Ahel’s Laboratory (Sir William Dunn School of Pathology,

Oxford); reference: Ahel et al. (Science, 2009) *

Plasmids for PARP14 gene editing using the CRISPR-Cas9 system

Cas9

Construct ID sgRNA ID (fwd, 5° — 3°) type Vector
pSpCas9(BB)-2A-Puro-PARP14-c002 PARP14_FW_01 wild-type pSpCas9(BB)-2A-Puro
pSpCas9(BB)-2A-Puro-PARP14-c004 PARP14_FW_02 wild-type pSpCas9(BB)-2A-Puro
pSpCas9n(BB)-2A-Puro-PARP14-c001 PARP14 N_a FW_01 nickase pSpCas9n(BB)-2A-Puro
pSpCas9n(BB)-2A-Puro-PARP14-c003 PARP14 N_b FW 01 nickase pSpCas9n(BB)-2A-Puro
pSpCas9n(BB)-2A-Puro-PARP14-c005 PARP14 N_a FW_02 nickase pSpCas9n(BB)-2A-Puro
pSpCasan(BB)-2A-Puro-PARP14-c006  PARP14 N b FW 02 nickase pSpCas9n(BB)-2A-Puro
Control plasmids and empty vectors
. Description/ sgRNA sequence
Plasmid ID F: , g q Cas9 Comment
(fwd, 5> — 3) type
original empty plasmid from addgene . for insertion of
(7583) pSpCas9(BB)2APuro (PX459) (#48139) wild-type PARP14 sgRNAs
(7553) pSpCas9n(BB)2APuro (PX462) original empty plasmid from addgene ick for insertion of
V2.0 (#62987) nickase PARP14 sgRNAS
(7582) pSpCas9(BB)-2A-GFP (PX458) original empty plasmid from addgene wild-type transfection control
(#48138)
pSpCasa(BB)-2A-Puro-GFP-C12 CACCGCTTGTCACTACTTTCGGTTA  wild-type oMt p'gSF”;id' targets
control plasmid, targets
. GFP, for co-transfection
pSpCas9(BB)n-2A-Puro-GFP-C17 CACCGCCATCTAATTCAACAAGAAT nickase with pSpCas9(BB)n-2A-
Puro-GFP-C18
control plasmid, targets
pSpCas9(BB)N-2A-Puro-GFP-C18 CACCGCCATCTAATTCAACAAGAAT  nickase O " for co-transfection

with pSpCas9(BB)n-2A-
Puro-GFP-C17
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Prokaryotic and insect cell expression plasmids

Vectors
Vector name Gen Bank ID Description
) PET expression vector with N-terminal Hisg-tag, TEV protease cleavage
PNIC28-Bsa4 EF198106 site, kanamycin resistance
R PET expression vector with N-terminal Hisg-tag, TEV protease cleavage
PNIC-Bio3 IN792439 site, biotinylation sequence in C-terminal fusion, kanamycin resistance
: PET expression vector with N-terminal Hisg- and Z-basic (ZB) tags, TEV
PNIC-ZB GU452710 protease cleavage site, kanamycin resistance
PET expression vector with N-terminal Hise—Trx fusion peptide, TEV
PNH-TrXT GU269914 protease cleavage site, kanamycin resistance
pNIC-CTHF EF199844 PET expression vector with C-terminal Hise- and FLAG-tag, TEV protease

pFB-GST3C-LIC

pFB-GST3C-Bio5

n/a, SGC vector

n/a, SGC vector

cleavage site, kanamycin resistance

baculovirus transfer vector with N-terminal GST-tag, 3C protease cleavage
site, ampicillin resistance

baculovirus transfer vector with N-terminal GST-tag, 3C protease cleavage
site, biotinylation sequence in C-terminal fusion, BirA expression under p10
promoter control for in vivo biotinylation, ampicillin resistance

Note: Vector maps are provided in supplementary experimental details, section V.4.1.

PARP14 MD2 plasmids

. . Protein  Protein .
Plasmid ID Description start end Vector Mutation(s)
PARP14A-c030 D2 used for screening and as Ala994  Asn1191  pNIC28-Bsad

template for mutagenesis
PARP14A-c002 MD?2 for biotinylation Ala%94 Asn1191 pNIC-Bio3 ---
) p.K1048S, p.K1106S,
PARP14A-c011 (S;;;;”;an:(oﬁh'o‘)ﬁfzmp‘ €030 Ala9ga  Asn1191 pNIC28-Bsad  p.K1154S, p.K1158S,
y K. p.K1162S
SER mutant of PARP14A-c030 p.K1048S, p.K1106S
PARP14A-c012 Ala994  Asn1191  pNIC28-Bsad )
c0 (cloned by K. Uth) 62 299 sn119 PNIC28-Bsa mutation of stop codon
SER mutant of PARP14A-c030 p.K1048S, p.K1154S,
PARP14A-c013 (cloned by K. Uth) 2 Ala994  Asn1191  pNIC28-Bsad 11568, p.K11625
SER mutant of PARP14A-c030 p.K1106S, p.K1154S,
PARP14A-c014 (cloned by K. Uth) 2 Ala994  Asn1191  pNIC28-Bsad L1568, p.K11625
PARP14A-c015 (Scfg]g“g”rﬁ:ﬁfzm'o"w3o Ala994  Asn1191  pNIC28-Bsad p.K1048S
p.K1048S, p.K1106S,
PARP14A-c034 truncation 1 of PARP14A-c011 Lys1000  Asn1191  pNIC28-Bsa4 p.K1154S, p.K1158S,
p.K1162S
p.K1048S, p.K1106S,
PARP14A-c035 truncation 2 of PARP14A-c011 Glulo04  Asn1191  pNIC28-Bsad p.K1154S, p.K1158S,
p.K1162S
p.K1048S, p.K1106S,
PARP14A-c036 truncation 3 of PARP14A-c011 Lys1005  Asn119l  pNIC28-Bsad p.K1154S, p.K1158S,

p.K1162S
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PARP14A-c037 truncation 1 of PARP14A-c012 Lys1000 Asnl1191  pNIC28-Bsad p.K1048S, p.K1106S
PARP14A-c038 truncation 2 of PARP14A-c012 Glul004  Asnl1191  pNIC28-Bsad p.K1048S, p.K1106S
PARP14A-c039 truncation 3 of PARP14A-c012 Lys1005  Asnl191  pNIC28-Bsad p.K1048S, p.K1106S
PARP14A-c040 truncation 1 of PARP14A-c013 Lys1000  Asn1191  pNIC28-Bsa4 Zilliizss 2}2111156258
PARP14A-c041 truncation 2 of PARP14A-c013 Glul004  Asnl1191  pNIC28-Bsad Eﬁlﬁz?é F:)illllisgss
PARP14A-c042 truncation 3 of PARP14A-c013 Lys1005  Asn1191  pNIC28-Bsa4 F;)illizzss F;illll‘zz
PARP14A-c043 truncation 1 of PARP14A-c014 Lys1000  Asn1191  pNIC28-Bsa4 2';111105258 r:)illllfgss
PARP14A-c044 truncation 2 of PARP14A-c014 Glul004  Asn1191  pNIC28-Bsad r;illllzgss F;)}Iillll\zzss
PARP14A-c045 truncation 3 of PARP14A-c014 Lys1005  Asn1191  pNIC28-Bsa4 l:)illllggss T)}Iillllsezss
PARP14A-c046 truncation 1 of PARP14A-c015 Lys1000  Asn1191  pNIC28-Bsa4 p.K1048S
PARP14A-c047 truncation 2 of PARP14A-c015 Glul004  Asn1191  pNIC28-Bsad p.K1048S
PARP14A-c048 truncation 3 of PARP14A-c015 Lys1005  Asn1191  pNIC28-Bsa4 p.K1048S
PARP14A-c080 mutant 1 Ala994 Asn1191  pNIC28-Bsa4 p.Q1024A
PARP14A-c081 mutant 2 Ala994 Asnl1191  pNIC28-Bsa4 p.H1172A
PARP14A-c082 mutant 3 Ala%94 Asn1191  pNIC28-Bsad p.D1175A
PARP14A-c083 mutant 4 Ala994 Asn1191  pNIC28-Bsad p.D1175Y
PARP14A-c084 mutant 5 Ala%94 Asnl1191  pNIC28-Bsad p.G1044E
PARP14A-c085 mutant 6 Ala994 Asn1191  pNIC28-Bsad p.H1172A, p.D1175A
PARP14A-c086 mutant 7 Ala%94 Asn1191  pNIC28-Bsad p.Q1024A, p.D1175Y
PARP14A-c087 mutant 8 Ala994  Asnl191  pNIC28-Bsad p'Qloif"DAl’f?'SH /imA’
PARPL4A-c088 mutant 9 Ala994  Asn1191  pNIC28-Bsad p'QloiéE'?l’lp?';gmA’
PARPL4A-c089 mutant 10 Ala994  Asnll9l  pNIC28-Bsad p'Hn:féig 45;175\(’
PARP14A-c090 mutant 11 Ala994 Asn1191  pNIC28-Bsad p.G1155E
PARP15 MD1 plasmids
Plasmid ID Description Protein  Protein Vector Mutation(s)
start end
PARP15A-c003 PARP15 MD1 bacterial expression M62 A279 pNIC28-Bsa4
PARP15A-c004 PARP15 MD1 bacterial expression M62 A2T74 PNIC28-Bsad
PARP15A-c005 PARP15 MD1 bacterial expression M62 1269 PNIC28-Bsad

PARP15A-c006 PARP15 MD1 bacterial expression N66 A279 pNIC28-Bsad -
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PARP15A-c007 PARP15 MD1 bacterial expression N66 A274 pNIC28-Bsa4
PARP15A-c008 PARP15 MD1 bacterial expression N66 1269 pNIC28-Bsa4
PARP15A-c009 PARP15 MD1 bacterial expression S69 A279 pNIC28-Bsa4
PARP15A-c010 PARP15 MD1 bacterial expression S69 A2T74 PNIC28-Bsad
PARP15A-c011 PARP15 MD1 bacterial expression S69 1269 pNIC28-Bsad -
PARP15A-c012 PARP15 MD1 bacterial expression L74 A279 pNIC28-Bsad -
PARP15A-c013 PARP15 MD1 bacterial expression L74 A2T74 PNIC28-Bsad
PARP15A-c014 PARP15 MD1 bacterial expression L74 1269 pNIC28-Bsad -
PARP15A-c015 PARP15 MD1 bacterial expression V79 A279 pNIC28-Bsad -
PARP15A-c016 PARP15 MD1 bacterial expression V79 A2T74 PNIC28-Bsad
PARP15A-c017 PARP15 MD1 bacterial expression V79 1269 pNIC28-Bsad -
PARP15A-c024 PARP15 MD1 sf9 expression Met62 Ala274 pFB-GST3C-LIC
PARP15A-c039 PARP15 MD1 sf9 expression Met62 Ala274 pFB-GST3C-Bio5
Other macrodomain encoding plasmids used for selectivity studies
Plasmid ID Description Protein  Protein Vector Mutation(s)

start end

PARP14A-c028 PARP14 MD1 Gly789 Lys979 pNIC28-Bsa4
PARP14A-c032 PARP14 MD3 Phel208  Gly1388 pNIC28-Bsa4
PARP15A-c002 PARP15 MD2, purified by C. Sieg ' Gly287 Asn470 pNIC-Bio3
PARP9B-c001 PARP9 MD1 Gly102 Lys298 pNIC28-Bsa4
PARP9B-c005 PARP9 MD?2, purified by C. Sieg ** Asn310 Asn493 pNIC28-Bsas
MACROD1A-c010 MacroD1 Ser58 Ala325 pPNH-TrxT
MACROD2A-c121  MacroD2 Thr69 Asn237 pNIC-CTHF
GDAP2A-c004 MacroD3, purified by C. Sieg '* Met1 Lys228 pNIC28-Bsa4
H2AFY A-c001 macroH2AL1.1, purified by C. Sieg ** Thr178 Asn372 pNIC28-Bsa4
H2AFYB-c005 macroH2A1.2, purified by C. Sieg ' Gly177 Asn372 pNIC-Bio3
H2AFY2A-c020 macroH2A2 Lys167 Lys372 pNH-TrxT
LOC221443A-c000  TARGL Metl Leul52 pNIC28-Bsa4
CHD1LA-c023 ALC1 Lys630 GIn894 pNIC28-Bsas
PARGA-c004 PARG Serd48 Thr76 pNIC-ZB
WWE domain and PARPS5 encoding plasmids

Plasmid ID Description Protein - Protein Vector Mutation(s)

start end

PARP14A-c026 WWE of PARP14 Asp1503  Aspl6ll pNIC28-Bsa4
RNF146A-c002 WWE of RNF146 Pro90 Asn190 pNIC28-Bsa4 -—-
PARP5A cat. catalytic domain of PARP5 Gly1105 Thr1327 pNIC28-Bsa4 -
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4. Antibodies

Target

Antibody ID/Ref. (company)

Description

a-(alpha) tubulin

a-(alpha) tubulin

a-cleaved PARP1

a-GAPDH

a-GFP

a-yH2Ax (Ser139)

a-histone H3

a-KAP

a-pKAP1 (Ser824)

EP1332Y (Abcam)

TAT1 (Cancer Research UK
Monoclonal Antibody Service)

#9541 (Cell Signalling)

14C10 (Cell Signalling)

B-2 (Santa Cruz)

JBW301 (Millipore)

865R2 (Invitrogen)

A300-274A (Bethyl Lab.)

A300-767A (Bethyl Lab.)

monoclonal rabbit IgG1 antibody, used 1:1000 in 3 %
FBS/PBS (IF)

monoclonal mouse 1gG1 antibody, used 1:15000 in
2 % BSA/TBS-T (WB)

polyclonal rabbit 1IgG1 antibody, used 1:2000 in 2 %
BSA/TBS-T (WB)

monoclonal rabbit 1gG1 antibody, used 1:10000 in
5 % milk/TBS-T (WB)

monoclonal mouse 1gG2a antibody, used 1:500 in
5 % milk/TBS-T (WB)

monoclonal mouse 1gG1 antibody, used 1:2000 in
2 % BSA/TBS-T (WB) and 1:2000 in ADB (IF)

monoclonal mouse IgM antibody, used 1:1000 in 2 %
BSA/TBS-T (WB)

polyclonal mouse IgG1 antibody, used 1:5000 in 2 %
BSA/TBS-T (WB)

polyclonal mouse 1gG1 antibody, used 1:1000 in 2 %
BSA/TBS-T (WB)

monoclonal mouse IgG1 antibody, used 1:750 in 5 %

a-PARP14 C-1 (Santa Cruz Biotechnology) milk/TBS-T (WB)

4-53BP1 NB100-304 (Novus) %%)écl(olr;a)ll mouse IgG1 antibody, used 1:5000 in
a-rabbit secondary antibody, polyclonal goat anti-mouse IgG
(HRP-conjugated) P0447 (Dako) (HRP), used 1:5000 in 5 % milk/TBS-T (WB)
o-mouse P0448 (Dako) secondary antibody, polyclonal goat anti-rabbit IgG

(HRP-conjugated)

a-rabbit
(fluorescent dye-labelled)

a-rabbit
(fluorescent dye-labelled)

a-mouse
(fluorescent dye-labelled)

a-mouse
(fluorescent dye-labelled)

#A11034 (Invitrogen)

#A21109 (Invitrogen)

#A11003 (Invitrogen)

#A21037 (Invitrogen)

(HRP), used 1:5000 in 5 % milk/TBS-T (WB)

secondary antibody, Alexa Fluor® 488 polyclonal
goat anti-mouse 1gG, used 1:400 in 3 % FBS/PBS or
ADB (IF)

secondary antibody, Alexa Fluor® 680 polyclonal
goat anti-rabbit 1gG, used 1:10000 in 5 % milk/
TBS-T (WB)

secondary antibody, Alexa Fluor® 546 polyclonal
goat anti-mouse 1gG, used 1:400 in 3 % FBS/PBS or
ADB (IF)

secondary antibody, Alexa Fluor® 750 polyclonal
goat anti-mouse 1gG, used 1:10000 in 5 % milk/
TBS-T (WB)

Note: ADB = antibody dilution buffer containing 1 % goat-serum, 0.3 % BSA and 0.005 % Triton X 100 in PBS
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5.  Work with nucleic acids

5.1. DNA preparation

DNA from transformed bacteria was extracted using the GenElute™ Plasmid Miniprep Kit
(Sigma) for small scale preparations and using the QIAfilter Plasmid Midi Kit (Qiagen) or
QIAfilter Plasmid Maxi Kit (Qiagen) for larger scale preparations following the manufacturer’s
instructions. The GeneElute™ Gel Extraction Kit (Sigma) was used for DNA extraction and
purification from agarose gels after gel electrophoresis. Genomic DNA from mammalian cells
was extracted using the DNeasy® Blood & Tissue Kit (Qiagen) according to the manufacturer’s
instructions. Extracted DNA was stored at -20 °C.

5.2. mRNA preparation

Prior to RNA extraction, all surfaces and materials used were cleaned with 70 % EtOH and
RNaseZap® RNase Decontamination Solution (Ambion). RNA was then extracted under sterile
conditions using the PureLink® RNA MiniKit (Quiagen) following the manufacturer’s

instructions. Extracted RNA was stored at -80 °C.

5.3. Agarose gel electrophoresis

Gel electrophoresis of DNA was performed with 0.8-2 % agarose gels (concentration depending
on application) using Iberose High Specification for Electrophoresis (WebScientific) stained with
pegGREEN non-toxic DNA/RNA dye (peqlab) and run at 100 V for 30-45 min in TAE buffer
(40 mM Tris-HCI (pH 8.6), 20 mM acetate, 1 mM EDTA). 10x BlueJuice™ Gel Loading Buffer
(Invitrogen) was used at a concentration of 2x as sample loading buffer (were applicable) and the

1 Kb Plus DNA Ladder (Invitrogen) was used for sizing the DNA fragments.
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5.4. Cloning

5.4.1. Gateway® cloning of mammalian expression constructs

Gateway® cloning was performed according to the manufacturer’s instructions with minor
modifications **. For generation of pENTR clones, the corresponding PARP14 templates were
diluted to < 1 ng/uL and the regions of interest were PCR amplified with the corresponding
primer set (diluted to 5 uM) using Herculase Il Fusion DNA Polymerase (Agilent). The resulting
PCR products were purified using the QlAquick PCR Purification Kit (Qiagen) and set-up for the
BP recombination reaction. For this, 1 pL of pDONR221™ (~300 ng/reaction) was incubated
with 1 L of PCR product (~150 ng), 1 uL BP Clonase™ enzyme mix (Invitrogen) and 2 pL H,O
for 3hours or O/N at RT. For full-length PARP14 cloning, the PCR amplification step was
omitted and instead 1 puL of the PARP14 mammalian expression vector (~300 ng/reaction) were
directly set-up for the BP recombination reaction. In both cases, the reaction was stopped by
adding 1 pL Proteinase K (Invitrogen) and after incubation for 10 min at 37 °C competent Stable
E. coli (NEB) were transformed with 2 pL of the BP reaction mix. The following day, colonies
were screened with MyTaq™ DNA polymerase (Bioline) with M13F/R primers and positive
clones propagated. Plasmid DNA was isolated and inserts analysed by Sanger sequencing.

For generation of the YFP expression clones, 1 pL of the corresponding pENTR clone
(100 ng/reaction) was incubated with 1 pL of YFP-destination vector (100 ng/reaction), 1 uL LR
Clonase™ enzyme mix (Invitrogen) and 2 pL H,O for 2 hours or O/N at RT. Following the
reaction, the same procedure as after the BP reaction was used, however, performing the colony
PCR screen with the EGFP-C-F and BGH Reverse primer set.

5.4.2. Ligation-independent cloning for prokaryotic expression constructs

For generation of prokaryotic expression constructs, a protocol developed by the SGC
Biotechnology team was followed. In brief, the DNA regions of interest were PCR amplified from
the respective DNA templates with the corresponding primers using Herculase Il Fusion DNA
Polymerase (Agilent) by touch-down PCR (PARP15 MD1 construct) or conventional 3-step PCR
(PARP14 MD2 truncation constructs). The resulting PCR products were Dpnl (NEB) digested for
1 h at 37 °C, purified using the QIAquick PCR purification Kit (Qiagen) and then treated with
T4 DNA polymerase (NEB) in presence of dCTP (NEB). The desired expression vectors were
prepared for ligation by Bsal (NEB) digestion, followed by purification and treatment with
T4 DNA polymerase (NEB) in presence of dGTP (NEB). Vector and PCR product treatments



Experimental Procedures 154

with T4 DNA polymerase were carried out in a thermocycler, incubating for 30 min at 22 °C and
then for 20 min at 75 °C. For ligation, the T4 treated vector was mixed with T4 treated insert in a
1:2 (v/v) ratio and incubated for 30 min at RT. The reaction mixture was directly transformed into
chemically competent Machl E. coli cells by the heat-shock method. Positive transformed clones
were then selected O/N on LB agar plates containing 5 % sucrose and 50 pg/mL kanamycin and
screened for correct target DNA insertion by colony PCR using MyTaq™ DNA polymerase
(Bioline) and the pLIC-F and pLIC-R primer set.

5.4.3. Site-directed mutagenesis

For introducing point mutations into expression plasmids or pENTR clones, the respective
expression constructs were PCR amplified with the corresponding mutagenesis primers using
Herculase Il Fusion DNA Polymerase (Agilent). The samples obtained after the PCR reaction
were digested with Dpnl (NEB) at 37 °C, O/N and transformed into competent Stable E. coli
(NEB) (pENTR clones only) or into Machl competent E. coli. Plasmids were prepared and

correct amplification of the whole target sequence was confirmed by Sanger sequencing.

5.4.4. Cloning of sgRNAs into vector for co-expression with Cas9

212 \nas followed with minor modifications.

The cloning procedure developed by Ran et al. (2013)
In brief, top and bottom sgRNAs were diluted to 100 uM and then phosphorylated and annealed
with T4 Polynucleotide Kinase (NEB) (37 °C, 30 min; 95 °C, 5 min; cooling to 25 °C at
5°C min™). The phosphorylated and annealed sgRNAs were diluted 1:200 and ligated into
pSpCas9(BB)-2A-puro or pSpCasdn(BB)-2A-puro, respectively, with FastDigest Bbsl (NEB) and
T4 ligase (NEB) in Tango buffer (incubation: 6 cycles with each 37 °C for 5 min and then 21 °C
for 5 min). Competent Stable E. coli (NEB) were transformed with the products and selected on
LB plates containing 100 pg/mL ampicillin. Plasmids were isolated and checked for sgRNA
insertion by Bbsl digestion. Insert verified plasmids were further analysed by Sanger sequencing

from the U6 promoter using the U6-Fwd primer.
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6. Work with eukaryotic cells (cell culture)

6.1. Eukaryotic cell lines

DMSO stocks of (parental) eukaryotic cell lines were provided by the SGC Chemical Biology

group and were confirmed mycoplasma-free before usage for CRISPR editing and in cellular

assays.

Cell line

ATCCID

Description

HEK?293

HelLa

U-2 0S

Jurkat

ATCC® CRL-1573™

ATCC® CCL-2™

ATCC® HTB-96™

ATCC® TIB-152™

human epithelial cell line, origin: embryonic kidney, adherent

human epithelial cell line, origin: cervix adenocarcinoma,
adherent

human epithelial cell line, origin: bone (osteosarcoma), adherent

human T lymphocyte cell line, origin: peripheral blood (acute T
cell leukemia), suspension

Hela wild-type
(clone E8)

HeLa PARP14 KO
(clone 21)

HeLa PARP14 KO
(clone 50)

U-2 OS wild-type
(clone E9)

U-2 OS PARP14 KO
(clone 23)

U-2 OS PARP14 KO
(clone 65)

n/a

n/a

n/a

n/a

n/a

n/a

clonal wild-type cell line derived from parental HeLa cell line
after transfection with GFP targeting sgRNAs pSpCas9(BB)n-
2A-Puro-GFP-C18 and -C17

clonal PARP14 KO cell line derived from parental HelLa cell
line after transfection with PARP14 targeting sgRNAs
pSpCas9In(BB)-2A-Puro-PARP14-c001 and -c003

clonal PARP14 KO cell line derived from parental HelLa cell
line after transfection with PARP14 targeting SsgRNAs
pSpCas9n(BB)-2A-Puro-PARP14-c001 and -c003

clonal wild-type cell line derived from parental U-2 OS cell line
after transfection with GFP targeting sgRNA pSpCas9(BB)-2A-
Puro-GFP-C12

clonal PARP14 KO cell line derived from parental U-2 OS cell
line after transfection with PARP14 targeting sgRNAs
pSpCas9In(BB)-2A-Puro-PARP14-c001 and -c003

clonal PARP14 KO cell line derived from parental U-2 OS cell
line after transfection with PARP14 targeting SgRNA
pSpCas9(BB)-2A-Puro-PARP14-c002
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6.2. General cell culture techniques

Culture conditions and method

Unless stated otherwise, HEK293, HeLa and U-2 OS cells were cultured in Dulbecco's Modified
Eagle Medium (DMEM) (Sigma) and Jurkat cells were cultured in RPMI-1640 media (Sigma)
supplemented with 2 mM L-glutamine (Sigma), 1 % penicillin/streptomycin (Jurkat cells only)
(Sigma) and 10 % (v/v) FBS (heat inactivated fetal bovine serum) (Gibco) under humidified
atmosphere of 5 % CO, at 37 °C. Cells were typically passaged when reaching 80-90 %
confluency or as required. For adherent cells, growth medium was removed, cells were briefly
rinsed with Dulbecco's Phosphate Buffered Saline (Sigma) and then detached using 0.5 %
trypsin/EDTA (Sigma) at 37 °C, 2-4 min. Trypsin was then inactivated by addition of fresh FBS
containing growth medium. The cell suspension was transferred into a 15 mL Falcon tube and
cells were spun down with 300xg, 3 min. Finally, the trypsin containing medium was aspirated,
cells re-suspended in fresh growth medium and transferred into new the vessel, for general

maintenance T-75 flasks (Corning®).

Cryo-conservation and thawing of cells

For cryo-conservation, 2-4 x 10° cells grown to log phase were re-suspended in 1.2 mL of growth
medium containing 10 % FBS and 10 % (v/v) DMSO, transferred to cryo-vials (Greiner bio-one)
and slowly cooled down over 24-48 hours to -80°C using a Mr. Frosty™ Freezing Container
(ThermoFisher). Afterwards, cryo-vials were transferred to the -170 °C liquid nitrogen tank for
long-term storage.

For recovering cells from frozen stocks, cryo-vials were quickly thawed in a water bath at 37 °C.
After thawing, cells were instantly but slowly (~1 mL/min) transferred into 10 mL of pre-warmed
full growth medium and then spun down (300xg, 3 min) for DMSO removal. Finally, cells were

re-suspended in full growth medium and transferred into an appropriate cell culture flask.

Preparation of cell lysates

Cell lysates for Western blot analysis were prepared as follows: After generating the cell pellet by
trypsination and centrifugation (300xg, 3 min), cell pellets were washed once with PBS and then

either stored at -80 °C until further processing or were directly lysed in RIPA buffer
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(50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 1 % NP-40, 0.5 % Deoxycholate and 0.1 % SDS)
containing cOmplete™ protease inhibitor cocktail (Roche) and PhosSTOP™ phosphatase
inhibitor cocktail (Roche) for 30 min on ice. Cell debris was removed by centrifugation
(10,000xg, 30 min, 4 °C) and the resulting supernatants were transferred to fresh Eppendorf tubes.
Protein concentrations of the lysates were then determined using the Pierce™ BCA protein assay
kit (ThermoFisher) according to the manufacturer’s instructions. Following this assay, samples

were either used immediately for further analysis or stored at -20 °C.

6.3. Transient transfection

6.3.1. siRNA transfection

Forward siRNA transfections were carried out with Lipofectamine® RNAIMAX reagent
(Invitrogen) according to the manufacturer’s instructions. In brief, PARP14 siRNA stock
solutions of 50 uM were prepared. One day before transfection, cells were plated aiming for
~60 % confluency at time of transfection. siRNA-Lipofectamine RNAIMAX complexes were
prepared in Opti-MEM® | Reduced Serum Medium (Gibco) and added to the cells with a final
siRNA concentration of 20 nM per well. AllStars negative control siRNA (‘siMOCK”) (Qiagen)

was used as siRNA transfection control.

6.3.2. Transfection of mammalian expression constructs

Transfections for test expression and imaging of PARP14 mammalian expression constructs were
carried out using Lipofectamine® 3000 reagent (Invitrogen) according to the manufacturer’s
instructions. The day before transfection, cells were plated aiming for ~80 % confluency at time
of transfection. DNA-Lipofectamine complexes were prepared in Opti-MEM® | Reduced Serum
Medium (Gibco). Test expressions were performed in 6-well plates using 2500 ng DNA of each

construct per well.
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6.4. Generation of PARP14 KO cell lines using the CRISPR-Cas9 system

6.4.1. PARP14 sgRNA design for CRISPR genome editing

PARP14 sgRNAs for CRISPR genome editing were designed using the crispr.mit.edu online
tool # for exon 1 (bp region 63-246) of the PARP14 transcript ENST00000474629. Suitable
sgRNAs for Cas9 wild-type and nickase constructs were selected based on the quality and
off-target score. All sgRNAs selected had a high quality score (75-90) with more than three
mismatches between the target sequence and the corresponding off-target.

6.4.2. Functional validation of PARP14 sgRNAs in HEK293 cells

Sufficient quantities of all PARP14 editing CRISPR plasmids were prepared and the day before
transfection, HEK293 cells were plated in a 12-well plate at 200,000 cells/well. Following
incubation overnight, confluency of 70 % was confirmed and transfection was carried out using
Lipofectamine® 3000 (Invitrogen) and according to the manufacturer’s instructions. The amount
of DNA per well used for transfection was kept constant at 1000 ng/well (500 ng of plasmid for
co-transfection of two nickase constructs) as well as of Lipofectamine® 3000 of 3 pL and P3000
of 2 uL. After 24 hours, GFP expression of the control plasmid confirmed transfection of over
90 %. 72 hours after transfection, the transfected HEK293 cells were harvested and genomic
DNA was extracted. Exon 1 of PARP14 was PCR amplified using Herculase Il Fusion DNA
polymerase (Agilent) and the corresponding primer set (see section 1V.2.) with prior optimised
settings (95 °C, 10 min; 35 x (95 °C, 30 sec; 72 °C, 1.5 min); 72 °C, 5 min) and resulting PCR
products purified using a QlIAquick PCR purification Kit (Qiagen). 300 ng of each PCR product
were re-annealed (gradient: 95 - 85 °C with -2 °C/sec, then 85 - 25 °C with 0.1 °C/sec), then
digested with T7 Endonuclease | (NEB) and analysed on a 1 % agarose gel.

6.4.3. Transfection, selection and clonal expansion of HeLa and U-2 OS cells

The detailed procedures including transfection with PARP14 sgRNAs, selection and clonal
isolation and expansion of HeLa and U-2 OS cells for PARP14 KO cell line generation are

provided in the supplementary experimental details, section V.4.2.3.
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6.4.4. Validation of PARP14 edits by gDNA analysis

Genomic DNA of U-2 OS and HelLa wild-type and PARP14 edited clones was extracted and
exon 1 of PARP14 PCR amplified with the corresponding primer set (see section IV.2.) using
Herculase Il Fusion DNA Polymerase (Agilent) (95 °C, 10 min; 35 x (95 °C, 30 sec; 72 °C,
1.5 min); 72 °C, 5 min). The resulting PCR products were purified using the QIAquick PCR
purification kit (Qiagen) and diluted to 1 ng/pl per 100 bp for Sanger sequencing analysis.

6.4.5. Validation of PARP14 edits by mRNA analysis

Total RNA of U-2 OS and HeLa wild-type and PARP14 edited clones was extracted and after cell
lysis, 25-30 of 1.0 mm diameter Zirconia Beads (BioSpec) were added to the samples to
homogenise the lysates in a bead beater (2x5 sec). Good mRNA quality was confirmed with a
260/280 absorbance measurement ratio of ~2.0. On the same day, mRNA was converted into
cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) following
the manufacturer’s instructions. For cDNA analysis, PARP14 ¢cDNA was PCR amplified with the
corresponding primer set (see section 1V.2.) using Herculase Il Fusion DNA polymerase (Agilent)
(95 °C, 10 min; 35 x (95 °C, 30 sec; 62 °C, 2 min; 72 °C, 1.0 min); 72 °C, 5 min). PCR products
were analysed on 1 % agarose gel. Due to a co-amplified non-specific band, the PARP14 PCR
products were recovered from the gel and PCR re-amplified. The resulting PCR products were
purified with a QIAquick PCR purification kit (Quiagen) and diluted to 1 ng/ul per 100 bp for

Sanger sequencing analysis.
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7.  Work with prokaryotic cells

7.1. Bacteria strains

Strain Description

E. coli Rosetta™ with pRARE2 plasmid encoding rare codon tRNAs; chloramphenicol resistant;
BL21(DE3)-R3-pRARE2 (SGC) used for recombinant protein expression

co-expressing BirA (biotinylating enzyme) from a pACYC vector; with
pRARE?2 plasmid encoding rare codon tRNAs; chloramphenicol resistant;
used for recombinant expression of biotinylated protein

E. coli Rosetta™
BL21(DE3)-R3-BirA (SGC)

E. coli Mach1™ (ThermoFisher)  used for cloning and plasmid propagation of prokaryotic expression constructs

E. coli Stable (NEB) tetracycline and streptomycin resistant;

' used for cloning and plasmid propagation of eukaryotic expression constructs
E. coli ccdB survival™ 2 T1% resistant to the ccdB gene product; chloramphenicol resistant;
(Invitrogen) used for ccdB vector propagation

7.2. Preparation of competent cells

Bacteria strains were made competent following the protocol developed by the SGC
Biotechnology group. In brief, cells from frozen stocks were streaked out on LB agar plates with
or without the appropriate antibiotics. 5 mL of O/N pre-cultures prepared from one colony were
used to inoculate 500 mL of SOB medium (containing 2 % (w/v) peptone with casein, 0.5 % (w/v)
bacto yeast extract, 85 mM NaCl, 2.5 mM KCI, 20 mM MgCl,) and cultures were grown at 37 °C
until ODggo reached ~0.5. Then, medium was removed by centrifugation and cell pellets re-
suspended in 160 mL ice-cold TFB1 buffer (30 mM potassium acetate, 100 mM RDbCI,
10 mM CacCl,, 50 mM MnCl,, 15 % glycerol (v/v), adjusted to pH 5.85 with acetic acid) (160 mL
per 500 mL culture). Cell pellets were then recovered by centrifugation (2600xg, 10 min, 4 °C)
and after removal of the supernatant, cell pellets were re-suspended in 25 mL ice-cold TFB2
(20 mM MOPS free acid, 75 mM CaCl,, 10 mM RbCI, 15 % (v/v) glycerol, adjusted to pH 6.5
with KOH). Cell suspensions were dispensed into pre-cooled Eppendorf tubes, flash frozen in

liquid nitrogen and stored at -80 °C.
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7.3. Bacterial transformation

Unless stated otherwise, 40 pL chemically competent E. coli cells (thawed on ice) were
transformed using 100-200 ng of expression plasmid by heat shock at 42 °C for 45 sec followed
by 5 min incubation on ice. After transformation, 150 uL LB (Miller) medium were added and
bacteria incubated at 37 °C for 1 h. Positive transformants were selected overnight at 37 °C on LB

agar plates containing the appropriate antibiotic(s).

7.4. Expression of recombinant proteins

The macrodomain proteins PARP14 MD1, MD2, MD2sgrmut, MD2sermuttrune @and MD3,
PARP9 MD1, ALC1 and PARG were expressed with Tobacco Etch virus (TEV) protease-
cleavable hexahistidine (Hise-) tags or ZB-tags (PARG only). Transformed BL21(DE3)-R3-
PRARE cells were grown at 37 °C in TB (1.2 % tryptone, 2.4 % yeast extract, 17 mM KH,PQO,,
72 mM K,HPO,, 0.45 % (v/v) glycerol) medium supplemented with appropriate antibiotics until
ODgo reached 1.0-1.2, then cooled to 18 °C and supplemented with 0.5 mM isopropyl-4-D-1-
thiogalactopyranoside (IPTG) at an ODggo of 1.2-1.5 to induce protein expression O/N. As an
exception, cells transformed with MD2sermuttrune CONStructs were grown in autoinduction TB
medium (FroMedium) supplemented with 20 g/L glycerol, 10 % Antifoam 204 (Sigma) and
appropriate antibiotics for 4 hours at 37 °C, followed by 48 hours at 18 °C. For expression of
in vivo biotinylated macrodomain protein (PARP14 MD2), the construct was transformed into
BL21 (DE3)-R3-BirA cells. Cells were grown at 37 °C in TB medium until ODgy, reached
1.0-1.2, then cooled to 18 °C and supplemented with 0.5 mM D-biotin (Sigma) dissolved in
10 mM bicine (pH 8.3) and 0.5 mM IPTG at an ODgq Of 1.2-1.5 to induce protein expression and
biotinylation O/N. After protein expression, cells were harvested by centrifugation (6000xg,
15 min, 4 °C) and pellets re-suspended in lysis purification buffer (see section V.4.2.1.) (with

exception for PARP14 MD2sgr_runc €Xpression) and stored at -20 °C until further processing.
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8. Work with proteins

Protein purifications and crystallisation were performed in general by following protocols

and procedures developed at the SGC.

8.1. Purification of Hisg-, GST- or biotin fusion proteins

The detailed experimental procedures are provided in the supplementary experimental details,
section V.4.2.1. All proteins purified were characterised by SDS-PAGE as well as by mass
spectrometric analysis (see section 1V.8.2. and 1V.8.3.).

8.2. Denaturing discontinuous polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were analysed by SDS-PAGE using a 4-12 % Bis-Tris Gradient gel (Invitrogen) run in
NuPAGE® MES SDS Running Buffers (Invitrogen) at 170 V for 1 h. Samples were loaded using
loading dye (0.16 M Tris-HCI (pH 6.8), 4 % SDS, 20 % glycerol, 0.01 % bromophenol blue and
100 mM DTT) and visualised by InstantBlue™ Coomassie blue staining (Expedeon) or
alternatively by silver staining. For the latter, gels were first fixed with a solution containing
40 % EtOH and 10 % acetic acid, then washed twice in 30 % EtOH and once in water. Then, gels
were washed in 0.02 % Na,S,0; for 1 min and after a brief wash in water incubated in
0.1 % AgNO; for 20 min at 4 °C. Afterwards, the gels were again washed in water, developed in
3 % Na,C0,/0.05 % formalin solution, briefly washed in water and finally fixed in 5 % acetic
acid. Precision Plus Protein™ Unstained Protein Standards (BioRad) were used for sizing the

sample proteins.

8.3. Mass spectrometric analysis of purified proteins

Intact mass of the protein was determined using an Agilent ESI-TOF or ESI-Q-TOF mass
spectrometer (Agilent) attached to an Aligent HPLC system. The protein sample was diluted to
~0.02 mg/mL in 0.1 % formic acid, injected on to a C3 reverse-phase column (2.1 mm x 12.5 mm
Zorbax 5 um 300SB-C3) and eluted with a water-methanol gradient, before injection into the

mass detector. For some cases, the identity of proteins was additionally confirmed by tryptic
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digestion and tandem MS (LC-MS/MS) from excised gel bands. The processing procedure of the
latter is provided in the supplementary experimental details, section V.4.2.2.

8.4. Western blotting and immunodetection of proteins

Western blotting and immunodetection of proteins was carried out following the Western Blot
Analysis guidelines by Li-COR Biosciences %*. After protein separation by SDS-PAGE, proteins
were transferred electrophoretically onto Immobilon®-FL PVDF membranes (activated with
MeOH (p.a.), pore size 0.45 um) (Merck) for 70-80 min, 400 mA in WB transfer buffer
containing 20 mM Tris-HCI (pH 8.3), 200 mM glycine, 20 % MeOH (wet western transfer).
Alternatively (for DNA damage marker experiments), proteins were transferred onto
nitrocellulose membranes (pore size 0.2 um (GE Healthcare)) for 100 min, 30 V. Transfer
efficiency was routinely controlled with Ponceau S staining (Sigma) for 1-2 min which was
subsequently removed by several dH,O washes. Afterwards, membranes were blocked with 5 %
milk (BLOT-Quick Blocker™ Reagent (Calbiochem)) in TBS-T (20 mM Tris-HCI (pH 7.6),
150 mM NacCl, 0.1 % Tween-20) for 1-2 hours at RT. For immunodetection, the membranes were
first incubated with primary antibodies prepared in 5 % milk/TBS-T or 2 % BSA(Sigma)/TBS-T
(for antibody dilutions see section 1V.4.) O/N at 4 °C and then washed four times with TBS-T
(5 min per wash) before incubation with secondary antibody for 45-60 min at RT, protected from
light. Finally, membranes were washes again four times with TBS-T (5 min per wash) and protein
detection was carried out using the Odyssey® CLx Imaging System (LI-COR) at the 700 and
800 nm channel or by detection on CL-XPosure™ film (Thermo Scientific) with horseradish
peroxidase enzyme (HRP) reaction using Pierce™ ECL chemiluminescent substrate (Dako).
Optionally, membranes were stripped using Restore™ Plus Western Blot Stripping Buffer
(Thermo Scientific). Precision Plus Protein™ All Blue Prestained Protein Standards (BioRad)

were used for sizing the sample proteins.

8.5. Macrodomain pull-down assay procedure

Biotinylated macrodomain proteins (600 pmol) were incubated with 12.5 pL in PBS equilibrated
Dynabeads® MyOne™ Streptavidin C1 magnetic beads (Life Technologies) in 487.5 uL PBS for
30 min at RT. Afterwards, the Dynabeads® were washed with PBS and incubated O/N at 4 °C
with 1.0 mL of 4.0 mg cell lysate prepared from Jurkat cells that were prior solubilised in ice-cold
lysis buffer containing 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 20 mM MgCl,, 1.0 % Digitonin

and Complete™ protease inhibitor cocktail (Roche). Dynabeads® were then washed four times in
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buffer containing 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 5mM EDTA and proteins
pulled-down were eluted sequentially for 20 min at 4 °C with 200 pL of 1 mM ADPR (Sigma),
then with 400 pL of 100 mM glycine (pH 2.5) and finally by boiling of the Dynabeads® at 95 °C
for 5 min. All elution samples were resolved by SDS-PAGE and visualised by silver staining and
Western blotting and optionally further processed for mass spectrometric analysis.

8.6. Cell fractionation

Cell fractionation was performed based on the procedure developed by Méndez et al. **. Prior to
cell fractionation, HeLa and U-2 OS wild-type and PARP14 KO cells were plated at
~1.5x10° cells in 10 cm? TC dishes. After 18-24 h, cells were left either untreated or were treated
with either 2 uM camptothecin (Sigma) for 1 hour or with 2 mM HU for 24 hours. Following the
treatment, cells were collected by trypsination, pelleted by centrifugation (300xg, 3 min) and after
a wash with cold PBS re-suspended in 80-150 pL (depending on the size of the pellet) of ice-cold
buffer A (10 mM HEPES (pH 7.9), 10 mM KClI, 1.5 mM MgCl,, 0.34 M sucrose, 10 % glycerol,
1 mM DTT, 0.1 % Triton X-100 and cOmplete™ protease inhibitor cocktail (Roche)). Cells were
incubated on ice for 10 min and nuclei (fraction P1) were collected by centrifugation (5 min,
3500xg, 4 °C). The resulting supernatant (S1) was further clarified by high-speed centrifugation
(5 min, 20000xg, 4 °C) and the supernatant (fraction S2) was collected for analysis by Western
blotting and immunodetection. Fraction P1 was washed 3-4 times with 200 pL buffer A
(centrifugation between washes: 5 min, 3500xg, 4 °C) until the pellet became slightly transparent.
The nuclei were then lysed in ice-cold buffer B (3mM EDTA, 0.2 MM EGTA, 1 mM DTT,
cOmplete™ protease inhibitor cocktail (Roche)) with the same volume used of buffer A, i.e. 80-
150 uL. After 30 min incubation on ice, the insoluble chromatin (fraction P3) and soluble nuclear
fraction (fraction S3) were separated by centrifugation (5 min, 3500xg, 4 °C). The P3 fraction was
washed 3-4 times with 200 pL of buffer B until the pellet became fully transparent (centrifugation
between washes: 5 min, 3500xg, 4 °C). SDS-PAGE loading buffer was then added to the P3
fraction (equal volume as used before for buffer A and buffer B) and the samples sonicated on ice
(amplitude 35 %, 2x30 sec). Equal volumes of each fraction (S2, S3 and P3) were finally loaded
with SDS-PAGE loading buffer onto a 4-12 % Bis-Tris Gradient gel and then further analysed by
SDS-PAGE followed by Western blotting and immunodetection of PARP14, a-tubulin and
histone H3.
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8.7. Protein crystallisation

In general for crystallisation attempts of PARP14 MD2 proteins with MnK2-97, E62942a and
E62881a, compounds were dissolved to 50 mM in DMSO and proteins concentrated to
20-40 mg/mL in buffer consisting of 25 mM HEPES (pH 7.4), 300 mM NacCl, (optional 5 %
glycerol) and 0.5 mM TCEP. Compounds and proteins were mixed with ¢ (compound)
> 1.5 x ¢ (protein) and >> 10 x Ky of the compound for PARP14 MD?2 and incubated on ice for
approximately 30 min. In most cases, the sample was not centrifuged after incubation due to the
low compound solubility and associated protein and/or compound precipitation. Samples were
set-up in 150 nL volume drops on SWISSCI 3 Lens crystallisation sitting-drop plates at three
ratios (2:1, 1:1, 1:2 of protein-inhibitor complex to crystallisation solution) using a Mosquito®
crystallisation robot (TTP Labtech). JCSG, HIN, LFS and HCS sparse matrix crystallisation
screens and individual components of the optimisation screens were obtained from Hampton
Research and Molecular Dimensions, respectively. Drops were equilibrated at two temperatures
(4 °C or 20 °C) and very few crystals were tested at 104 at Diamond Light Source (Harwell, UK)
for diffraction. Follow-up screens were designed using the SGC screen designer and the
MultiPROBE 1l Plus HT/Ex robotic liquid handling system (Perkin Elmer) to prepare matrix
titrations of the original crystallant solution components, where optionally these new crystallant

solutions were additionally supplemented with additives.

9. PARP14 MD3 fragment screen

The PARP14 MD3 fragment screen was performed with support of the SGC
crystallography group (Professor Frank v. Delft).

9.1. PARP14 MD3 apo protein crystallisation

PARP14 MD3 was crystallised by mixing on pre-cooled sitting drop crystallisation plates 100 nL
of 30 mg/mL protein in 20 mM HEPES (pH 7.4), 300 mM NacCl, 10 % glycerol, 0.5 mM TCEP
with 50 nL of reservoir solution containing 80 mM KBr (Molecular Dimensions) and
30 % PEG2KMME (Molecular Dimensions) and adding 15 nL of ‘H6 seeds’ solution, diluted
1:500 from the stock in 90 mM KBr and 30 % PEG2KMME. ‘H6 seeds’ were prepared from a
single crystal growing in 90 mM KBr and 30 % PEG2kMME which was smashed to seeds using a



Experimental Procedures 166

3 mm PTFE seed bead (Fisher Scientific) using standard laboratory vortex at full speed in 100 pL
reservoir solution. Crystal growth was completed after 24 hours with incubation at 4 °C.

9.2. Fragment soaking and data collection

PARP14 MD3 apo crystals were soaked with compounds from the DSPL2.0 library consisting of
776 fragments at 500 mM in Dg DMSO (and a subset in ethylene glycol). Soaking was performed
by acoustically transferring 17.5 nL of compound solution to the crystallisation drop using an
Echo 550 (Labcyte) *® resulting in a final compound concentration of 50 mM with 10 % DMSO,
calculated based on the initial drop volume. Crystals were incubated for 4-6 hours at 4 °C and
then harvested (without cryoprotection) and cryocooled before X-ray diffraction data collection
on the beamline 104-1 at Diamond Light Source (Harwell, UK).

9.3. PARP14 fragment screen - data processing

X-ray diffraction data was processed using the Diamond autoprocessing pipeline, which utilises
i.a. xia2 ®* and DIALS **°, and programs from the CCP4 suite **°. Electron-density maps were
generated using the XChemExplorer #® via DIMPLE ', Ligand restraints were generated with
AceDRG ?* and ligand binding was detected with PanDDA 2%, with ligands built into PanDDA
event maps. Iterative refinement and manual model correction was performed using REFMAC 2%

259

and Coot “, respectively.

10. Biophysical assays for compound screening and characterisation
The following biophysical assays were performed in general following protocols

developed by the SGC screening group (Dr. Oleg Fedorov) and the manufacturer’s instructions of

the respective kits and instruments.

10.1. Macrodomain AlphaScreen assay

Assays were performed with minor modifications from the manufacturer’s protocol

(PerkinElmer) %% All reagents were diluted in buffer containing 25 mM HEPES (pH 7.4),
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100 mM NacCl, 0.5 mM TCEP, 0.1 % BSA and 0.05 % CHAPS and allowed to equilibrate to RT
before addition to plates. The assays were run in 20 puL volumes in low-volume 384-well plates
(ProxiPlate™-384 Plus, PerkinElmer) at RT. To determine ideal assay concentrations of the
corresponding macrodomain protein and the macrodomain AlphaScreen peptide (a biotinylated
and ADP-ribosylated 11 residue sequence), 4 L volumes of peptide (0-16 uM; final assay
concentration: 0-3.2 uM) were incubated with 4 pL volumes of Hisg-tagged macrodomain protein
(0-16 uM; final assay concentration: 0-3.2 uM) in 4 pL buffer for 30 min at RT in foil-sealed
plates. For compound screening and ICs, characterisation, 12 pL of a solution containing peptide
and Hisg-tagged macrodomain protein in the pre-determined assay concentrations (see Figure S7
in section V.2.) in assay buffer were incubated for 30 min at RT with 50 nL or 100 nL compound
solution (pre-dispensed into the assay plate from 10 mM or 50 mM DMSO stocks using an
Echo 550 (Labcyte)). Then, 8 pL of streptavidin-coated donor beads (7 pg/ml) and nickel chelate
acceptor beads (7 pg/ml) (Perkin Elmer AlphaScreen™ Histidine (Nickel Chelate) Detection Kit)
were added under low light conditions and plates were incubated for 60 min at RT protected from
light. Plates were read on a PHERAstar FS plate reader (BMG Labtech) using an AlphaScreen
680 excitation/570 emission filter set. Alternatively for counterscreening of the compounds,
12 uL of 75 nM biotinylated and Hise- tagged linker peptide (PerkinElmer) was added to 50 nL or
100 nL of the compounds and plates were processed as described above. The ICs, values were
determined by nonlinear regression using GraphPad Prism v. 7.03 (GraphPad Software, CA,
USA).

10.2. HTRF (Homogenous Time-Resolved Fluorescence) assay

HTRF assays were performed following the manufacturer’s instructions (PerkinElmer) **. The
assays were performed in 20 pL volumes in low-volume 384-well plates (ProxiPlate™-384 Plus,
PerkinElmer) at RT. GST-tagged PARP15 MD1 protein was diluted to 20-2000 nM (final assay
concentration 5-500 nM) and the macrodomain AlphaScreen peptide was diluted to
40 nM - 120 uM (final assay concentration 10 nM - 30 puM) in Binding Domain Diluent Buffer
provided by the kit. The Streptavidin-XL665 was prepared in concentrations from 5 nM - 15 uM
(final assay concentrations 1.25 nM - 3.75 uM) and the Anti-GST-Eu®" Cryptate diluted to 1x
from 50x stock (final concentration 0.25x) in Binding Domain Detection Buffer provided by the
kit. 5 uL of each component were then consecutively added to the assay plate. The plate was read
at t0 and after 3 and 24 hours incubation at RT on a PHERAstar FS plate reader (BMG Labtech)
measuring the fluorescence signals at 665 nm and 620 nm. Results were expressed as HTRF ratio
(665 nm/620 nm) x 10*.
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10.3. Differential scanning fluorimetry (T-shift assay)

Thermal melting experiments **°

(Stratagene). Proteins were buffered in 10 mM HEPES (pH 7.4), 500 mM NaCl and assayed in a
96-well plate at a final concentration of 2.0 pM in 20 pL volume. SYPRO® Orange (Molecular

were carried out using an Mx3005p Real Time PCR machine

Probes) was added as a fluorescence probe at a dilution of 1:1000. Excitation and emission filters
for the SYPRO® Orange dye were set to 492 nm and 610 nm, respectively. The temperature was
raised with a step of 1 °C per 21 sec from 25 °C to 96 °C and fluorescence readings were taken at

each interval.

10.4. NanoDSF (nano differential scanning fluorimetry)

NanoDSF experiments were performed on the Nanotemper Prometheus NT.48 instrument 2%.

PARP14 and RNF146 WWE domain proteins were diluted to 20 uM and iso-ADPR to 100 uM to
2.0 mM in assay buffer (10 mM HEPES (pH 7.4), 500 mM NacCl). 10 uL of protein solution was
added to 10 pL of the corresponding iso-ADPR solution and incubated on ice for 20 min. The
reaction mixtures were loaded into Nanotemper NT.48 Series NanoDSF Standard Capillaries
which were inserted into the instrument. A discovery scan was performed to control the
consistency of the tryptophan signal at 330 nm and 350 nm and for determining the excitation
power applied for the following melting scan. The melting scan was then performed from 20 °C to
95 °C with a temperature slope of 5.0 °C/min and data analysed using the Nanotemper

Prometheus NT analysis software provided by the manufacturer.

10.5. Biolayer interferometry (BLI)

Kinetic ligand-binding measurements were performed using an Octet RED384 BLI instrument
(fortéBio) ***. Superstreptavidin (SSA) biosensors were loaded with biotinylated macrodomain
protein and equilibrated for 120 sec in assay buffer (25 mM HEPES (pH 7.4), 100 mM NacCl,
0.01 % Tween 20). Association and dissociation were monitored for 240 sec each in assay buffer
at 25 °C. For compound characterisation, compounds were typically prepared as seven 1:1 serial
dilutions starting from 10 uM (GeA-69), 50 uM (GeA-69 for selectivity screening and GeA-69
analogues) or 100-400 uM for validation of HTS screening hits. Binding to the reference sensors
(no protein attached) was subtracted before calculations and data was processed using the fortéBio

analysis software provided by the manufacturer.
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10.6. lIsothermal titration calorimetry (ITC)

Binding experiments were carried out on either a VP-ITC microcalorimeter (MicroCal), iTC200
instrument (MicroCal) or Nano ITC microcalorimeter (TA Instruments) **. For all measurements,
proteins were dialysed O/N at 4 °C in 50 mM HEPES (pH 7.4), 300 mM NacCl, 5 % glycerol,
0.5 mM TCEP using D-tube™ Dialysis Midi MWCO 3.5 kDa (Novagen) dialysis tubes prior to
the experiment. On the VP-ITC instrument, almost all of the experiments were performed at 12 °C
or 15 °C, a reference power of 12 pCal/sec and a stirring speed of 307 rpm. The titrations were
conducted using an initial injection of 2 pL followed by 28 identical injections of 10 pL with
duration of 4 sec (per injection) and a spacing of 240 sec between injections. In particular
compound screening and competition experiments were performed on the iTC200 instrument. The
majority of the experiments were carried out at 20 °C, a reference power of 12 uCal/sec and
5 uCal/sec and a stirring speed of 1000 rpm. Following an initial injection of 0.2 pL, 20 identical
injections of 2 pL were run with duration of 4 sec (per injection) and a spacing of 150 sec
between injections. The Nano ITC microcalorimeter was alternatively used for the VP-ITC for
compound characterisation. The experiments were performed at 25 °C and a stirring speed of
350 rpm. Following an initial injection of 3.7 uL, 30 identical injections of 7.96 uL were run with
a spacing of 200 sec between injections. Data analysis was carried out using Origin software with
the MicroCal plugin or with the NanoAnalyse software provided by the manufacturer for data
acquired on the Nano ITC. Thermodynamic parameters were calculated using AG = AH — TAS =
—RTInK, where AG, AH, and AS are the changes in free energy, enthalpy, and entropy of binding,

respectively. In all cases, a single binding site model was employed.

10.7. Dynamic light scattering (DLS)

DLS experiments were performed on an Avid Nano’s W130i SABRe optics system. 5 uL of
compound dilutions prepared in PBS or DMEM were loaded into the BladeCell™ and light
scattering intensities were detected in an automatic mode at 20 °C with a 30.0 mW laser at
660 nm using a detector angle of 90° and a solvent refractive index of 1.333. The laser power was
100 %, and the integration time was 10 s. Data was filtered with the default settings of a minimum
peak area of 5.0 % and minimum Rh of 0.2 nm. The scattering intensities were calculated by

averaging three independent data sets, each with 10 measurements.
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11. Cellular assays

Cellular thermal shift assays (CETSA) '*°%° were performed following a protocol
established by the SGC Chemical Biology group (Dr. Kilian Huber). Cell adhesion and migration
protocols were developed in course of this work. Image analysis algorithms were developed in
collaboration with the Cell-based High-Throughput Screening group at the TDI (Dr. Daniel
Ebner). Seahorse experiments were performed following the manufacturer’s instructions 26,
Immunofluorescence imaging for DNA damage marker detection was performed following
protocols developed by the CR-UK/MRC Oxford Institute for Radiation Oncology group
(Professor M. Tarsounas). Statistical analysis and ECs, calculations were performed using

GraphPad Prism v. 7.03 (GraphPad Software, CA, USA).

11.1. Cellular thermal shift assay (CETSA)

U-2 OS cells seeded into T75 flasks were treated at 80 % confluency with 250 uM GeA-69 or
DMSO for 2 hours. Following the treatment, cells were trypsinised, pelleted by centrifugation
(300xg, 3 min) and washed once with PBS. Cells were then re-suspended in 1.2 mL PBS and the
resulting cell suspension was aliquoted over 11 PCR tubes (100 pL each). Cells were pelleted in
the PCR tubes by centrifugation (300xg, 3 min) and the supernatant completely removed.
Samples were then heated in a gradient PCR cycler with one of the following 10 temperatures: 37,
41, 45, 49, 53, 57, 61, 65, 69, 73 °C for 3 min, following 3 min at RT. For further analysis of the
samples, cells were re-suspended in 30 pL lysis buffer (50 mM Tris-HCI (pH 7.4), 100 mM NacCl,
1.5 mM MgCl,, 5 % glycerol, 0.80 % NP-40, 25 mM NaF, 1 mM NazVO,, 1 mM PMSF (Sigma),
1 mM DTT, 10 pg/mL TLCK (Sigma)) containing protein inhibitor cocktail (leupeptin, aprotinin,
soy bean trypsin) and lysed by three freeze-thaw cycles in liquid nitrogen. Insoluble cell debris
and aggregated proteins were removed by centrifugation at 17,000xg for 20 min at 4 °C. The
supernatant was recovered of which 12 pL were mixed with 4 pL of 4x SDS-PAGE loading dye
and heated (2 min, 90 °C). A sample (10 pL) was loaded for SDS-PAGE and was then further
processed by Western blotting and immunodetection of PARP14 and GADPH for analysis of

thermal stabilisation.
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11.2. Cell adhesion assay

Cell adhesion assays were designed as trypsin-based detachment assays performed in 96-well
plates (CellCarrier-96 Black, Optically Clear Bottom (PerkinElmer)) with either standard TC
coating or additional laminin or fibronectin coating. Plates were coated with laminin (Sigma) or
fibronectin (F1141, Sigma) following the manufacturer’s instructions. For performing the assay,
HeLa wild-type and PARP14 KO cells were plated on the 96-well assay plate at 5000 cells/well
(2 rows for each cell line). The next day, confluency of 50-60 % was confirmed. Cells were
washed twice with 120 pL PBS and then treated for the indicated times (1-12 min) with 75 pL of
0.025 % trypsin/EDTA which was prepared from 0.5 % stock trypsin/EDTA solution in PBS and
warmed up to 37 °C directly prior to the use in the assay. 0.075 % trypsin/EDTA solution was
used in assays performed with fibronectin coated plates. The reaction was stopped by addition of
75 pL DMEM containing FBS and 2 mM PMSF (Sigma). In control wells, 75 pL of PBS was
added instead of trypsin/EDTA solution. All of those steps as well as the following steps were
pipetted column-wise using a manual 8-channel pipette to apply the same pipetting force to each
cell line type in the column. Following the trypsin/EDTA treatment, cells were washed twice with
100 pL PBS to remove non-adherent cells, fixed with MeOH (10 min, 4 °C) and cell nuclei were
stained with Hoechst33342 (1 uM in PBS) (Molecular Probes). After 1 h at 4 °C, the stain was
removed and replaced with 150 puL PBS. The plate was protected from light and kept at 4 °C until
reading on the automated confocal microscope IN Cell Analyser 6000 (GE Healthcare). The
whole wells were imaged on the DAPI channel (excitation at 405 nm, emission at 455 nm) by
imaging 4 fields per well with 4x magnification and the number of nuclei/well was quantified
using a customised protocol developed with the IN Cell Developer Toolbox software
(GE Healthcare) [Figure S24].

11.3. Scratch migration assay

A cell migration assay was developed as scratch (wound healing) assay ***%. For this, HeLa
wild-type and PARP14 KO cells were plated at a density of 10,000 cells/well in 96-well plates
(CellCarrier-96 Black, Optically Clear Bottom, TC treated (PerkinElmer)) (2 rows for each cell
line, i.e. 24 wells) and the next day confluency of ~95 % was confirmed to perform the assay.
First, cells were stained with 2.5 uM CellTracker™ Green CMFDA Dye (Invitrogen) (diluted
from 10 mM DMSO stock in serum-free DMEM and warmed-up to 37 °C before applying it to
the cells). After incubation for 30 min at 37 °C, the stain was removed and cells washed once for

30 min with 120 pL serum-free medium. Cells in wells for proliferation control (column 2 and
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column 8) were additionally stained in this step with Hoechst33342 (2 pM in serum-free
medium). Then, cells were washed once for 30 min with 100 puL medium containing additionally
10 uM Ara-C (cytosine p-D-arabinofuranoside (Sigma)) for 12 sample wells, thereby removing
the Hoechst33342 stain from the proliferation control wells. Following the staining and washing
steps, the scratches into the cell layers were performed using the WoundMaker™

(EssenBioscience) **’

, @ 96-pin mechanical device creating 700-800 um wounds. Loose cells were
then removed from the scratch area by two consecutive washes with 120 yuL medium. Afterwards,
150 pL of medium containing 10 uM Ara-C was added to 12 sample wells, 150 uL of medium
containing 1 UM Cytochalasin D (Sigma) was added to 6 wells for migration control and 150 pL
of medium only was added to the 6 remaining wells. The plate was sealed with gas permeable
moisture barrier imaging seals (4titude) and placed into the pre-equilibrated IN Cell
Analyser 6000 (GE Healthcare) providing a constant atmosphere of 37 °C and 5.0 % CO, around
the assay plate. After imaging the proliferation control wells (whole well by imaging 4 fields with
4x magnification) on the DAPI channel (excitation at 405 nm, emission at 455 nm), the closure of
the scratch was monitored by acquiring images every 2 h (over 24 h) on the FITC channel
(excitation at 488 nm, emission at 525 nm) as well as brightfield images (one field centred on
each well, 4x magnification). Following the time series acquisition, the plate was removed from
the microscope, cell nuclei in all wells were counterstained with Hoechst33342 (1 pM, 45 min)
and imaged on the DAPI channel (whole well by imaging 4 fields with 4x magnification).
Analysis of the scratch assay and quantification of the cell count was performed using customised
protocols developed with the IN Cell Developer Toolbox software (GE Healthcare) [Figure S24,
S25].

11.4. Cellular proliferation assays

Cellular proliferation was analysed by AlamarBlue™ assays or by live cell imaging of
Hoechst33342 stained cells. For AlamarBlue™ assays, HeLa, U-2 OS or HEK293 cells were
plated in 384-well plates at a density of 300 cells per well 18-24 h prior to compound treatment.
Cells were treated with compound concentrations prepared by 1:1 serial dilution (top
concentrations: 250 uM for GeA-69 and MnK2-68, 10 mM for HU (Sigma), 100 uM for cisplatin
(Sigma) and olaparib (Sigma), 200 nM for camptothecin (Sigma) and doxorubicin (Sigma) and
100 nM for staurosporine (Sigma)). 72 h (GeA-69 and MnK2-68) or 6 days after compound
treatment cells were exposed to AlamarBlue™ (Invitrogen) and the colorimetric change was
measured at 530 nm and 590 nm using an Envision 2103 Multilabel Reader (Perkin Elmer).
Alternatively, for measuring cell proliferation by quantitation of the nuclei count, cells were

plated at a density of 2000-5000 cells 18-24 h prior to compound treatment in 96-well plates
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(CellCarrier-96 Black, Optically Clear Bottom, TC treated (PerkinElmer)). Cells were treated
with compound concentrations prepared by serial dilution (top concentrations: 100 uM for Ara-C
(Sigma) and oligomycin (Sigma)). After 24 h (Ara-C treatment) or 72 h (oligomycin treatment),
compounds were removed and nuclei of cells were stained for 1 h with 1 uM Hoechst33342
prepared in medium. Whole wells were imaged on the DAPI channel (4x magnification, 4 fields
per well, excitation at 405 nm, emission at 455 nm) using the IN Cell Analyser 6000 (GE
Healthcare). The number of nuclei/well was quantified using a customised protocol developed
with the IN Cell Developer Toolbox software (GE Healthcare) [Figure S24].

11.5. Clonogenic survival assay

Cells were plated at a density of ~250 cells per well in 6-well plates. After 18-24 hours, cells were
treated with different concentrations of compound (cisplatin, HU, olaparib) for 24 hours or with
IR. Following the treatment, cells were incubated for 10-14 days to allow colony formation.
Colonies were stained with 0.05 % (w/v) crystal violet (Sigma) in 50 % methanol. Cell survival

was expressed relative to control cells.

11.6. Seahorse experiments

The extracellular acidification rate (ECAR) and the oxygen consumption rate (OCR) of cells were
monitored in real-time with the Seahorse XF96 Analyzer (Agilent) using the Seahorse XF
Glycolysis Stress Test Kit (Agilent), according to the manufacturer’s instructions. The day prior
to the assays, HelLa wild-type and PARP14 KO cells were seeded at a density of 8000 cells/well
in a XF96 cell culture microplate containing complete growth medium and a XF96 sensor
cartridge was equilibrated in XF calibrant solution O/N at 37 °C in a non-CO, incubator. Unless
stated otherwise, cells were incubated in unbuffered DMEM recipe based XF Base Medium
(without Phenol Red, 0 mM glucose) (Agilent) for 45 min in a non-CO, incubator prior to the
assay. Cells were then placed into the pre-equilibrated XF96 Analyzer and ECAR and OCR were
recorded under sequential injection of 10 mM glucose, 2 uM oligomycin and 50 mM 2-deoxy-
glucose. All measurements were normalised to the cell number determined after the assay by
staining the cell nuclei with 2 pM Hoechst33342, reading the plate on the IN Cell Analyser 6000
and then performing the quantification using a customised protocol developed with the IN Cell
Developer Toolbox software (GE Healthcare) [Figure S24]. Seahorse data was analysed using the
Wave Desktop 2.3.0 analysis software provided by Seahorse Bioscience. For calculating the

metabolic parameters the following equations were used as recommended by the manufacturer:
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(i) glycolysis = (maximum rate measurement before oligomycin injection) — (last rate
measurement before glucose injection), (ii) glycolytic capacity = (maximum rate measurement
after oligomycin injection) — (last rate measurement before glucose injection), (iii) glycolytic
reserve = (glycolytic capacity) — (glycolysis).

11.7. Immunofluorescence imaging

Immunofluorescence imaging was performed on cells either plated in 96-well plates (CellCarrier-
96 Black, Optically Clear Bottom, TC treated (PerkinElmer)) or grown on glass coverslips for
DNA damage experiments. For the former, HeLa and U-2 OS wild-type and PARP14 KO cells
were plated at ~5000 cells/well. After 18-24 h, the growth medium was aspirated, cells washed
with PBS and fixed with 4 % formaldehyde in PBS for 20 min at RT. Following a PBS wash
(150 pL), cells were permeabilised with 0.5 % Triton X-100 in PBS for 10 min at RT and then
washed with 150 pL PBS. Afterwards it was blocked for 60 min with 3 % FBS in PBS and
incubated with primary antibody (see table in section 1V.4. for antibody dilutions) in
3 % FBS/PBS overnight at 4 °C. Following the incubation, cells were washed three times with
PBS and it was incubated with secondary antibody at 1:500 in 3 % FBS/PBS for 1 hour at RT
(protected from light). After a PBS wash, cell nuclei were counterstained with Hoechst33342
(2 uM in PBS) for 10 min and then the cells were washed again with PBS and imaged on the
IN Cell Analyser 6000 with the corresponding channels.

For performance of DNA damage experiments, HeLa and U-2 OS wild-type and PARP14 KO
cells were grown on coverslips (diameter: 1.0 cm, thickness: 1.0 mm (VWR)) which were prior to
usage autoclaved and for HeLa cells additionally coated with poly-D-lysine (Sigma). After 18 h of
seeding the cells into 6-well plates with coverslips, cells were either left untreated or were treated
with 2 mM HU for 24 h. Following the treatment, coverslips were mounted into 24-well plates
and washed with PBS. Cells were swollen in hypotonic solution (85.5 mM NaCl/ 5 mM MgCl,
(pH 7.0)) for 5 min at RT, fixed with 4 % paraformaldehyde (Electron Microscopy Sciences) in
dH,O (pH 8.5) for 10 min at RT and permeabilised by adding 0.03 % SDS to the fixative. After
washing twice with 0.4 % Photo-Flo 200 (Kodak)/PBS and blocking with blocking buffer ADB
(ADB = antibody dilution buffer containing 1 % goat-serum, 0.3 % BSA and 0.005 %
Triton X-100 in PBS) for 15 min at RT, cells were incubated with primary antibody diluted in
ADB overnight at RT (see table in section IV.4. for antibody dilutions). Cells were then subjected
to three washes, each 5 min, with the first and third wash in 0.4 % Photo-Flo 200/ADB, the
second wash with ADB plus 0.005 % Triton X-100. Afterwards, cells were incubated with
secondary antibodies (see table in section IV.4. for antibody dilutions) in ADB for 1 hour at RT
(protected from light). Finally, cells were washed with 0.4 % Photo-Flo 200/PBS for 10 min, then
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with 0.4 % Photo-Flo 200/dH20 for 1 min and the coverslips dried on filter paper (Whatman)
(~60 min). In a last step, coverslips were mounted on microscope glass slides using the ProLong
Antifade kit (Life Technologies) supplemented with 2 pg/mL DAPI. Samples were viewed with a
Leica DMI6000B inverted microscope and fluorescence imaging workstation equipped with a
HCX PL APO x 100/1.4-0.7 oil objective. Images were acquired using a Leica DFC350 FX R2
digital camera and LAS-AF software (Leica).

11.8. Laser micro-irradiation assay

Laser micro-irradiation was performed as described previously ?*® by Dr. lan Gibbs-Seymour
(Dr. Ivan Ahel’s Laboratory, Sir William Dunn School of Pathology, Oxford). U-2 OS wild-type
or PARP1™ cells were pre-sensitised for 24 h with 10 uM BrdU (Sigma), then the media was
changed to Live Cell Imaging Solution (Thermo Fisher) before laser micro-irradiation and
imaging. Laser micro-irradiation was performed on an Olympus Fluoview FV1200 confocal
microscope equipped an inverted 1X83 motorised stage with a 37 °C humidified chamber and
60x/1.40 oil UPlanSApo objective and 405 nm laser.

12. Generation of iso-ADPR

Based on the methods reported previously in particular by Wang et al. *®, Tan et al. *** and
Kiehlbauch et al. %, iso-ADPR was prepared as follows. In a 5 mL reaction mixture,
6.5 mg PARPS catalytic domain (from the dimer gel filtration fraction) was incubated with
20 mM B-NAD" (Sigma) for 24 hours at RT in buffer containing 100 mM Tris-HCI (pH 8.0),
10 mM MgCl, and 1 mM DTT on a rotating device. Following the incubation, the reaction was
stopped with 5mL ice-cold 24 % trichloroacetic acid and the precipitate collected by
centrifugation. The pellet was washed with ice-cold ethanol (99.9 %) and then dried using a speed
vac evaporator. The pellet was further dissolved in 6 mL buffer containing 30 mM Tris-HCI
(pH 8.0), 1.0 mM EDTA, 0.1 % SDS and 0.2 mg/mL proteinase K (Invitrogen) and the sample
was digested for 48 hours at 37 °C. PAR polymer was detached by addition of 1 mL of
5M NaOH and incubation of the reaction mixture at 60 °C for 1 h. The PAR polymer was
recovered by phenol/chloroform/isoamyl alcohol (25:24:1) extraction (Acros organics) followed
by ethanol/ammonium acetate (2 M final concentration) precipitation. The pellet was collected by
centrifugation and washed with 70 % EtOH before air drying. The PAR polymer was further
purified using a Superdex S75 10/300 GL column (GE Healthcare) running in dH,O monitoring
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UV absorbance at 255 nm. PAR containing fractions were pooled and digested over 48 hours at
RT with 25 U snake venom phosphodiesterase (Worthington), (with an additional 25 U added
after 24 hours), in buffer containing 100 mM Tris-HCI (pH 8.0), 100 mM NaCl and
15 mM MgCl,. The product after the digestion was further purified by anion exchange
chromatography using a MonoQ 5/50 GL (GE Healthcare) and a 25 mM Bis-Tris (pH 6.0) buffer
system which is not recommended upon repeat of the protocol due to the impossibility of
evaporating the buffer components. The product was then additionally purified on the
MonoQ 5/50 GL using a 20 mM ammonium carbonate buffer system at pH 6.0. NaCl was
removed from the sample by MeOH (MS grade) extraction. Finally, the sample was dried using a
speed vac evaporator and dissolved in ddH,O (MS grade) to a final concentration of 6 mM.
Iso-ADPR concentrations were determined by UV absorbance measurement using a NanoDrop
ND-1000 (Thermo  Scientific) and the following equation: [iso-ADPR] =
[(Azss)em *]/[13,500 cm *M 1] 6. LC-MS and NMR confirmed purity and identity of the product,
iso-ADPR.
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V. APPENDIX

1. Supplementary information chapter 1

The following figures are supplementary to chapter 1 of ‘Results and Discussion’ (section II.1.).

10 20 30 0(0 \ .'I:(J , 6|0
RNF146 (QaNTX7) 92 ---EELKAASRGNGEYAWYYEGRNG WWQYDERT --------- SRELEDAFS ---KG- - -
PARP14 (Q460N5) 1523 |- - -EQESRADCISEF IEWQYNDNNT -SHCFNKMT - - - - - - - - - NLKLEDARR- - -EK - - -
PARP13 (Q7z2w4) 594 |- -SVTKPANSVFTTKWIWYWKNESGTWIQYGEEKDKRKNSNVDSSYLESLYQ -SCP - - - -
PARP12_1 (Q9HoJ9) 298 |- ------------- PYRWQFLDRGK -WEDLDNME - -------- L--IEEAYC---NP---
PARP12_2 (Q9HoJ9) 364 |- -SVTKPPHF ILTTDWIWYWSDEFGSWQEYGRQGTVHPVTTVSSSDVEKAYLAYCTPGSDG
PARP11 (Q9nNR21) 15 |- - -NEVDDMDTSDTQWGWFYLAECGKWHMFQPDT - -NSQCSVSSEDIEKSFKT -------
PARP7 (Q7z3E1) 332 |STPPSSNVNSIYHTVWKFFCRDHFG -WREYPESV - -------- IRLIEEANS ---RG- - -
70 80 9(] IUU
RNF146 (QoNTX7) ffKKNTEMLIAGFffLYfffVADLENMVQYRRNEHGRRRKIKR*f*f 168
PARP14 (Q460N5) - -KKTVDVKINHR - -HY - - -TVNLNTYTATD - -TKGHSLSVQRLTKS | 1601
PARP13 (Q7z2w4) --RGVVPFQAGSR--NY ---ELSFQGMIQTN-TASKTQKDVIR----| 681
PARP12_1 (QgHoJ9) --KIER-ILCSESASTFHSHCLNFNAMTYG - - -ATQARRLST - - - - - 361
PARP12_2 (Q9H0J9) QAATLKFQAGKH--NY - - -ELDFKAFVQKN-LVYGTTKKVCR - - - -| 458
PARP11 (Q9NR21) NPCGSISFTTSKF --SY ---KIDFAEMKQMN-LTTGKQRL IKR----]99
PARP7 (Q7z3E1) --LKEVRFMMWNN - -HY - - -ILHNSFFRRE ---IKR--RPLFRSCF 1| 410

Figure S1. Multiple sequence alignment of known WWE domain sequences present in human PARP proteins using
ClustalOmega. As defined by Wang et al. 43, most-conserved residues important for WWE domain folding are
highlighted in yellow and conserved residues potentially involved in iso-ADPR binding in cyan. Residues highlighted in
red are non-conserved but interact with iso-ADPR in RNF146. The UniProtKB IDs are given behind the proteins.
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Figure S2 [related to Figure 8]. Mass spectrometric analysis of the iso-ADPR sample. Bis-Tris impurities from the
purification process that are present in the iso-ADPR sample are shown on the top. Top: +ES scan, bottom —ES scan.
Iso-ADPR was detected as [M-H]™ with m/z of 558.
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Figure S3 [related to Figure 9]. ITC data obtained from the Origin v7.0 software with the MicroCal plugin showing
ITC results for macrodomain and WWE sequence recognition studies. The upper part of the panels show the raw
titration curves resulting from stepwise addition of the ligand ADPR (1 mM), iso-ADPR (0.5 mM) or BisTris (2 mM) into

a solution containing the macrodomain or WWE domain as indicated at a 25-fold (macrodomain) or 20-fold (WWE

domain) lower concentration in the presence of 50 mM HEPES (pH 7.4), 300 mM Nacl,

5 % glycerol, 0.5 mM TCEP at

15 °C. The lower part of the panels show the normalised binding enthalpies corrected for the heat of dilution as a

function of binding site saturation. Solid lines represent a nonlinear least squares fit using a single-site binding model.
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Figure S4 [related to Figure 11). ITC data obtained from the Origin v7.0 software with the MicroCal plugin showing
ITC results for macrodomain mutation studies. The upper part of the panels show the raw titration curves resulting
from stepwise addition of the ADPR (0.7 mM or 0.6 mM) into a solution containing the corresponding PARP14 MD2
mutants (or PARP14 MD1 G832E were indicated) 20-fold less concentrated in the presence of 50 mM HEPES (pH 7.4),

300 mM Nadl,

enthalpies corrected for the heat of dilution as a function of binding site saturation. Solid lines represent a nonlinear

Molar Ratio

5 % glycerol, 0.5 mM TCEP at 12 °C. The lower part of the panels shows the normalised binding
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least squares fit using a single-site binding model.
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2. Supplementary information chapter 2

The following figures and tables are supplementary to chapter 2 of ‘Results and Discussion’

(section 11.2.).
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Figure S5 [related to Figure 19]. (A) The 2F,-F. electron density map contoured at 1.0c around MnK2-13 as in the
PARP14 MD2 co-crystal structure is shown in blue. Note: The image was prepared by Dr. Jonathan Elkins (SGC). (B) ITC
experiment confirming binding of MnK2-13 to PARP14 MD2 with a Kp of 2.1 uM. Raw injection heats are shown at the
top, data fitting to a binding isotherm (one site binding model) is shown in the inset.

Y
11148 F1129
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P1130
G1133
\ N1178 GeA-69 . GeA-69
©® |Mnk2-13 o . MnK2-13

Figure S6 [related to Figure 19]. Docking of GeA-69 into PARP14 MD2. GeA-69 was docked into PARP14 MD2 using
the PARP14 MD2-MnK2-13 co-crystal structure (PDB ID 502D) as template. The two views show the likely binding
mode of GeA-69 which overlays almost exactly as expected with MnK2-13. Based on this model, the acetamide moiety
of GeA-69 may interact slightly different with PARP14 MD2 compared to the sulfonamide moiety of MnK2-13. GeA-69
may probably form a stronger hydrogen bond (based on bond angle and length) to N1178 than MnK2-13 which
additionally interacts with the amide of 11132 and an internally complexed water molecule. However, it is difficult to
rationalise with confidence the slightly better binding affinity of GeA-69 (860 nM) compared to MnK2-13 (2.1 uM)
with this model.
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PARP14 MD1 macroH2A1.1

AlphaScreen signal

low high
[ coaam——— ]
MD protein (nM) Mz e‘:,'z::s(:::)‘“

PARP14 MD1 3200 100
PARP14 MD2 400 25
PARP14 MD3 200 50
PARPO MDI Sog Sg
PARPOMD2 ... 200 25
MacroD1 50 25
MacroD2 200 100
macroH2A1.1 400 100
TaRGy P A o
PARG - -
ALC1 — —

Figure S7 [related to Figure 20]. AlphaScreen dose-response titrations of macrodomains and the macrodomain
AlphaScreen peptide for establishing the AlphaScreen assay. The ideal final assay concentrations of the MD protein
and the peptide resulting in a good AlphaScreen signal are provided in the table at the bottom right. In each dose-
response experiment, the macrodomain protein was titrated from 3.2 uM to 0.2 nM in vertical direction (with the last
row without the protein) and the macrodomain AlphaScreen peptide from 3.2 uM to 0.2 nM in horizontal direction
(with the last column without the peptide).
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Figure S8 [related to Figures 18 and 20]. GeA-69 binding to PARP14 MD2 and its selectivity over PARP14 MDI1,
PARP14 MD3 and MacroD3 tested by ITC. Raw injection heats are shown resulting from stepwise addition of the
corresponding macrodomain protein (300 uM) into a 10 times less concentrated solution containing 30 uM GeA-69 in
the presence of 50 mM HEPES (pH 7.4), 300 mM NacCl, 5 % glycerol, 0.5 mM TCEP at 12 °C. Binding could only be
detected to PARP14 MD2. The inset shows the normalised binding enthalpies corrected for the heat of dilution as a
function of binding site saturation, where the solid line represents a nonlinear least squares fit using a single-site
binding model. The ITC binding parameters for the GeA-69 titration against PARP14 MD2 are provided in this inset.
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Figure S9. Assessment of GeA-69 selectivity over the protein kinase family using differential scanning
fluorimetry (DSF). GeA-69 (with an assay concentration of 10 uM) did not reveal any significant temperature shift to
any of the 46 screened kinases. The DSF screening data for GeA-69 was retrieved from the SGC internal database.
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Figure S10 [related to Figure 20]. Multiple sequence alignment by Promals3D of human macrodomains. Residues of
PARP14 MD2 involved in GeA-69 interaction are highlighted in cyan, corresponding residues of other macrodomains in
blue.
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Figure S11 [related to Figure 21]. (A) GeA-69 and MnK2-68 show similar moderate cytotoxicity. HeLa, U-2 OS and
HEK293 cells were incubated for 72 h in the presence of different GeA-69 or MnK2-68 concentrations (25 nM —
250 uM) and cell viability was measured using the AlamarBlue™ reagent. Representative graphs for each cell line are
shown. Data points are mean + SEM, n = 3. ECs, values were calculated from three (GeA-69) and two (MnK2-68)
independent experiments: ECsy (GeA-69)_Hela = (58 * 3.9) puM, ECs(GeA-69)_U-20S = (52 + 1.1) uM,
ECso (GeA-69) HEK293 = (54 + 2.2) uM, ECso (MnK2-68)_Hela = (97 + 10) uM, ECso (MnK2-68)_U-2 OS = (107 * 6.6) uM,
ECso (MNnK2-68) _HEK293 = (48 + 0.5) uM. Results are expressed as mean = SEM. (B) Repeat of a CETSA experiment
performed with GeA-69 showing additionally the Panceau S staining after Western blot transfer of the proteins at the
bottom left.
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Figure S12 [related to Figure 24]. (A) and (B) Large scale purification attempts of PARP15 MD1 proteins expressed in
E. coli from different expression constructs. All construct tested did not yield in sufficient amounts of soluble protein

which could be purified further. On each gel (also in (C)), the red star marks the assumed protein band for
PARP15 MD1. (C) Two variations of the standard expression conditions were tried in large scale with PARP15A-c017,
none of them resulting in an increased yield of soluble PARP15 MD1. (T = total cell lysate, P = pellet obtained after

centrifugation of the lysed cells, FT = flow-through, W1-3 = washes 1-3 with increasing imidazole concentrations,
E = eluate)
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ASIQTKEGLNLKLISGDVLYIWADVIVNSVPMNLQLGGGPLSRAFLQKAG
PMLOKELDDRRRETEEKVGN IFMTSGCNLD CKAVLHAVAPYWNNGAETSW
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Figure S13 [related to Figure 25]. Tryptic digest result (left) and intact mass analysis (right) by mass spectrometry
confirmed the identity of PARP15 MD1 in the sample c024-S2. The theoretical mass for PARP15 MD1 from construct
PARP15A-c024 is 50600 Da. The mass difference of 89 Da indicates methionine loss with protein acetylation. This
protein modification was also observed in the previous test expression of this construct performed by the SGC
Biotechnology group.
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QC control (new stocks) QC control
Compound ID c:;;::: d c(mMm) Compound ID c::::::tr:: d ¢ (mM)

1 NVP-BMMO025-AA-1 YES 104 22 NVP-BNU459-NX-1 YES 53
2 NVP-BNP116-NX-1 YES 246 23 NVP-BNV428-NX-1 YES 9.1
3 NVP-BMF069-NX-1 YES 4.3 24 NVP-BNV427-NX-1 YES 10.9
4 NVP-BMW608-NX-1 YES 0.3 25 NVP-BNU457-NX-1 YES 6.4
5 NVP-BMD153-NX-1 YES 8.0 26 | NVP-BNM150-NX-1 YES 6.0
6 NVP-BMC079-NX-1 YES 5.1 27 NVP-BNX029-NX-1 YES 9.4
7 NVP-BNPO71-NX-1 YES 128 28 NVP-BNU542-NX-1 YES 8.0
8 NVP-BNC609-AA-1 NO 0.0 29 NVP-BNU540-NX-1 YES 10.9
9 NVP-BMCO081-NX-1 YES 12.5 30 NVP-BNV433-NX-1 YES 8.9
10 NVP-BMB730-NX-1 - - 31 NVP-BNQ598-NX-1 YES 7.7
11 NVP-BME758-NX-1 YES 323 32 NVP-BMX995-NX-1 YES 51
12 | NVP-BMWS822-NX-1 YES 121 33 NVP-BMY002-NX-1 NO 0.0
13 NVP-BNH686-NX-1 YES 21 34 NVP-BNV425-NX-1 YES 9.1
14 NVP-BMJ791-NX-1 YES 10.9 35 NVP-BMF352-NX-1 YES 2.7
15 NVP-BNC605-AA-1 YES 8.0 36 NVP-BNV413-NX-1 YES 8.5
16 NVP-BMP569-NX-1 YES 1.2 37 NVP-BMY031-NX-1 YES 9.4
17 NVP-BNC594-NX-1 YES 7.2 38 NVP-BNV442-NX-1 YES 9.4
18 NVP-BMES19-NX-1 YES 58 39 NVP-BNV240-NX-1 YES 121
19 NVP-BML846-NX-1 YES 9.6 40 NVP-BNV410-NX-1 YES 11.3
20 | NVP-BMU249-NX-1 YES 299 41 NVP-BNL153-NX-1 YES 11.6
21 NVP-BNC592-NX-1 NO 0.0

Figure S14 [related to Figures 33 and 35). MS QC controls of stock solution (nominal concentration: 10 mM) of
selected hit compounds from 45,000 compound screen against PARP14 MD2. (Left) Hit compounds from first
(30,000) compound screen. The QCs measurements from the new (re-ordered) stock solutions are shown. (Right) Hit
compounds from second (15,000) compound screen.
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Figure S15. Hit validation by BLI and ITC from 30,000 compound screen. Compounds
were characterised by BLI at top assay concentrations ranging from 50-400 uM as
indicated and by ITC by titrating PARP14 MD2 into a 10 times less concentrated solution
containing the corresponding hit compound in a concentration at 50 uM. Exceptions are

NVP-BNC592-NX-1,

NVP-BMD153-NX-1 which were

screened at

40 uM and

NVP-BMW822-NX-1 that was screened at 80 uM. All titrations were performed at 20 °C.
BLI measurements were only performed with old compound stock solutions. ITC

titrations were performed with the new compound stock solutions.
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Figure S16. Hit validation by ITC from 15,000 compound screen. Compounds were characterised by ITC by titrating
PARP14 MD2 into a 10 times less concentrated solution containing the corresponding hit compound at 50 uM.
Exceptions are NVP-BNV240-NX-1 and NVP-BNL153-NX-1 which were screened at a concentration of 80 uM and

NVP-BMX995-NX-1 that was screened at 70 uM. All titrations were performed at 20 °C.
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Figure S17 [related to Figures 19, 29, 34 and 36]. Summary of ITC competition experiments performed in this work.
The ITC data obtained from the Origin v7.0 software with the MicroCal plugin is shown for the competition
experiments performed for characterisation of GeA-69, MnK2-97, NVP-BMF069-NX-1, NVP-BMX995-NX-1 and
NVP-BNU459-NX-1 for their ability to compete with ADPR binding to PARP14 MD2. The upper part of the panels show
the raw titration curves resulting from stepwise addition of the ligand ADPR (1 mM) into buffer or a solution
containing PARP14 MD2 in a 25-fold lower concentration in the presence of 50 mM HEPES (pH 7.4), 300 mM NaCl,
5 % glycerol, 0.5 mM TCEP at 20 °C. The lower part of the panels show the normalised binding enthalpies corrected for
the heat of dilution as a function of binding site saturation. Solid lines represent a nonlinear least squares fit using a
single-site binding model.
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Figure S18-1 [related to Figure 42]. Fragment hits obtained in the crystallographic PARP14 MD3 fragment screen.
The molecular structure of the fragment identified in the corresponding crystal is shown on the left. The left images
from the panel show the fragments in the crystallographic model. The 2F,-F, electron density map contoured at 1.0c is
shown in blue. For weaker fragments, the calculated PanDDA event map countoured at 2.00 is additionally shown in
cyan. The F,-F, electron density map, green/red, is contoured at +3.00. The images in the middle of the panel show
the binding site of the fragments in PARP14 MD3 which residues are shown as atom-coloured sticks. Hydrogen bonds
between ligand and protein or structural waters are indicated by dotted lines. As reference for the position of the
fragment relative to the ADPR in the PARP14 MD3 binding site, PARP14 MD3 in complex with ADPR (PDB ID 4ABK) 8
was superimposed with the corresponding fragment structure and the ADPR shown as atom-coloured sticks in low
transparency in the model. The images on the right show the surface representation of PARP14 MD3 in complex with
the corresponding fragment.
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Figure S18-2 [Figure S18-1 continued, related to Figure 42]. Fragment hits obtained in the crystallographic PARP14
MD3 fragment screen.
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Table S1. Data collection and refinement table for PARP14 MD3 fragment structures shown in Figure S18. The PARP14 MD3 apo structure (PDB ID 4ABL) % was used to build the reference
model by molecular replacement. The fragment RSCC (real-space correlation coefficient) describes the correlation between the model and the observed density (recommended value > 0.7).

The B-factor ratio measures the consistency of the fragment model with surrounding protein residues, and is calculated from the B-factors of the fragment atoms and the fragment

surrounding side-chain atoms within 4 A (recommended value ~1.0). r.m.s.d.: coordinate root-mean-squared deviation. * Values within parentheses refer to the highest resolution shell.

X137 x161 x202 X238 X334
Space group P2,2:2, P2,2:2, P2:2:2, P2:2:2, P2:2:2,
No. of molecules in the asymmetric unit 1 1 1 1 1

Unit cell dimensions
a, b, c(A)
a, B,y ()

Data collection
Resolution range (A) 2

Unique observations ?
Average multiplicity

Completeness (%) ?

a
Rmelrge

Mean (1)/o(1) ?
Mean CC(1/2)

Refinement

R-value, Rfree (%)

r.m.s.d. from ideal bond length (A)
r.m.s.d. from ideal bond angle (°)
Ramachandran plot
(favoured/allowed) (%)

Fragments
Occupancy
r.m.s.d.
RSCC
B-factor ratio

34.2,41.4,111.4

90, 90, 90

55.7 - 1.05
(1.09 - 1.05)

53220 (751)
2.0 (1.6)
71.3 (10.2)
0.02 (0.20)
21.6 (2.5)
0.999 (0.939)

19.6,22.2
0.010
1.17

97.8 /100

N13417a
0.57
22.18
0.83
1.18

34.3,41.5,110.7

90, 90, 90

55.4 - 1.05
(1.09 - 1.05)

61733 (1325)
1.9 (1.1)
82.8 (18.0)
0.02 (0.22)
215 (1.3)
0.999 (0.889)

18.7,20.6
0.010
1.20

97.8/100

N08149b
0.54
0.32

0.8
1.44

34.1,41.7,111.0

90, 90, 90

29.0 - 1.05
(1.09 - 1.05)

63476 (1467)
1.9 (1.1)
85.2 (20.0)
0.02 (0.09)
21.7 (2.6)
0.998 (0.983)

20.3,21.8
0.010
1.16

96.7 /100

N13681a
0.64
0.26
0.89
1.25

34.1,414,1110

90, 90, 90

29.0-1.12
(1.16 - 1.12)

55656 (2803)

2.0 (19)

90.8 (46.5)
0.02 (0.21)

23.1(2.3)
1(0.944)

18.8,21.7
0.010
1.17

97.8/100

N13729a
0.52
0.15
0.91
0.89

34.3,41.7111.2

90, 90, 90

39.0 - 1.05
(1.09 - 1.05)

64092 (1487)
1.8(1.2)
85.3 (20.0)
0.02 (0.10)
26.4 (3.1)
0.998 (0.967)

19.5,21.4
0.009
1.12

96.7 /100

N13734a
0.74
0.66
0.93
1.17
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Table S1 [continued].

X484 X523 X567 X637 X690
Space group P2,2:2, P2,2:2, P2:2:2, P2:2:2, P2,2:2,
No. of molecules in the asymmetric unit 1 1 1 1 1

Unit cell dimensions
a, b, c(A)
a, B,v(°)

Data collection
Resolution range (A) 2

Unique observations ?
Average multiplicity
Completeness (%) *

a
Rmerge

Mean (1)/o(1) ?
Mean CC(1/2) ¢

Refinement

R-value, Rfree (%)

r.m.s.d. from ideal bond length (A)
r.m.s.d. from ideal bond angle (°)
Ramachandran plot
(favoured/allowed) (%)

Fragments
Occupancy
r.m.s.d.
RSCC
B-factor ratio

34.0,415,1111
90, 90, 90

55.5 - 1.20
(1.25 - 1.20)
49635 (4783)
2.0 (1.9)
99.2 (96.4)
0.02 (0.25)
19.2 (2.2)
1(0.923)

19.0, 22.0
0.010
1.21

98.3/100

N13848a
0.48
0.21
0.82
1.12

34.5,41.6,110.8
90, 90, 90

55.4 - 1.08
(1.12 - 1.08)
61828 (2791)
1.9 (1.2)
89.0 (40.8)
0.02 (0.12)
23.6 (2.6)
0.999 (0.981)

204,223
0.010
1.16

97.8 /100

N13706a
0.53
1.62
0.71
1.81

345,415,1111
90, 90, 90

55.5-1.10
(1.14 - 1.10)

58605 (2834)
1.9 (1.3)
89.0 (43.9)
0.01 (0.18)
26.5 (2.4)
1(0.93)

19.4,21.0
0.010
1.12

97.8/100

N13979a
0.51
0.18
0.84
1.07

34.6,41.7,110.9
90, 90, 90

55.4 - 1.09
(1.13 - 1.09)

62502 (3460)
1.9 (1.3)
92.1 (51.5)
0.02 (0.14)
24.5 (2.3)
0.999 (0.97)

20.1,22.2
0.010
1.18

97.8/100

N13987a
0.56
0.19
0.77
1.63

343,416, 1111
90, 90, 90

29.2-1.05
(1.09 - 1.05)

61315 (1250)
1.9 (1.2)
81.6 (16.9)
0.02 (0.12)
21.7 (3.0)
0.997 (0.949)

19.9,21.9
0.010
1.16

97.8/100

N14095a
0.76
0.20
0.97
1.26




Appendix — Supplementary Information Chapter 2 194

X M(D\XJCD”

S

\ PDD00017273
N/N\

8 MW@(L)CD”

PDD00017262

Figure S19. The PARG chemical probe PDD00017273 developed by James et al. 31 pDD00017273 targets the same

adenine-ribose site of the ADPR binding pocket as the fragments identified targeting PARP14 MD3.
(A) Superimposition of the PARG macrodomain bound to a PARG inhibitor analogue (blue, PDB ID 5LHB) 11 with the
PARG macrodomain bound to ADPR (green, PDB ID 4B1H) %% The PARG inhibitor and the ADPR are shown as atom-
coloured sticks as well as their targeted phenylalanine residue Phe902. The ADPR and Phe902 of the ADPR-bound
structure are shown with low transparency for better illustration. (B) Molecular structure of the PARG inhibitor,
PDD00017273. (C) Molecular structure of the PARG inhibitor PDD00017273 analogue that was co-crystallised with the
PARG macrodomain shown in (A).
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Figure S20. Un-cropped SDS-PAGE gel images showing proteins purified in this work.
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Table S2 [related to Figure 28]. Summary of all synthesised GeA-69 derivatives with
corresponding ICs, values (or K, values where mentioned) for SAR development. All I1Cs,
values were determined by AlphaScreen, only where indicated by BLI or ITC. Compounds
marked with (*) were screened by the SGC screening team (Dr. O. Fedorov, SGC, Oxford).
Compounds with supplier ID starting with "MnK’ were synthesised by Dr. Kerstin Riedel
(Professor F. Bracher laboratory, LMU, Munich), compounds with supplier ID starting with
‘MM’ were synthesised by Moses Moustakim (Professor P. Brennan group, SGC, Oxford).

gV

Variations of the amide group N R
. 1Cs (AlphaScreen)
SGC ID Supplier ID R
PP (M)
GeA-69 N
- 0.7
K03724a-c (reference) 5’{ \g/
H
KO5675a  MnK2-26 IS 1.0*
o
N
K05681a MnK2-38 ke g >50*
[¢]
NS
K04960a MnK2-13 BosT 0.9
o
NG
K05677a MnK2-28 s 1.2%
[0}
NS
K05684a MnK2-42 s 2.9%
o
Ng
K05678a MnK2-29 ST 3.3*
(@]
H CF.
K05256a MnK2-19 YOO 1.0*
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Figure S3. Hit compounds from 45,000 compound screen performed at Novartis (NIBR, Basel) selected for further
validation by ITC and BLI.
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3.  Supplementary information chapter 3

The following figures and tables are supplementary to chapter 3 of ‘Results and Discussion’
(section 11.3.).

A
HelLa
X 4 X
8 siPARP14 #1 S siPARP14 #2 8 siPARP14#3
MwW s s s
(kDa) __ ‘® 24h48h 72h 96h @ 24h 48h 72h 96h @ 24h 48h 72h 96h
250 . £ B | 2N ST s % :
l"ﬁ:ﬂ ey - PARP14
150 L= = = : !! == == ==
37W M GAPDH
non-specific band
B
u-20s HelLa
siMOCK SiPARP14 #3 SiPARP14 #3
U-20s
™
**
¢ =
S
Mw = X
(kDa) © @

Figure S21 [related to Figure 44]. (A) Establishing siRNA-induced PARP14 knock-down conditions. Wild-type Hela cells
were transfected with siPARP14 #1 and siPARP14 #2 using Lipofectamine® 3000 and with siPARP14 #3 using
Lipofectamine® RNAiMax. The latter transfection reagent was more effective and was used for following knock-down
experiments. In all cases, PARP14 knock-down appeared 24 h post transfection. For following experiments, knock-
down cells were analysed and used in assays 72 h post transfection. (B) PARP14 was knocked-down in U-2 OS cells
with siPARP14 #3. The phenotype with cellular extended protrusion resulting of PARP14 knock-down with
siPARP14 #3, which was observed in Hela cells (shown as reference from experiment (A) on the right), could not be
seen in U-2 OS cells. The black rectangles in representative bright field images at the top indicate the section that was
enlarged and shown below the corresponding image.
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Figure S22 [related to Figure 46]. Screening of PARP14 edited HelLa and U-2 OS clones by Western blotting. 50 ug of
total cell lysate were loaded onto the gels and blots were overexposed to analyse for efficient PARP14 KO edits.
Clones with alphabetical letter before a number are clonal wild-type cell lines. M = molecular weight marker.
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Figure S23 [related to Figure 47]. (A) sgRNA oligos were cloned into pSpCas9(BB)-2A-Puro or pSpCas9n(BB)-2A-Puro
vectors. Prior to Sanger sequencing analysis, isolated plasmids were checked for sgRNA insertion by Bbsl digestion
followed by visualisation on a 1 % agarose gel. Since the Bbsl| restriction site is lost upon insertion of the sgRNA,
vectors containing the inserts cannot be cleaved in comparison to the vector control. (B) For mRNA analysis, three
different primer sets (1, 2 and 3) were tested for PCR amplification of PARP14 wild-type cDNA covering up to 600 bp
(exons 1-4). For all primer sets, a non-specific band was obtained which could not be removed by alteration of the PCR
conditions. (C) PARP14 mRNA was present in all selected PARP14 edited Hela and U-2 OS clones. The cDNA of all
clones was PCR amplified with two primer sets (primer set 1 (right) and primer set 3 (left)). To analyse the mRNA edit
by Sanger sequencing, the PCR product obtained with primer set 3 was cut and re-amplified.
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Table S4. Summary of PARP14 gDNA edits of generated HelLa and U-2 OS cell lines. Table S5. Summary of PARP14 mRNA edits of generated Hela and U-2 OS cell lines.
HelLa - PARP14 gDNA edits HelLa - PARP14 mRNA edits
Clone ID Indel location Comment Clone ID Indel location Comment
99 112 del allelel: 14 bp deletion, 99_112 del -
clone 4 116_117 ins allele2: 13 bp insert clone 4 128 129 ins one edit different to gDNA
95_104 del allelel: 10 bp deletion, 110_119 del .
clone 6 116_117 ins allele2: 13 bp insert clone 6 121 122 ins 8 traces (1x 10 bp deletion, 2 x 13 bp
. insertion), different edits to gDNA
112128 del allelel: 17 bp deletion, 126_127 ins
clone 17 . . . o .
122_123ins allele2: 8 bp insert clone 17 122 123 del same main edit as gDNA (8 bp insert),
? additional not analysable sequences
clone 21 102_123 del allele1/2: 22 bp deletion
. clone 21 102_123 del same edit as gDNA
clone 41 95_104 del allelel: 10 bp deletion,
126_127 ins allele2: 13 bp insert 116 117 ins
. 3 traces (2 x 13 bp insertion, 1x 10 bp
: i clone 41 126_127 ins deletion), different edits to gDNA
clone 50 98_113 del allelel/2: 16 bp deletion 124135 del ) g
clone 50 98_113 del same edit as gDNA
U-2 OS - PARP14 gDNA edits
Clone ID Indel location Comment U-2 OS — PARP14 mRNA edits
clone 23 87_132 del allele1/2/3: 46 bp deletion Clone ID Indel location Comment
101_102 ins allelel: 240 bp insert, 87_132 del . .
clone 30 122 137 del allele2: 15 bp deletion, allele3: ? clone 23 95_162 del 1x 46 bp deletion, 1x 68 bp deletion
125_133 del main sequence: deletion of 9 bp 125 133 del same main edi_t as gDNA (9 bp deletion,
clone 49 129 135 del? (in frame), additional not analysable clone 49 0 in frame), additional not analysable
133 137 del? sequences sequences
127 130 del ) 127_130 del 3 traces (1 x 4 bp deletion, 1 x 1 bp
clone 65 130 del allelel: 4 bp deletion, allele2: 1 bp clone 65 130 del deletion, 1 x 1 bp insertion), one edit

131 del? deletion, allele3: 1 bp deletion? 126 127 ins different to gDNA
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=l Protocol: final cell counting protocol
=28 Target Sets
=
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(M UV - DAPI
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&= Run Preprocess Macro
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-+ Postprocessing
w3 Border Object Removal
w3 Sieve (Binary)
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o3 Fill Holes
2'* Measures
& Target Linking
wg Classifiers

& Dynamic Behaviour

raw image —  segmentation = —— border object removal —-> Ist sieve ,
(keeps targets greater than 60 pm©)

—> 2nd sieve — fill holes — measures => nuclei count
(keeps targets less than 1000 um?)

Figure S24. Final cell counting protocol for quantitation of number of Hoechst33342 stained nuclei. (A) The
processing steps of the protocol established with the IN Cell Developer Toolbox software are shown.
(B) Representative images resulting from the processing procedure are shown below. In a pre-processing step, the
contrast of the image was enhanced using a Macro (comprising a detail extractor and smoothening filter). This was
followed by the intensity-based segmentation of the enhanced image. In several post-processing steps, the mask was
optimised and refined to fit the targets. Finally, nuclei were counted. Note: Image analysis algorithms were developed
in collaboration with the Cell-based High-Throughput Screening group at the TDI.
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=-{#) Protocol: final scratch assay protocol example 1
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Figure S25. Final scratch assay protocol for analysis of scratch assays using the IN Cell Developer Toolbox software.
The steps of the protocol are shown on the left; images resulting from certain steps of the processing procedure are
shown for two representative raw images (top) on the right (example 1: higher cell density, example 2: lower cell
density). In a first step, the field of view (FOV) was determined to enable later the calculation of the scratch area in %
of the whole field imaged. In a second step, the cell layer was segmented using the FITC channel. For this, the images
were first pre-processed with a set-up Macro that enhanced the contrast of the image by stretching and then
smoothening (median-based) the grey levels. This was followed by the fluorescence intensity-based segmentation. In
a post-processing step, a sequence of processing steps was performed for optimising the mask to fit the target. In a
third step, the scratch area was analysed. By first inverting the images and then converting them into binary images,
the scratch area could be intensity-based segmented. A series of processing steps followed the segmentation to refine
the mask to fit the target. Finally, the scratch area was measured and expressed as % of the FOV (in general for a high
quality scratch ~20 %). As a QC step the number of ‘holes’ in the cell layer were counted, equalling 1 if scratch and cell
layer could be perfectly segmented. Note: Image analysis algorithms were developed in collaboration with the
Cell-based High-Throughput Screening group at the TDI.
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Scratch assay workflow

plating 10,000 cells into 96-well plate and confirming confluency of ~90 % the next day
staining of cells with CellTracker Green CMFDA dye (30 min)

washing of cells in serum-free medium (30 min)
+ staining of cells in wells for proliferation control with Hoechst33342

washing the cells with medium (30 min) with or without Ara-C
thereby removing the Hoechst33342 stain from control wells

performance of scratch
washing the cells twice with medium to remove loose cells from scratch area
adding medium with or without Cytochalasin D or Ara-C
|
sealing the plate
placing the plate into the pre-equilibrated (37 °C, 5.0 % CO,) IN Cell Analyser 6000
reading control wells with Hoechst33342 stained cells
acquisition of 24 h time series
/
removing plate from microscope and staining cells in sample wells with Hoechst33342

reading sample wells with Hoechst33342 stained cells on IN Cell Analyser 6000

data analysis using the IN Cell Developer software

time required

~1.5h

~2.5h

~245h

~1.5h

Figure S26. Schematic workflow of the established scratch migration assay. Please refer to section I1V.11.3. for the

detailed protocol.
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Figure S27 [related to Figure 52]. Repeats of scratch assays including Ara-C and Cytochalasin D controls. For legend,

see top of next page.
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Legend to Figure S27:  Repeats of scratch assays including Ara-C and Cytochalasin D controls.

Wild-type (parental) cells with higher passage number migrated faster than at lower passage number. (A-C) Migration
curves of Hela cell lines in presence of 10 uM Ara-C are shown on the left, confirmation of efficiency of halting
proliferation with Ara-C during the assay (over 24 h) on the right. Individual migration curves also including the
corresponding Cytochalasin D controls for the different Hela cell lines is shown in the panel below. Data points are
mean = SEM, n >4 for untreated cells, n > 8 for Ara-C treated cells, and n > 5 for Cytochalasin D treated cells.
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Figure S28 [related to Figures 49 and 52]. (A) Repeat of scratch assays without Ara-C and Cytochalasin D controls but
with high number of replicates. Data points are mean + SEM. (B) Repeats of cell adhesion assays using standard TC
treated plates (top) and fibronectin or laminin coated plates (bottom). The data was normalised to the corresponding
trypsin-untreated controls, where data points are mean + SEM, n = 6.
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Figure S29 [related to Figures 53 and 54]. (A) A typical bioenergetic profile obtained in seahorse assays is shown. The
glucose injection initiates glycolysis, resulting in production of lactate and an increase in the ECAR. Upon oligomycin
injection, oxidative phosphorylation, thus mitochondrial ATP production and respiration, is blocked by inhibition of
the ATP Synthase Complex V in the electron transport chain. Consequently, cells revert to glycolysis for ATP synthesis
and therefore the ECAR increases (as the OCR decreases). Finally, the glucose analogue 2-deoxyglucose (2-DG) inhibits
glycolysis through competitive binding to glucose hexokinase, reducing the ECAR back to the initial rate prior glucose

injection. (B) and (C) Repeats of ECAR measurements and calculations of metabolic parameters of HeLa PARP14 wild-
type and KO cells.
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Figure S30 [related to Figure 55]. Cell fractionation assays performed with (A) U-2 OS and (B) Hela cell lines. Cells
were either left untreated (-) or treated with HU (2 mM for 24 h) and CPT (1 uM, 2 h). a-tubulin and histone-H3 were
used as loading controls for cytoplasmic and nuclear fractions, respectively. Data in the graph in (B) is the
densitometry analysis of the three independent experiments, error bars represent SD, * p < 0.05, ** p < 0.01,

*** p <0.001 (unpaired two-tailed t-test).
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Figure S31 [related to Figure 56]. PARP14 KO U-2 OS cell lines show stronger DNA damage response under normal
replication conditions and after HU-induced DNA damage compared to the PARP14 wild-type cell lines. Cells were
left untreated or were treated with 2 mM HU for 24 h and then processed for immunostaining with anti-53BP1 (green)
antibody. DNA was counterstained with DAPI. Quantitation of 53BP1 nuclear bodies (of 250-300 cells) is shown on the
right of each panel of representative images for each condition.
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Figure S32 [related to Figure 57]. Repeats of resazurin viability assays for calculation of ICs, values. U-2 OS cells were
exposed to the indicated compounds at different concentrations and cell viability was measured after 6 days of
treatment using the AlamarBlue™ reagent. Data points are mean +SD, n = 3.
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Figure S33 [related to Figure 58]. Summary of all clonogenic assays for (A) IR and olaparib treatment and (B) HU
treatment. Cells were treated with olaparib and HU for 24 hours with the indicated concentrations. Results for U-2 OS
cell lines are shown on the left, results for HelLa cell lines on the right. Error bars represent SEM, n = 3, * p < 0.05,
**p<0.01, *** p <0.001 (unpaired two-tailed t-test).
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4. Supplementary experimental details

4.1. Vector maps
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4.2. Supplementary experimental procedures

4.2.1. Purification of Hise-, GST- or biotin fusion proteins

Cell pellets re-suspended in lysis buffer (50 mM HEPES (pH 7.4), 500 mM NaCl,
20 mM imidazole, 5% 0.5 mM tris(2-carboxyethyl)phosphine [TCEP], 1:2,000
Calbiochem protease inhibitor cocktail set I1) were quickly thawed on ice and lysed by high

glycerol,

pressure homogenisation or sonication. Following cell lysis, DNA was precipitated with 0.15 %
polyethyleneimine (PEI) and insoluble cell debris was removed by centrifugation (36000xg, 1 h,
4 °C). Hise- (-biotin) tagged proteins were then purified using Ni-Sepharose resin (GE Healthcare)
and eluted stepwise in binding buffer with 40-250 mM imidazole. Typically, a high salt wash
with 1 M NaCl was combined with the first elution step including 40 mM imidazole. As required,
the Hise-tag or ZB-tag was removed from the macrodomain proteins at 4 °C overnight using
recombinant TEV protease (used 1:40 -1:100 (w/w)) before gel filtration (Superdex 75 16/60,
GE Healthcare) in GF buffer (25 mM HEPES (pH 7.4), 300 mM NaCl, 5 % glycerol,
0.5 mM TCEP). Proteins with removed Hise- tag were additionally passed over Ni-Sepharose
resin as a final purification step. In the case of PARP14 MD3 purification for crystallisation, TEV
Hiss-tag cleavage after the first Ni-IMAC purification step was combined with overnight dialysis
using SnakeSkin® Dialysis Tubing, 3500 MWCO (Thermo Scientific). The dialysed sample was
passed over Ni-Sepharose resin before purification by gel filtration (Superdex 75 16/60) and
further purification steps. For PARP14 MD3 the GF buffer contained 20 mM HEPES (pH 7.4),
300 MM NaCl, 10 % glycerol and 0.5 mM TCEP. All Ni-IMAC purification steps were

performed by gravity-flow using glass columns (Sigma). For protein concentration steps,
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Amicon® Ultra centrifugal filters (Merck) of appropriate MWCO size were used. Apart from Ni-
IMAC rebinding, all other purification steps were carried out at 4 °C.

For purification of GST-tagged PARP15 MD1 expressed in insect cells by the SGC
Biotechnology group, cell pellets were washed once with PBS and then re-suspended in lysis
buffer (50 mM HEPES (pH 7.4), 500 mM NaCl, 5 % glycerol, 0.5 mM TCEP, 1:2,000
Calbiochem protease inhibitor cocktail set 111). Cells were lysed by sonication at 35 % amplitude
for 3 min effective time (pulsed 5 sec on, 10 sec off). Following cell lysis, DNA was precipitated
with 0.15 % polyethyleneimine (PEI) and insoluble cell debris was removed by centrifugation
(36000%g, 1 h, 4 °C). GST-tagged PARP15 MD1 proteins were then batch bound to Glutatione
Sepharose 4B (GE Healthcare) by incubation for 1 hour at 4 °C on a rotating device. Beads were
then collected in a gravity column and cleared with 50 mL washes with binding buffer
(50 mM HEPES (pH 7.4), 500 MM NaCl, 5 % glycerol, 0.5 mM TCEP) until absorbance at
280 nm reached ~0. GSH bound proteins were then eluted twice with binding buffer containing
15 mM glutathione. The elution fractions were pooled and further purified by gel filtration
(Superdex 75 10/300 GL) in GF buffer (20 mM HEPES (pH 7.4), 500 mM NacCl, 5 % glycerol,
0.5mM TCEP). Peak fractions were pooled and concentrated to 3-5mg/mL using a
30 kDa MWCO spin concentrator.

Nine PARP14 MD2ger.yunc proteins were purified in parallel following the protocol developed by
the SGC crystallography group. For this, cell pellets (~55 — 60 g bio mass) were quickly thawed,
re-suspended in 250 mL binding buffer (50 mM HEPES (pH 7.4), 500 mM NacCl, 5 % glycerol,
0.5 mM TCEP) containing 0.5 mg/mL benzonase and 0.001 mg/mL lysozyme. Cell suspensions
were aliquoted into 50 mL falcon tubes and then vortexed (5000 rpm, 5 min) and incubated for
30 min at RT. Afterwards, Triton X-100 was added to a final concentration of 0.8 % and tubes
were stored at -80 °C overnight. The next day, cell suspensions were quickly thawed and
imidazole was added to a final concentration of 20 mM. Cell debris was removed by
centrifugation at 4000xg, 1 h, 4°C and supernatants passed over His GraviTrap columns
(GE Healthcare). Following washes with binding buffers containing 20 mM and 40 mM
imidazole, respectively, proteins were eluted directly onto PD-10 desalting columns
(GE Healthcare) with binding buffer containing 350 mM imidazole. Proteins were eluted from the
PD-10 columns with binding buffer and TEV protease for O/N Hisg-tag cleavage was added to the
eluates (in a mass ratio of 1:40 for truncation constructs 1 and 2 and 1:20 for truncation
constructs 3). The Hiss-tagged removed proteins were again passed over His GraviTrap columns
and purified by gel filtration (Yarra™ 5 um SEC-2000 PrepLC column) as final purification step.

All purification steps were carried out at 4 °C.
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4.2.2. Confirmation of protein identities by tryptic digestion and LC-MS/MS

The identity of proteins in solution or in gel bands excised following SDS-PAGE was confirmed
by tryptic digestion and tandem MS (LC-MS/MS). SDS-PAGE gel bands were excised as 1 x
4 mm slices using a gel cutting tip (GeneCatcher, Web Scientific) and stored in 10 % MeOH at
4°C. The following sample processing was performed by the SGC Mass Spectrometry/
Biotechnology group. Prior to digestion, the methanol solution was removed and replaced with
100 % acetonitrile for 2-5 minutes. The solution was then removed and replaced with 100 pL of
100 mM NH4HCO; (pH 8.0). 1 uL of 1 M DTT was added and incubated at 56 °C for 40 minutes.
4 uL of 1 M iodoacetamide was then added and the reaction incubated at RT in the dark for
20 minutes. A further 1 ul of 1 M DTT, 200 pl of 100 mM NH4HCO; and 1 pl of trypsin solution
(sequencing grade, 1 mg/mL in 0.01 M HCI) was then added. Tryptic digestion proceeded at
37 °C for 16 hours and was terminated by addition of 3 ul of formic acid. LC-MS/MS was
performed using a Dionex U3000 nano HPLC coupled to a Bruker Esquire HCT ion trap mass
spectrometer. 1-5 ul of tryptic digest was loaded on to a 200 um ID x 5 cm PS-DVB monolith
column (Pepswift, Dionex Corp). A linear gradient of 0 % B to 15 % B was developed over
5 min, followed by a second linear gradient from 15 % B to 40 % B over 2 min. The column was
washed at 90 % for 2 min and then equilibrated at 90 % B for a further 6 min. Solvent A was 2 %
(v/v) acetonitrile, 0.1 % formic acid in water, solvent B was 80 % acetonitrile 0.1 % formic acid.
The flow rate was 2.5 pl/min. The mass spectrometer was operated in positive ion, standard
enhanced mode with a scan rate of 8100 m/z/sec and a scan range of 250 — 1800 m/z. The trap
accumulation time was 200 msec and the accumulation target was 200,000 counts. Data-
dependent peptide fragmentation was performed in Auto MS/MS mode. Compound extraction
and peptide deconvolution was performed using the DA data analysis program (Bruker Daltonik).
Database searching was performed using the Mascot 2.4 search algorithm (MatrixScience) with
the following search parameters: Charge states +2, +3; MS tolerance 1.5 Da; MS/MS tolerance

1.3 Da; UniProt_SwissProt database without taxonomic restrictions.

4.2.3. HelLaand U-2 OS PARP14 KO cell line generation

For HeLa PARP14 KO cell line generation, HeLa wild-type cells were plated in a 24-well plate at
8000 cells/well in 500 pL of growth medium. When cells reached 90 % confluency, growth
medium was replaced with 400 pL of fresh medium and transfection was carried out using
Lipofectamine® 3000 (Invitrogen) according to the manufacturer’s instructions. The amount of

DNA per well used for transfection was kept constant at 500 ng/well (250 ng of plasmid for
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co-transfection of two nickase constructs) as well as of Lipofectamine® 3000 of 1.5 pL and P3000
of 1 pL. 100 pL of the prepared DNA-Lipofectamine complexes were added dropwise to the cells
transfecting cells with either PARP14 editing pSpCas9 (wild-type/nickase) plasmids, or GFP
targeting sSpCas9 (wild-type/nickase) plasmids or a GFP expressing transfection control plasmid.
48 hours post transfection, the medium was replaced, and 72 hours post transfection, cells were
selected with medium containing 1 pg/mL puromycin. After 48 hours of selection, the
puromycin-containing medium was removed and replaced with growth medium containing
20 % FBS with following medium changes every 3 days. When cells reached 50 % confluency,
clonal cell lines were isolated by single cell dilution in 96-well plates and kept in growth medium
containing 20 % FBS. After 7 days, clonal cell lines were expanded by transferring into 24-well
plates with growth medium containing 20 % FBS. When cell lines reached confluency over
> 80 %, cells were further transferred into T25 flasks, expanded and then screened for PARP14
edits by Western blotting. Positive clones were further maintained reducing stepwise the FBS

concentration to 10 % and then frozen down in 10 % DMSO.

For U-2 OS PARP14 KO cell line generation, U-2 OS wild-type cells were plated in a 12-well
plate at 100,000 cells/well. The next day, confluency of 70 % was confirmed, growth medium was
replaced with 900 pL of fresh medium and transfection was carried out using
Lipofectamine® 3000 (Invitrogen) according to the manufacturer’s instructions. The amount of
DNA per well used for transfection was kept constant at 1000 ng/well (500 ng of plasmid for co-
transfection of two nickase constructs) as well as of Lipofectamine® 3000 of 3.0 puL and P3000 of
2 pL. 100 pL of the prepared DNA-Lipofectamine complexes were added dropwise to the cells
transfecting cells with either PARP14 editing pSpCas9 (wild-type/nickase) plasmids, or GFP
targeting sSpCas9 (wild-type/nickase) plasmids or a GFP expressing transfection control plasmid.
48 hours post transfection, the medium was replaced, and 72 hours post transfection, cells were
selected for 24 hours with medium containing 0.5 pg/mL puromycin and for another 48 hours
with 1.0 pg/mL puromycin containing medium. After selection, cells were expanded in
conditioned (50:50) growth medium containing 20 % FBS. When cells reached 50 % confluency,
clonal cell lines were isolated by single cell dilution in 96-well plates and further kept in
conditioned medium (50:50) and 20 % FBS. After 3 weeks, clonal cell lines were expanded by
transferring first into 24-well plates in unconditioned medium but containing 20 % FBS and then
into 6-well plates. When cell lines reached confluency over > 80 %, clones were screened for
PARP14 edits by Western blotting. Positive clones were further maintained reducing stepwise the
FBS concentration to 10 % and then frozen down in 10 % DMSO.
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