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Abstract  i 

 

Investigating strategies to modify PARP14 function through macrodomain inhibition 

 

Abstract 

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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I. INTRODUCTION  

 

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

 

Post-translation modifications (PTMs) have a fundamental role in cell biology. 

PTMs modify the proteinôs 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 
1
. 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 
1,3

. 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) 
4
. 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 
1,5,6

. 

Each of these modifications is regulated by a dynamic interplay between different enzymes that 

covalently attach PTMs onto proteins (ówritersô), enzymes that revert these reactions and thus 

remove PTMs (óerasersô) as well as proteins that recognise those modifications and thus have 

control over down-stream effects (óreadersô). 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. 
8,9

. 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 
10

. Protein ADP-ribosylation is catalysed by ówritersô termed 

poly-ADP-ribose polymerases (PARPs) including mono- and poly-ADP-ribosyltransferases 

(ARTs) 
11,12

. 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 
13,14

. Of note is that the PARP family was recently organised 

under a new óADP-ribosyltransferase, diphtheria toxin-likeô (ARTD) nomenclature due to the 

inaccuracy of the usage of the term ópolymeraseô and the provided numbering 
11

. 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 

(MARylation) or multiple units (PARylation) from ɓ-NAD
+
 (nicotinamide adenine dinucleotide) 

onto acceptor proteins 
12,15,16

. 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 
16

. The acidic residue is essential for 

PARylation activity while dispensable for MARylation reactions and often found to be replaced 

with neutral residues in the corresponding enzymes 
17

. In the PARP-catalysed reaction, the 

substrate ɓ-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 
15,18ï21

. 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] 
15

. 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 
22ï25

. Efficient removal and degradation of PAR polymers and 

MARylation sites is catalysed by different hydrolases, óerasersô 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 
26,27

. Alternatively, PAR degradation can also be catalysed by the 

ADP-ribosylarginine hydrolase ARH3 
28,29

. However, both enzymes, PARG and ARH3, are 

incapable of removing the last, protein-bound ADPR units generating MARylated proteins. This 

de-MARylation 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) 
29ï33

.  

 

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 
15,34,35

. 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-əB 

response 
35

, 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 
15

. 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 
15,36

.  

 

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 

macrodomains [Figure 1] 
37

. PBMs were the first motifs described for their ability to 



Introduction  4 

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 
38,39

. 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 
37,40,41

. WWE domains and macrodomains are described in 

more detail below and are the focus of this work.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. PARP PARylation cycle and structure of PAR with its 

recognition modules. Macrodomains recognise the motif 

highlighted in orange, WWE domains recognise the motif, 

iso-ADPR, in cyan and the PBZ domains recognise the motif in 

blue. The schematic of the molecular structure of poly-ADP-

ribose (PAR) was adapted from Barkauskaite et al., 2013 
33

. 
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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 

recognise a specific subunit of PAR, i.e. iso-ADPR 
42,43

. 

Iso-ADPR is defined as the smallest PAR structural unit 

containing the unique ribose-ribose glycosidic bond which is 

formed during PAR synthesis by PARP family members 
43

. 

Based on NMR solution and X-ray structures of the WWE 

domains in RNF146, PARP11 and PARP14, these domains 

can be characterised as small, globular proteins that contain six ɓ-strands, forming half of a 

ɓ-barrel like structure which is covered by an Ŭ-helix on the other side 
43,44

. The iso-ADPR is 

bound on the top of the ɓ-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 
43

. So far, WWE domains have been identified in two 

functional protein subfamilies that are associated with either ubiquitination or PARylation 
42

. In 

particular, E3 ubiquitin ligases (RNF146, Deltex family members, HUWE1, Trip12) 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 
12,42

. 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) 
45

. 

Consequently, PAR binding to RNF146 activates its E3 ligase function and results in 

Figure 2. WWE domain of RNF146 in 

complex with iso-ADPR (PDB ID 3V3L) 
43

. 

The cartoon structure of the WWE 

domain is shown in cyan, and the 

iso-ADPR ligand as atom-coloured stick 

model. 
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polyubiquitination of several PARylated proteins involved in DNA damage response including 

PARP1, XCRR1, DNA ligase III for subsequent proteosomal degradation thereby regulating cell 

survival and DNA repair 
45,46

. 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 
47

. 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 
43

 [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 
48

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

including splice variants 
48,49

 of which the vertebrate histone variant macroH2A1 was the first 

identified member 
50

. Macrodomain-containing proteins may include up to three macrodomains 

often combined with other regulatory and signalling modules [Figure 3] 
51,52

.  

 

 

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. 
50

 and Feijs et al. 
52

 and prepared using IBS 
53

.  

 

 

 

Macrodomains are globular protein domains with 130-190 amino acids, thus approximately 

25 kDa in size. Their structure consists of a mixed Ŭ/ɓ/Ŭ fold composed (for most human 

macrodomains) of central ɓ-sheets with six ɓ-strands in a mixed parallel/antiparallel arrangement 

which are surrounded by five Ŭ-helices as shown for instance for PARP14 MD2 [Figure 4] 
54ï57

. 

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 
55

. 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-1ǋǋ-phosphate (Appr-1ǋǋ-P) 

or O-acetyl-ADP-ribose (OAADPR) 
54,58ï61

. Appr-1ǋǋ-P constitutes a tRNA splicing byproduct 
62

, 

while OAADPR is a metabolite produced through deacetylation of proteins by sirtuins such as 

SIRT1 
63

. 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 
54

. 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] 
33,54,64

. 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 
59,65

 and more importantly to function as mono(ADP-ribosyl) 
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hydrolases, thus reversing protein ADP-ribosylation, as briefly mentioned previously 
30ï32

. 

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 
29

. 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 
26

. 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. 

 

 

 

Figure 4. PARP14 MD2 in complex with ADPR (PDB ID 3Q71) 
66

. 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 ΨmacroH2A-likeΩ defined branch 
67

. 

 

 

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 
68

. Two genes encode the proteins 

macroH2A1 and macroH2A2, whereby two isoforms, macroH2A1.1 and macroH2A1.2, are 

generated from macroH2A1 through alternative splicing 
69

. 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 
70

.  

MacroH2A variants have been associated with the regulation of gene expression programmes 

during cellular differentiation and vertebrate development 
71

. MacroH2A1 was initially shown to 

be involved in gene transcription repression contributing to the silencing of the X chromosome in 

somatic cells of females 
72

. However, studies performed on embryonic stem cells suggested that 

macroH2A1 also facilitates transcriptional activation of genes important for their differentiation 

and development 
73

. 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 Ku70ïKu80, thus it was suggested to regulate DNA damage response 
74

. 

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

metabolic pathways 
61,75

.  

 

 

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 
76,77

. Furthermore, it was suggested that MacroD1 integrates into 

the NF-əB transcriptional complex through associating with its p65 component and is required for 

its functional activation 
78

. However, MacroD1 also possesses a mitochondrial targeting signal 

and shows mitochondrial localisation 
60

. It is unclear how this relates with its proposed nuclear 

functions. MacroD2 is present in the nucleus and cytoplasm 
60

 and was shown to activate 

glycogen synthase kinase 3ɓ (GSK3ɓ) in vitro and  in cells by reversing its MARylation-mediated 

inhibition catalysed by PARP10 
30

. 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 
60

. 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 
67

.  

 

 

3.3. ALC1, PARG and TARG1 

 

ALC1 (óamplified in liver cancer 1ô, also called CHD1L) contains, apart from its N-terminal 

macrodomain, a helicase domain that is also found in the Snf2 family of ATP-dependent 

chromatin remodelers 
58,79

. ALC1 has been reported to be involved in several functions including 

DNA damage repair, gene regulation, cell proliferation, embryonal development and 



Introduction  11 

p53-independent apoptosis 
67

. 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 
58,80

. 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 
67,81,82

. Finally, depletion of 

TARG1, the óterminal ADP-ribose protein glycohydrolase 1ô (C6orf130, 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 
32

.  

 

 

3.4. MacroPARPs 

 

The so called ómacroPARPô 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 óBALô 

(B-Aggressive Lymphoma) family due to their overexpression and disease association in B-cell 

lymphoma 
83,84

. 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 
16

. 

Both, PARP9 and PARP15, have two macrodomains and PARP14 has three consecutive 

macrodomains 
51

. All three proteins are encoded on the same chromosomal locus, 3q21, 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 
85

. 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 
86

. 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 
85

. In earlier 

studies however, all three macroPARPs were described as transcriptional regulators with PARP9 

and PARP15 repressing transcription when tethered to a promoter 
84

. 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 
87

. Due to the relevance for this project, 

PARP14 functions are discussed more detailed in the following.  

 

 

3.5. PARP14 ï 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 STAT6-dependent gene expression, and was therefore also termed óCoaSt6ô 

(collaborator of STAT6) 
88ï90

. 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 p100 and p300. p100 interacts with RNA 

polymerase II  
91

 and is also MARylated by PARP14 which might help to bridge STAT6 to the 

transcription machinery 
52,92

. 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 
93ï95

. In 

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 
96

. 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 óautocrine motility factorô, by inhibiting its 

ubiquitination-mediated degradation 
97

. Moreover, PARP14 has recently been shown to promote 

the Warburg effect in hepatocellular carcinoma cells by inhibiting the pro-apoptotic kinase JNK1. 

This in turn halts JNK1-mediated phosphorylation of PKM2 and the resulting low PKM2 activity 

positively regulates aerobic glycolysis, promoting cell survival and proliferation 
98

. 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 
99

.  
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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 mRNA 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 
100

. 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 

3ô 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 
101

. 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 

93,102ï104
. In 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 
105,106

. 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 
106

. Furthermore, a global proteomic analysis of macrophage cell 

lines treated with IFNɔ or IL-4 revealed that PARP14 cross-regulates with PARP9 macrophage 

activation which could be linked to human coronary artery disease by network analysis 
107

. Apart 
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from its role in the anti-inflammatory IL-4ïSTAT6 pathway, PARP14 was additionally shown to 

suppress the pro-inflammatory IFNɔïSTAT1 axis by inhibiting STAT1 activation 

(phosphorylation) through ADP-ribosylation. This is antagonised by PARP9 which interacts with 

PARP14 and thereby promotes IFNɔ pro-inflammatory responses. In PARP14
-/-

 mouse models, 

PARP14ôs protective effects against arterial disease, i.e. its anti-atherogenic role by suppression 

of macrophage activation, could be confirmed 
107

.  

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 
108

. 

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 
109

. 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 
109

.  

Finally, it is possible that PARP14 may participate in the NF-əB 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-əB pathway by 

MARylating NEMO (NF-əB essential modulator), the key component in the NF-əB pathway that 

assembles the IKK complex. MARylation prevents polyubiquitination of NEMO and thus 

activation of the IKK complex, subsequently resulting in decreased NF-əB signalling and gene 

transcription 
66,110

. It needs however to be confirmed if and how this interaction between PARP14 

and PARP10 is relevant for NF-əB 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 
49,67

. 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 
49,111ï115

. MacroD2 was also shown 

to be overexpressed in a subset of breast cancers and shown to mediate tamoxifen resistance and 

estrogen independent growth 
116

. Furthermore, ALC1 is frequently amplified in particular in 

hepatocellular carcinoma and identified as an oncogene promoting tumorigenesis, i.e. cell 

survival, proliferation and metastasis 
117ï119

. Apart from its role in DNA damage repair mentioned 

previously 
58

, 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 
117,120,121

. 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 
83,122,123

. 

Mechanistically, PARP9 has been shown to act in the IFNɔïSTAT1ïIRF1ïp53 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 
123

. Interestingly, PARP9 was 

also able to up-regulate expression of PARP14 in this context and a regulatory crosstalk between 

PARP9 and PARP14 was suggested 
123

. PARP14, found to be overexpressed in particular in 

lymphoid cell lines and hepatocellular carcinoma, promotes through its action in the IL-4ïSTAT6 
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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 
67,124ï126

.  

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 
127,128

. Two generations of PARP1 inhibitors were developed including 

AstraZenecaôs first-in-class inhibitor olaparib which are in Phase III trials or FDA approved for 

treatment of ovarian and breast cancer 
128ï130

. 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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analogue adenosine 5ô-diphosphate (hydroxylmethyl) pyrrolidinediol (ADP-HPD) 
131ï136

. 

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 
137

. 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 
138

. 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 

via an allosteric binding mechanism. PARP14 as an emerging 

therapeutic target is also currently in focus for inhibitor 

development by other research groups. However, all published 

approaches so far address targeting its catalytic PARP domain and not of any other PARP14 

domain 
139ï141

. 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 MARylation 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.   

Figure 6. Structure of GeA-69. 
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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 MD2 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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II.  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 MARylated proteins 
66

. Although 

being in close proximity in the polypeptide, the macrodomains bound ADPR independently from 

each other, thus did not cooperate or have allosteric contact 
66

. While MD1 was shown to interact 

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

(~5 µM). 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 
66

. 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 KD, the binding stoichiometry n and binding enthalpy ȹH of 

macromolecular interactions, e.g. of protein-protein or protein-ligand interactions, without the 

need of chemical tagging or immobilisation of the interacting components 
142

. 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 
143

. 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 

protein 
144

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

showed that ADPR indeed bound weakly to PARP14 MD1 with a KD of (137 ± 7) µM, and MD2 

recognised ADPR with an higher affinity of (6.8 ± 0.1) µM than MD3 (KD (ADPR) = 
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(15 ± 0.9) µM) [Figure 9B]. Of note is that, here as in the following, the errors given for KD 

values obtained from ITC measurements are only errors of the fit of the data to an one-site 

binding isotherm, since errors of the KD values themselves could not be measured by independent 

biological repeats. Furthermore, KD 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. 
43

 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, Tyr1576) are still present in this domain.  

 

 

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. 
43

 are highlighted in yellow and cyan, 

respectively. Residues highlighted in red are non-conserved, however, interacting with iso-ADPR in RNF146.  
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The detection of PAR binding of PAR-recognising modules is typically performed by preparation 

of [
32

P]-labelled PAR in a PARP1 auto-modification or substrate-assisted catalysed reaction 

whereby histones are generally used as acceptor proteins. [
32

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 
25,40,60,145

. 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 
43

 [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 
146

, 

PAR was generated using the catalytic domain of PARP5 (TNKS1). Its suitability for PAR 

generation has been recently established 
146,147

. 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 PARP5 to polymerise ɓ-NAD
+
 to linear oligomers with ~20 ADPR units instead to long and 

branched chains obtained with PARP1 
11

 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-PARylation reaction a catalytic dimer is required, where the two 

units simultaneously function as catalyst and acceptor molecules 
148

, 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.  

 

 

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 S75 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 (KD = (508 ± 12) nM), confirming previous results 
43

 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 Tm (°C), the temperature at which half of 

the protein is unfolded 
149,150

. 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 Tm is calculated from the fluorescence wavelength ratio of 

330/350 nm that describes the shift of tryptophan emission upon unfolding 
151

. 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 Tm shift of 4.5 °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 KD 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 

evolutionaril y 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 [
32

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.  

 

 

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 µg 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. 
66

 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 µM of PARP14 MD1, 2 or 3. (C) Iso-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 µM 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. Tm shift data is mean ± SD, n = 6 of three independent 

experiments. (E) Summary of KD 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 
66

.  

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 
36

. 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 
58,87

. 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 
152

. For performance of the 

assay, cells are typically sensitised with the halopyrimidine deoxynucleoside 5-bromo-2ô-

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 
58,153,154

. 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 
31

. The only requirement for this 

technique is a good nuclear localisation of the protein of interest. Since PARP14 macrodomains 
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have been reported to localise to sites of DNA damage 
109

, 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 

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] 
66

. 

The ADPR is stabilised by several hydrogen bond 

interactions in a deep pocket of the protein. The adenine 

base forms a hydrogen bond with its nitrogen N6 to the 

non-conserved Gln1024 and undergoes interaction with 

His1172. The adenine proximal ribose unit is hydrogen 

bonded to Asp1175 and Thr1134. The pyrophosphates are held by loop regions, mainly 

interacting with the backbone NH of Leu1046, Gly1135, Asn1136 and Leu1137. The terminal 

ribose is involved in a complex with a water molecule together with Arg1043. Mutations were 

introduced either singly or combined into PARP14 MD2 that could sterically interfere with or 

significantly reduce binding of ADPR to the macrodomain and included Q1024A, H1172A, 

D1175A, D1175Y and G1044E [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 
64

. 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 donôt 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 
66

 that it prevents 

Figure 10. PARP14 MD2 in complex with 

ADPR (PDB ID 3Q71) 
66

. Critical residues of 

PARP14 MD2 (yellow) involved in direct 

interactions with ADPR (cyan) are shown as 

atom-coloured sticks. Hydrogen bonds 

between ligand and protein or structural 

waters are indicated by dotted lines. 
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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 
155,156

. 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 MD3G1257E mutant (the MD2G1044E-

corresponding mutant) as well as MD2G1055E were not soluble as purified proteins that would have 

allowed their testing for ADPR binding. Therefore, PARP14 MD1G832E, 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 MD3G1257E 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), ~н ˃Ǝ ƻŦ 

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 

ƳŀŎǊƻŘƻƳŀƛƴ ǇǊƻǘŜƛƴ όор ˃aύ ŀǘ мн ϲ/Φ ¢ƘŜ ǎƳŀƭƭ ƎǊŀǇƘ ƛƴ ǘƘŜ ƭƻǿŜǊ ǇŀǊǘ ƻŦ ǘƘŜ ŦƛƎǳǊŜ ǎƘƻǿǎ ŀƴ ƻǾŜǊƭŀȅ ƻŦ ǘƘŜ 

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 µM of the macrodomain protein. For all 

other titrations, 0.7 mM ADPR was titrated against 35 µM of macrodomain protein. All measurements were 

performed at 12 °C. Additional binding and fitting parameters are provided in Figure S4. 



Results and Discussion ï Chapter 1  29 

 

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 (óimportinsô) or export (óexportinsô) their cargo 

through the nuclear pore complex 
157

. The transport mechanisms are driven through recognition of 

nuclear localisation signals (NLS) or nuclear export signals (NES) by the respective karyopherin 

members 
158

. For promoting the up-take of the macrodomain proteins, a classical monopartite 

NLS (PKKKRKV) 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-Ŭ 
159

. 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 MD1G832E, MD2G1044E 

or MD2G1044E, H1172A, D1175Y and 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 PARP14 ómacroPARPô 

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.  

 

 

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 ǿƛǘƘ ǘƘŜ Ǉ5hbwϰннм ǾŜŎǘƻǊ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ 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-ŘƛǊŜŎǘŜŘ ƳǳǘŀƎŜƴŜǎƛǎ ŀǘǘŜƳǇǘǎΣ ŀ ŎƻǊǊŜŎǘ ŎƭƻƴŜ όƭŀōŜƭƭŜŘ Ψ¸Ct-PARP14-C[Ω ƻƴ ǘƘŜ ƎŜƭύ 

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 µg of total lysate were loaded for analysis of the 

macroPARP and full-length construct and 20 µg 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 Ahelôs 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, H1172A, D1175Y [Figure 14A] . This step also further 

validated the ADPR binding studies previously performed with the purified mutant proteins. 

Furthermore, the PARP14 MD2 recruitment was dependent on both the presence and activity of 

PARP1 [Figure 14B, C]. In the absence of PARP1, 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.  

 

 
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 MD2 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 MD2G1044E) and mutant 2 (PARP14 MD2G1044E, H1172A, D1175Y). 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
+/+

 and 

U-2 OS/PARP1
-/ -

 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-ǘǊŜŀǘŜŘ ŦƻǊ м ƘƻǳǊ ǿƛǘƘ 5a{h ƻǊ ǿƛǘƘ мл ˃a ƻŦ ǘƘŜ t!wtм 

inhibitor olaparib, subjected to laser micro-irradiation (white arrows) and imaged at the indicated times. Note: These 

experiments were performed by Dr. Ian Gibbs-{ŜȅƳƻǳǊ ό5ǊΦ LǾŀƴ !ƘŜƭΩǎ [ŀōƻǊŀǘƻǊȅΣ {ƛǊ ²ƛƭƭƛŀƳ 5ǳƴƴ {ŎƘƻƻƭ ƻŦ 

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. 
66

. 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 MD3G1257E 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. 

 

 

 

Figure 15. PARP14 recruitment studies to laser-induced DNA damage sites. (A) U-2 OS cells were transfected with 

YFP-PARP14 Macro1-3 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. Ian Gibbs-{ŜȅƳƻǳǊ ό5ǊΦ LǾŀƴ !ƘŜƭΩǎ [ŀōƻǊŀǘƻǊȅΣ {ƛǊ ²ƛƭƭƛŀƳ 5ǳƴƴ {ŎƘƻƻƭ ƻŦ tŀǘƘƻƭƻƎȅΣ hȄŦƻǊŘύΦ  
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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 PARylated target sites. Yet, this result is in contrast to 

Forst et al. 
66

 who defined PARP14 macrodomains as readers of MARylation and stated that the 

PARP14 macrodomains, in particular MD2 and MD3, recognise MARylated targets such as 

PARP10 but not PARylated PARP1. 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 

known for its PARylation, not MARylation, activity in 

particular in the context of DNA damage. These results were 

additionally confirmed by pulldown experiments [Figure 16], 

where PARP14 MD2 was shown to pull-down PARylated 

PARP1, whose identity and modification was confirmed by 

mass spectrometry and anti-PAR Western blotting, 

respectively. Since PARP14 macrodomains were however 

shown to be unable to recognise PARylated PARP1 directly in 

in vitro pulldown assays performed with purified and 

automodified PARP1 
66

, it could be possible that the PARP14 

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 PARP1.  

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 

Figure 16. PARP14 MD2 interacts 

with PARylated PARP1. Whole cell 

lysates from H2O2-treated Jurkat 

cells were incubated with 

macrodomain baits immobilised on  

Dynabeads®. Proteins isolated by 

pull-down were eluted with 1 mM 

ADPR and visualised by silver 

staining (SS) ŀƴŘ ʰ-PAR Western 

blotting (WB). Control: no 

macrodomain bait immobilised. 

TARG1 hydrolases PAR from PARP1.  
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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 MD2 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 ï 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
2+

-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 KD 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 KD of 

(862 ± 40) nM in a 1:1 binding stoichiometry. Raw injection heats are shown for a blank titration of PARP14 MD2 into 

buffer (top), and titrations of PARP14 MD2 into solutions of the inactive analogue 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 
160

. Each of these mutant proteins was 

used in crystallisation trials with either GeA-69 or closely-related analogues. Finally, a construct 

of the PARP14 MD2K1048S, K1154S, K1158S, K1162S mutant gave a crystal diffracting to 1.6 Å 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 KD of (2.1 ± 0.1) ɛM [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 ˊ-ˊ 

interaction with ring C and Phe1129 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 Phe1182, Leu1171 and Phe1169. The sulfonamide moiety of 

MnK2-13 formed several hydrogen bonds to the macrodomain including to the amide of Ile1132 

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 Phe1144 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 MD2 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 
161

. 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 ɛM GeA-69, binding of ADPR to the macrodomain was not detected while in 

absence of the inhibitor ADPR bound with a KD of (7.8 ± 0.5) ɛM [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 Ala1131-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) 
66

 and inhibitor-bound macrodomain structure shows that 

Phe1144 (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) 
66

 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 ˃ a t!wtмп a5н ƻƴƭȅ όōƻǘǘƻƳύ ƻǊ пл ˃a t!wtмп a5н ƛƴ ǇǊŜǎŜƴŎŜ ƻŦ ул ˃a DŜ!-69 (middle). Only in absence 

of the inhibitor, the expected KD for ADPR of (7.8 ± 0.5) ˃ a ǿŀǎ ƻōǎŜǊǾŜŘΦ 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 II.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 Zô 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 
163

 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 µM, by BLI at a compound concentration of 50 µM or by ITC at a compound concentration 

of 30 µM [Figure 20A, S8]. Binding was only detected to PARP14 MD2 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 



Results and Discussion ï Chapter 2  44 

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 II.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 
164,165

, the internal database was 

searched for experimental thermal shift assay data of kinases that were screened against this 

compound. 46 kinases 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 

нлл ˃a όǘƻǇ ǊƛƎƘǘύ ƻǊ ōȅ ōƛƻƭŀȅŜǊ ƛƴǘŜǊŦŜǊƻƳŜǘǊȅ ό.[Lύ ŀǘ ŀ ŎƻƳǇƻǳƴŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ рл ˃a όōƻǘǘƻƳ ǊƛƎƘǘύΦ .ƛƴŘƛƴƎ 

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) 
58

, macroH2A2 (PDB ID 2XD7) or TARG1 (PDB ID 4J5R) 
31

 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 × 10
-2
 s

-1
 resulting in a 

half-life of binding (t1/2, residence time) of 42 seconds [Figure 21A]. Dynamic light scattering 

(DLS) revealed that GeA-69 is soluble in cell culture medium up to 250 µM 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 logPe 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 EC50 of ~50 µM 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 
109,166,167

. 

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 
168

. To perform the assay, intact live U-2 OS cells were treated with 250 µM 

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] 
169,170

. 

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 
170

.  
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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 ka is 1.35 × 10
4
 M

-1
s

-1
 while 

the mean kd is 2.4 × 10
-2
 s

-1
 resulting in a half-life of binding (t1/2, residence time) of 42 seconds. Here, a KD for GeA-69 

of (1.4 ± 0.2) µM was calculated. (B) GeA-69 is soluble in cell culture medium up to 250 µM 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 (logPe) 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 - нрл ˃aύ ŀƴŘ ŎŜƭƭ Ǿƛŀōƛƭƛǘȅ ǿŀǎ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ǘƘŜ !ƭŀƳŀǊ.ƭǳŜϰ ǊŜŀƎŜƴǘΦ 9/50 values were 

calculated from three independent experiments with EC50ψIŜ[ŀ Ґ όру ҕ оΦфύ ˃aΣ 9/50_U-н h{ Ґ όрн ҕ мΦмύ ˃aΣ 

EC50_HEK293 = (54 ҕ нΦнύ ˃aΦ wŜǎǳƭǘǎ ŀǊŜ ŜȄǇǊŜǎǎŜŘ ŀǎ ƳŜŀƴ ҕ {9aΣ ƴ Ґ оΦ (E) CETSA experiments performed with 

intact U-2 OS cells treated with 250 µM 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 µM GeA-69 and completely prevented in cells exposed to 

250 µM 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 II.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 DMSO, 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 µM 
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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.  

 

 

  

 
 

 

 

  

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-2 OS 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. Ian Gibbs-Seymour (Dr. Ivan 

!ƘŜƭΩǎ [ŀōƻǊŀǘƻǊȅΣ {ƛǊ ²ƛƭƭƛŀƳ 5ǳƴƴ {ŎƘƻƻƭ ƻŦ tŀǘƘƻƭƻƎȅΣ 

Oxford).  
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2.1.2. GeA-69 selectivity over PARP15 MD1 

 

PARP15 MD1 arose from gene duplication of PARP14 MD2 
85

 

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 

available, a homology model for PARP15 MD1 was build and 

used for the structural analysis. Sequence as well as structural 

comparison of PARP15 MD1 and PARP14 MD2 revealed that 

the residues around the binding site of GeA-69 are mostly 

identical in both proteins with exception of Val1092, Leu1171 

and Asn1178 which are replaced in PARP15 MD1 by Ala90, Val171 and Gly178, respectively 

[Figure 23]. It can be assumed that Val171 similarly interacts with MnK2-13/GeA-69 like 

Leu1171 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 

Figure 23. PARP14 MD2 in complex 

with MnK2-13 (magenta) and 

GeA-69 (cyan) which was docked 

into the binding site.  
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concentrations and glycerol for protein stabilisation and prevention of aggregate formation 
171

 

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 
172,173

. 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 

in optimisation and associated with low yields of active protein 
174

 and very few attempts of 

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 
175

. 

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.  

 

 
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-Bsa4 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 His6-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 
176

, 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 
177

 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 Tm 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
3+

 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
3+

-cryptate, light emission from XL665 at 665 nm could be measured as 

HTRF signal 
178

. 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.  
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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 
179

 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.  
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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 IC50 values by AlphaScreen 

and/or KD 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 

quantities 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 MD2 purification is shown in 

Figure 27.  

 

 

Legend to Figure 27: Representative example of PARP14 MD2 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 His6-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 His6-tag cleavage to obtain purified His6-tagged 

PARP14 MD2. GF fractions were analysed for purity by SDS-PAGE. Fractions with high target/background ratio were 

pooled (here: A3 ς A10) and passed through a low volume of Ni-sepharose to remove any remaining impurities 

including the His6-ǘŀƎƎŜŘ ¢9± ǇǊƻǘŜŀǎŜ όнф ƪ5ŀύ όΨRebindingΩ; 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 

His6-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-ˊ 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 µM. 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 Ŭ- or ɓ-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 µM. 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 µM. 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 IC50 of 0.66 µM 

[Figure 30]. Since E62637a, the E62881a analogue missing the nitrile group, inhibited the 

macrodomain with only an IC50 of 3.6 µM, and furthermore the analogues having the nitrile group 

in para (E62892a) or ortho (E62895a) position showed only IC50 values of 6.2 µM and 5.4 µM, 

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 IC50 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 
180

. 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 KD value of 

E62881a to (550 ± 220) nM which is in agreement with the AlphaScreen IC50 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 KD 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 (I). (A) Molecular structure of MnK2-97 as the first GeA-69 

analogue without carbazole scaffold. (B) MnK2-97 binds PARP14 MD2 with a KD of (18.0 ± 3.9) µM with similar kinetics 

to GeA-69 as shown by BLI measurements. Mean ka is 2.4 × 10
4
 M

-1
s

-1
 while mean kd is 1.0 × 10

-1
 s

-1
 resulting in a half-

life of binding (t1/2, residence time) of 10 seconds (GeA-69: t1/2 = 42 sec). (C) Binding of MnK2-97 to PARP14 MD2 was 

confirmed by ITC (also with a KD of (18 ± 2.4) µM) by titrating PARP14 MD2 into a 40 µM 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 µM. Raw injection heats are shown resulting from titration of a 1 mM ADPR solution into the 

cell containing either buffer (top) or 40 µM PARP14 MD2 in presence of 80 µM GeA-69 (middle) or 250 µM MnK2-97 

(bottom). The normalised binding enthalpies are shown in the inset including the measurement of PARP14 MD2 only 

as a reference (KD (ADPR) = (7.8 ± 0.5) µM). The calculated KD for ADPR binding of PARP14 MD2 in presence of 250 µM 

MnK2-97 was calculated to (40 ± 3.8) µM. Additional binding and fitting parameters are provided in Figure S17.  

 

 

 

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

(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 IC50 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 ka is 6.6 × 10
3
 M

-1
s

-1
 while mean kd is 5.4 × 10

-3
 s

-1
 resulting in a half-life of 

binding (t1/2, residence time) of 185 seconds (GeA-69: t1/2 = 42 sec). The calculated KD (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 µM PARP14 MD2 into a 

solution containing 10 µM 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 (II). 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 KD of 18 µM, 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 including the mutant MD2K1048S, 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 Schüler (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 × molar concentration of the protein with 

> 10×KD, 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 
66

, indicating that MD2 in conjugation with MD1 might be more crystallisable and does 

not require macrodomain stabilisation by a ligand to form crystals. 

 

 
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 ¢ŀŎǎƛƳŀǘŜϰ (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 ï screening experience with Novartis using 

a public 45,000 compound library 

 

It was also desired to obtain an orthosteric PARP14 MD2 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 AlphaScreen signal 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 
180ï182

. 

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 
183

. As it has also 

been shown previously in the group 
163

 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 IC50 

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 ɛM. The NDDI library is a subset of the compound libraries 

offered by commercial vendors containing structurally diverse compounds with drug-like 

properties (based on Lipinskiôs órule-of-5ô) 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 Zô values and 

the IC50 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 
184

, these initial hit compounds were then further validated by 

counterscreening (as far as the compound stock was available) using a biotinylated-His6 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 

IC50 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 His6-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 IC50 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 µM and IC50 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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Figure 33. PARP14 MD2 45, 000 compound screen ς hit selection and validation by AlphaScreen (I). (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 µM is shown. Compound macrodomain 

inhibition and counterscreen activity (%) were determined at Novartis in a single experiment (N=1, n=1) and at the 

SGC in 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). IC50 

values are mean of two replicates (N=1, n=2). ²ƘŜǊŜ ƛƴŘƛŎŀǘŜŘ ǿƛǘƘ Ψ---Ψ, no counterscreen or IC50 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.   


















































































































































































































































































































