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Abstract

Tankyrase (TNKS1 and TNKS2) is a promising target in anti-cancer drug
discovery due to its role in regulating cellular processes which are dysregulated
in cancer. In addition to catalysing the poly(ADP-ribosyl)ation of substrate
proteins, tankyrase is a scaffolding protein which recruits substrate proteins
through its ARC domain, and undergoes SAM domain mediated polymerisation.
Whilst tankyrase inhibitor development has focused on antagonists of the
catalytic PARP domain, the limitations of this approach have been suggested in
recent literature highlighting the contribution of catalysis-independent
mechanisms to cellular tankyrase functions. The aim of this work is the
development of chemical tool compounds targeting the non-catalytic functions of
tankyrase.

The development of substrate binding antagonists of the tankyrase ARC domain
from a literature-reported fragment hit has been pursued using fragment-based
drug discovery. Hit optimisation was undertaken through iterations of in silico
guided fragment design, synthesis, and testing in biophysical NMR assays
against TNKS2 ARC4. Whilst modification of the furan motif did not lead to an
increase in binding affinity, quinoxaline substitution led to fragment analogues
with improved binding affinity (Ka = 240 uM and K4 = 120 pM) which maintain
competitive binding in a specific sub-site of the substrate recognition pocket of
TNKS2 ARC4. A higher throughput fluorescence polarisation assay was then
established and was used to determine the potency of higher affinity compounds
based on lead fragments.

Targeted degradation of tankyrase has been pursued by the synthesis of
PROTACs from a potent catalytic tankyrase inhibitor in conjunction with a
cereblon E3 binding ligand. The synthesis and profiling of heterobifunctional
compounds based on the catalytic tankyrase inhibitor XAV939 was undertaken.
No evidence of tankyrase degradation in cells was observed, however
compounds with a reduced hydrogen-bond donor count showed binding to
tankyrase and cereblon in both biochemical and cellular target engagement
assays, therefore demonstrating cellular permeability.
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Chapter 1 Introduction

1.1 Cancer and Targeting Post-translational Modifications

1.1.1 Hallmarks of Cancer

Cancer is a group of over 200 related diseases which arise from an accumulation
of genetic changes, resulting in uncontrolled growth of cells into malignant
tumours." The initiation and progression of cancer involves genetic mutations in
proto-oncogenes and tumour suppressor genes, leading to the disruption of
cellular processes.’ During the multistep progression of cancer, there are
numerous capabilities which are acquired by cells for the evolution of a pre-
malignant cancerous lesion, through formation of a local tumour, into metastatic
disease (Figure 1.1).2* These functional capabilities were first introduced as the
‘hallmarks of cancer’ in 2000 and since then, two updates to the original hallmarks
have been published to include developments in cancer biology research over
the past 20 years.®S In addition, ‘enabling characteristics’ which allow the

functional hallmark traits to be acquired by cancerous cells have been identified.*
5
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Figure 1.1. The hallmarks and enabling characteristics of cancer. Figure from Hanahan and
Weinberg, 2022.5
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1.1.2 Cancer Therapy

Cancer is a leading cause of death worldwide which was responsible for a total
of 10 million deaths in 2020.57 It is a major global health concern, with the
incidence and mortality rates growing as a result of different epidemiological
factors including aging populations and increasing prevalence of risk factors
associated with socioeconomic development.6 Conventional cancer treatment
includes localised therapies such as surgery and radiotherapy targeted at the
primary tumour.8 However, the spread of cancer throughout the body, or cancer
metastasis, is the cause of up to 90% of cancer-related deaths.” ° Systemic
chemotherapy — involving the administration of cytotoxic compounds, typically
DNA damaging agents — is another conventional anti-cancer treatment which is
used to treat both primary as well as metastatic disease.’® Chemotherapy
resulting in DNA damage inhibits the uncontrolled growth and proliferation of
tumours by either initiation of cell cycle arrest or apoptosis.® ' However, as
genotoxic chemotherapy is systemic and non-specific to tumour cells, it leads to
side effects and toxicity as a result of targeting rapidly dividing cells throughout
the body.® DNA damaging chemotherapy also leads to increased risk of
development of secondary cancers as the drugs themselves are carcinogenic.
The need for safer and more effective drugs, as well as an increased
understanding of the hallmarks and enabling characteristics underlying cancer
biology, has led to the emergence and advancement of targeted therapies as

novel systemic anti-cancer therapeutics.”-8

1.1.3 Targeted Therapy in Cancer Treatment

Targeted therapy includes biological therapies, hormone therapy,
immunotherapy, and small molecule drugs. The development of targeted
therapies has resulted from the identification and validation of molecular targets
— genes, proteins, hormones and signalling molecules — which are important in
oncogenic processes and pathways.'! The first small molecule targeted therapy
approved for clinical use by the US Food and Drug Administration (FDA) was
imatinib, which was approved in 2001 for the treatment of chronic myeloid
leukaemia.? " Imatinib is a small molecule inhibitor of BCR-ABL tyrosine kinase,
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which is a member of a larger class of proteins known as kinases.'? Most other
small molecule drugs which have been clinically approved in the 20 years since
the approval of imatinib are also kinase inhibitors.® '3 Other classes of targeted
therapeutics in clinical use include inhibitors of epigenetic regulatory proteins,
DNA damage repair enzymes and the proteasome (Figure 1.2).8 13

Brigatinib: ALK/EGFRAGF | RFLT
ROS ishibitor Pemigatinib: FGFR inhibitor
Thgmet; EDOPR/NFOPREGER] Avapritinib: KIT/PDGFR inhibitor
Cabazantinib; VEGFR/ROS/TIE KIT/RET inkibitor Ripeetinib: KIT/PDGER inbibitor
¢-Met/KITITRK2/ Acalsbrutinib: BTK ishibitor Schumetinib: MEK 172 inhibitor
RET ishibitor Ribociclib: COKA/6 mhabitor Cupmatinib: ¢-Met inhibitor
Pooatinib: Ber-ABVPDGFRFGIR/ Abemaciclib: CDKA/%6 inhibitor Tepotinib: c-Met inhibitor
SeIFLTVKIT inhibisor Neratinib: EGFRHER2 inbibitoe T T
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Figure 1.2. Small molecule targeted anti-cancer drugs approved from 2001 to 2020. Timeline
for the clinical approval by the US FDA and National Medical Products Administration (NMPA)
China. Figure from Zhong, L. et al, 2021.8

Kinases are a major target in anti-cancer drug development as they catalyse the
phosphorylation of proteins, an important example of a post-translational
modification (PTM) which is associated with cancer progression. PTM is a
reversible control mechanism for the regulation of proteins in cellular processes,
by the addition and removal of chemical moieties or modifying proteins to the
functional groups of amino acids.'*'® PTMs can result in the alteration of protein
structure or changes in protein-protein interactions, which affect their biological
functions and has implications in the development of cancer.'” Therefore, effector
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proteins, such as kinases, which are involved in the regulation of PTMs represent

targets for the development of targeted cancer therapeutics.

1.1.4 Post-translational Modifications in Targeted Therapy

There are over 200 examples of PTMs in addition to phosphorylation’-19,
including methylation2%-2', acetylation'®, ubiquitination®?25 and ADP-ribosylation?®
(Table 1.1)."® Phosphorylation is a cellular regulatory mechanism which is integral
to cell signalling and the control of cell growth, and over 30 kinase inhibitors have
been clinically approved by the US FDA as oncology drugs.'®1° 27 Methylation
and acetylation of histone proteins are involved in epigenetic regulation of gene
expression and transcription, and affect other cellular processes through
modification of non-histone proteins such as transcription factor and tumour
suppressor p53.'% 28 To date, five histone deacetylase (HDAC) regulators are
approved for clinical use as cancer therapeutics (Figure 1.2), whilst inhibitors of
methyltransferases and demethylases have also entered clinical trials.8 20-21. 29
Further to this, chemical modulators of the ubiquitin-proteasome system, such as
immunomodulatory drugs (IMiDs) and heterobifunctional proteolysis-targeting
chimeras (PROTACSs), are providing novel approaches for targeted protein
degradation by E3 ligase-mediated ubiquitination of neosubstrates.?* 30 There
are currently three IMiDs approved for use in multiple myeloma, and 15 targeted
protein degraders have entered clinical trials.30-3" ADP-ribosylation is another
post-translational modification for which inhibition has been validated as an
approach in targeted cancer therapy in a clinical setting.3? Olaparib, rucaparib,
niraparib and talazoparib are four clinically approved drugs which target ADP-
ribosylation through inhibition of poly(ADP-ribosyl) polymerases (PARPSs),
PARP1 and PARP2 (Figure 1.2).8.33-34
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Table 1.1. Summary of common post-translational modifications (phosphorylation,
methylation, acetylation, ubiquitination and ADP-ribosylation). The chemical modification,
targeted amino acid residues, and the enzymes and co-substrates involved in the PTM are

indicated.
Modification Residues Enzymes Co-substrates
NH,
Phosphorylation _ R
Ser, S ﬂ, HO\E:O\S/O\E/O N N/J
TR o}
Ho 2o, Thr, T - RS -4
',:,) R Tyr, Y Phosphatases
o Adenosine-5'-triphosphate (ATP)
NH,
. NN
Methylation Lys.K Methyltransferases Ho)o%/gm O<N W
HsC., .R Arg, R
3 H 9 Demethylases onon
S-Adenosyl-L-methionine (SAM
y
NH,
Acetylation o o o </: ()
Acetyltransferases HacYS\/\NMNMO\g/O\E/O ol "
H L S K o H " on o O
HsC._N. ys, ~—
\ﬂ/ R Deacetylases o
o)

Acetyl coenzyme A (Acetyl CoA)

7D
2, v\

N ¢\J/
Ubiquitination Cys, C E3 ubiquitin ligases ( (:’

+ U_quUItIn Ser, S Deubiquitinating g _-c
protein (8 kDa) Thr, T enzymes ‘\\ /

Ubiquitin (PDB:30NS)

Glu, E i NHa
Asp, D A o </Nf\/j‘
ADP- Ser.S  ADP-ribosyl transferases Y 08080 NN
Ribosylation : — bj P
Arg, R -~ OH OH OH OH
+ ADP-ribose Lys, K ADP-ribosyl hydrolases
Cys, C Nicotinamide adenine dinucleotide
Asn, N (NAD+)
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1.2 ADP-Ribosylation and Poly(ADP-Ribosyl)ation

ADP-ribosylation was first identified in the 1960s when it was observed that
diphtheria toxin required nicotinamide adenine dinucleotide (NAD*) to elicit its
pathogenic effect of inhibiting mammalian protein synthesis.®® The post-
translational modification of ADP-ribosylation is the reversible covalent transfer
of ADP-ribose from the co-substrate NAD* to acceptor amino acid residues of
target proteins, resulting in the formation of a glycosidic linkage with the release
of nicotinamide.?®: 3637 Poly(ADP-ribosyl)ation, or PARylation, involves the
successive addition of further units of ADP-ribose to substrate proteins resulting
in the formation of poly(ADP-ribose) (PAR) chains up to 200 subunits in length
(Figure 1.3).36-38 Elongation of PAR chains can happen in a linear or branching
manner, with branching occurring once every 20 to 50 subunits on average for
PARP1/2.38

NH, NH,

‘ X
+ P2 N
e 1
/ o o N~ NH,
— — —p-0—P— N
X ) X ° o gHo gHo o ¢ fj\l
PARylating ARTDs 0 0 N— N7
OH OH OH ©O _B-0-p-
o[ OO0 o
OH OH
Branching === 0 OH OH O === Elongation
v o (ADP-ribose),
HO 5
NAD*: HO’P\C;
=0
NH2 Ho R
o 0
N— Xy
¢ ]
‘ X NH, " J
7 9 Q HO\ © /=N
N o o—z—o—z—o o o NI N,
o "o I N l
. N
OH OH OH OH (ADP-ribose), g

Figure 1.3. Summary of poly(ADP-ribosyl)ation (PARylation). An acceptor residue (X) of a
substrate protein is modified by a unit of ADP-ribose from NAD+ with the release of nicotinamide.
PAR chains are then elongated by the addition of further units of ADP-ribose. Figure adapted
from Hottiger et al, 2015.%°

1.2.1 ADP-Ribosyltransferases and Poly(ADP-ribosyl) polymerases

ADP-ribosylation is catalysed by ADP-ribosyltransferases (ARTs).%¢ In humans,
a subset of the ART family are the 17 poly(ADP-ribosyl) polymerases (PARP1-
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16, Figure 1.4).353 PARPs are alternatively referred to as diphtheria toxin-like
ARTs (ARTD1-17), as only four members (PARP1, 2, 5a, and 5b) have been
shown to catalyse poly(ADP-ribosyl)ation, whilst the remaining 13 PARPs have
been shown to either catalyse mono(ADP-ribosyl)ation or are enzymatically
inactive.®8 40 Whilst PARPs are the writers of ADP-ribosylation other proteins are
also involved in regulating the post-translational modification. Readers of ADP-
ribosylation are proteins which contain domains that recognise and bind different
regions of ADP-ribosylated substrates; these include macrodomains, PAR-
binding zinc-finger (PBZ) and WWE (Trp-Trp-Glu) domains.3% 3% ADP-ribosylation
modifications including mono- and poly(ADP-ribosyl)ation are removed by
erasers of the PTM or ADP-ribosylhydrolases (ARHs), such as poly(ADP-ribose)
glycohydrolase (PARG), macroD1, macroD2 and terminal ADP-ribose
glycohydrolase 1 (TARG1).35 3
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Figure 1.4. Structural domain organisation of the PARP enzymes. The conserved C-terminal
catalytic ART domain and variable regulatory domains of PARP1-16 (ARTD1-17). Figure from
Barkauskaite et al, 2015.3%

1.2.2 Catalytic and Regulatory Structural Domains of PARPs

As shown in Figure 1.4, PARP1-16 (ARTD1-17) all possess a highly conserved
catalytic ADP-ribosyl transferase (ART) domain, otherwise known as the catalytic
PARP domain.® This domain, which is mostly C-terminal, is required for the
binding of NAD* and catalytic transfer of ADP-ribosyl moieties to substrate
proteins.*' Currently, the only crystal structure of an ADP-ribosylating enzyme
bound to the fully intact co-substrate NAD* has been solved with diphtheria toxin,
from which key features of the ART catalytic domain and binding interactions with
NAD* have been determined (Figure 1.5).4' The domain consists of two binding
regions — a ‘donor’ binding site for the binding of co-substrate NAD*, and an
‘acceptor’ region which binds either the protein residues for mono(ADP-
ribosyl)ation or the distal ADP-ribosyl for poly(ADP-ribosyl)ation. The NAD* or
‘donor’ binding site also consists of two distinct pockets, which bind either the
nicotinamide or adenosine regions of NAD* to ensure the correct orientation of
the co-substrate for ADP-ribosyl transfer.*! There is a conserved donor loop (D-
loop) within the donor region which varies in length and conformation amongst
the PARP family.®®> PARPs also possess a triad of residues necessary for
determining catalytic PARP activity: PARP1-5b contain the histidine-tyrosine-
glutamate (H-Y-E) triad of residues, whereas the remaining PARP6-16 which
catalyse either mono(ADP-ribosyl)ation or are enzymatically inactive are

characterised by a lack of the glutamate residue in an H-Y-X triad.3537 41
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Figure 1.5. Interaction of NAD* with diphtheria toxin. Crystal structure of NAD* (orange) bound
to the catalytic domain (1-191) of full-length diphtheria toxin (grey) (PDB: 1TOX). a) Nicotinamide
and adenosine binding pockets of the ART catalytic domain are circled. The catalytic H-Y-E triad
is represented by residues H21, Y54 and E148. Residues between P38 and D47 in the disordered
D-loop were not resolved. b) Residues involved in key hydrogen bond interactions (H21, G22,
T23, G34, 135, Q36, E148) and mr-stacking interactions (Y54 and Y65) with NAD+are highlighted.*!

In contrast to the highly conserved C-terminal domain, there is high variability
amongst the other less conserved regulatory domains of PARPs (Figure 1.4).
These are required for interactions with substrate proteins or nucleic acids, for
the recognition of other post-translational modifications or for the regulation of
PARP catalytic activity.®> 38 42 PARP1-3 are DNA-dependent PARPs, which
require binding of DNA for their full enzymatic activity, whereas PARP7,12-13
have CCCH zinc finger domains which are required for binding viral DNA.35 43
Macrodomains which recognise ADP-ribosylated substrates are present in
PARP9,14-15.35 4 PARP5a and PARP5b, otherwise known as tankyrase
(TNKS1 and TNKS2 respectively) possess ankyrin repeat cluster (ARC) and

sterile alpha-motif multimerisation (SAM) domains for protein-protein
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interactions.*® The diverse domain architectures between the different PARP

members determines their interactions, localisation and cellular activity.3®
1.2.3 PARP Cellular Functions

The involvement of PARPs in many cellular processes has been reported,
including DNA damage repair, telomere elongation, gene regulation and immune
or stress responses.** PARyation has major regulatory consequences on its
substrate proteins due to the addition of large, negatively charged polymeric
groups.** These regulatory mechanisms are categorised into: inhibition of
protein-protein or protein-nucleic acid interactions; scaffold formation which
affects localisation and interactions; and ubiquitination of PARylated substrates.3®
Hence, PAR-producing members of the ARTD family — PARP1, PARP2, TNKS1
and TNKS2 — have been the focus of drug discovery efforts for the development
of targeted therapeutics.* As discussed in section 1.1.4, the PARP inhibitors
which have been approved so far for clinical use in cancer therapy are inhibitors
of PARP1 and PARP2. Tankyrase is also an anti-cancer target of interest due to

its involvement in key cellular processes which are implicated in cancer.
1.3 Tankyrase Structural Domains

1.3.1 Structural Domain Organisation of Tankyrase

TNKS1 and TNKS2, referred to collectively as tankyrase, are two homologous
PARP enzymes in the ARTD family.2®¢ TNKS1 and TNKS2 have a high overall
sequence identity of 82% between paralogues, with three common structural
domains between them: a catalytic PARP domain, a sterile alpha-motif
multimerisation (SAM) domain, and an ankyrin repeat cluster (ARC) domain
(Figure 1.6).4°
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Figure 1.6. TNKS1 and TNKS2 structural domain organisation. Figure adapted from Mariotti
etal, 2017.4

TNKS1 has an additional N-terminal HPS (histidine, proline, and serine) rich
region, which is hypothesised to be intrinsically disordered due to its low
sequence complexity.*64” The N-terminal HPS region is absent in TNKS2,
however both tankyrase isoforms are largely functionally redundant as
determined from studying TNKS1 single knockout and TNKS2 single knockout

mice, and the function of the HPS domain remains unknown.®
1.3.2 Catalytic PARP Domain of Tankyrase

The C-terminal catalytic PARP, or ART, domain of tankyrase is the site of
poly(ADP-ribosyl)ation of substrate proteins and is highly conserved with other
PARPs.45: 47, 49-51 Both TNKS1 and TNKS2 catalytic domains have been studied
by X-ray crystallography and apo crystal structures have provided structural
insights (Figure 1.7a/b).4”- 5152 There are two anti-parallel B-sheets which are
flanked by four a-helices, in an overall structure which is consistent with other
ARTD catalytic domains.%® 53 Due to this structural homology, key structural
features of the catalytic domain have been identified by comparison with the
crystal structure of the diphtheria toxin bound to the co-substrate NAD* (1).#' In
addition, although there are currently no reported successful attempts in
obtaining a crystal structure of NAD* with tankyrase, a crystal structure of the
catalytic domain of tankyrase in complex with an NAD* mimic, EB-47 (2), has
been successfully determined, allowing the nicotinamide and adenosine regions
of the donor binding site to be defined in greater detail (Figure 1.7c/d/e).5
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Figure 1.7. Catalytic PARP domain of tankyrase. a) Apo crystal structure of TNKS1 catalytic
PARP domain (light orange) (PDB: 2RF5). b) Apo crystal structure of TNKS2 catalytic PARP
domain (lilac) (PDB: 3KR7). In a) and b) the D-loop and catalytic H-Y-E triad of residues are
highlighted. The zinc-binding CHCC residues are also shown (C1234-H1237-C1242-C1245 in
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TNKS1 and C1081-H1084-C1089-C1092 in TNKS2). ¢) Crystal structure of EB-47 (2) (green)
bound to the TNKS2 catalytic PARP domain (blue) (PDB: 4BJ9), highlighting the nicotinamide
and adenosine subsites of the donor region. d) Overlay of the apo and EB-47 (2) bound crystal
structures of TNK2 catalytic PARP domain, highlighting the shift in conformation of the D-loop. e)
Chemical structures of NAD+ (1) and NAD+ mimic, EB-47 (2).

From a comparison of the apo crystal structures of TNKS1 and TNKS2 catalytic
domains, it is observed that the D-loop occupies different closed conformations
in which the NAD* binding site in partly occupied (Figure 1.7a/b).#” Upon binding
of the NAD* mimic, EB-47 (2), the D-loop of TNKS2 occupies a shifted
conformation compared with the apo crystal structure, illustrating the
conformation flexibility of this region of the catalytic binding site to allow NAD*
binding (Figure 1.7c/d).5* The catalytic triad of H-Y-E residues required for
PARylation activity is close to the donor NAD* binding site — residues H1184-
Y1213-E1291 in TNKS1 (Figure 1.7a) and H1031-Y1060-E1138 in TNKS2
(Figure 1.7b). The glutamic acid residues are required for activation of the ribose
2’ hydroxyl of NAD* in the elongation of PAR chains which bind in the acceptor
site of tankyrase.®® A unique feature of the catalytic domain of tankyrase in
comparison to other ARTD enzymes is a short zinc-binding Cys-His-Cys-Cys
(CHCC) motif within a loop region located around 20 A from the NAD* binding
site, in which a zinc ion is tetrahedrally coordinated (Figure 1.7a/b/c).5" %% The
biophysical and biochemical characterisation of tankyrase catalytic domain zinc-
binding mutants recently revealed that the zinc-binding motif is important for the

structural integrity of the acceptor site.5®
1.3.3 Non-catalytic Domains of Tankyrase

In addition to the C-terminal catalytic domain common to all human ARTDs
enzymes, there are two non-catalytic structural domains shared by TNKS1 and
TNKS2 which are important in mediating both catalytic and scaffolding functions
(Figure 1.6). These are a sterile alpha-motif multimerisation (SAM) domain, and
an ankyrin repeat cluster (ARC) domain consisting of five individual ARCs (ARC1 -
5).49
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1.3.3.1 Sterile alpha-motif multimerisation (SAM) domain

The SAM domain of tankyrase is situated directly N-terminally to the catalytic
PARP domain.*%%* SAM domains are protein-protein interaction modules found
in hundreds of human proteins, which typically function in mediating self-
association through homo- and hetero-oligomerisation.®® The tankyrase SAM
domains have been shown to mediate tankyrase polymerisation both in vitro and

in vivo by centrifugation and size exclusion chromatography (SEC) studies.%6-%”

Structural information regarding SAM-mediated polymerisation of tankyrase has
been obtained using crystallography®7-%8, nuclear magnetic resonance (NMR)
spectroscopy®®, and electron microscopy (EM)57- 80, Initial structural
characterisation of tankyrase SAM domain polymerisation by crystallography
showed that both TNKS1-SAM and TNKS2-SAM domains form single-stranded,
left-handed a-helical filaments.5”% However, using cryogenic electron
microscopy (cryo-EM), Guettler and co-workers recently revealed that a SAM-
PARP unit of TNKS2 forms a novel antiparallel double helix of left-handed
protofilaments, composed of a central polymeric SAM assembly and protruding
PARP domains (Figure 1.8a).5° The double-helical polymeric structure was also
observed for the isolated SAM domain in negative-stain EM studies and is
therefore not dependent on the adjacent PARP domain, suggesting previous
single-stranded helical structures of TNKS1 SAM and TNKS2 SAM were selected

during crystallisation.57-58. 60

From both crystallographic and cryo-EM structures, adjacent SAM domains
within each protofilament form head-to-tail contacts between end-helix (EH) to
mid-loop (ML) surfaces, dominated by electrostatic interactions between basic
residues of the EH surface and acidic residues of the ML surface with an interface
area of 323 A2 (Figure 1.8b).57- €0 Site-directed mutagenesis studies showed that
VI03WML Y920AEH and VY903/920WA mutations in TNKS2 SAM domain result
in a loss of polymerisation leading to reduced catalytic auto-PARYylation activity
equal to 50% compared to wild-type TNKS2.57: €0
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From the TNKS2 SAM-PARP filament architecture determined by cryo-EM, two
novel PARP-PARP domain interfaces were identified (Figure 1.8c), with
important functions in regulating both the catalytic and non-catalytic functions of
tankyrase.®® Whilst combination mutations in the PARP tail-to-tail interface had a
minimal effect on tankyrase catalytic PARylation activity, structure-guided
mutagenesis of the TNKS2 PARP domain head-to-head interface revealed a
combination of five mutations (H1011A, E1046A, H1117A, P1120G and R1143A)
that completely abolished tankyrase catalytic auto-PARylation activity.®0 An
allosteric mechanism of tankyrase catalytic activation was proposed in which the
head-to-head contacts, which are proximal to the donor site of the catalytic
domain, induce an open conformation of the D-loop to allow access to the
adenosine region of the NAD* binding site.5°

Figure 1.8. TNKS2 SAM-PARP polymerisation characterised by cryo-EM and
crystallography. a) Cryo-EM maps (3 A) of TNKS2 SAM-PARP (left) and after masking out
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PARP (right). D and A represent donor and acceptor sites of the PARP domain. b) Key interface
residues in a TNKS2 SAM dimer pair, with key interactions indicated (orange lines). ¢) Cryo-EM
map of three PARP domains with head and tail interfaces indicated by arrows. Figure adapted
from Pillay et al, 2022.60

1.3.3.2 Ankyrin repeat cluster (ARC) domain

The ARC domain of tankyrase is composed of ankyrin repeats, another common
structural motif involved exclusively in protein-protein interactions.t'-62 The
ankyrin repeats of tankyrase are organised into five functional regions, named
ARCs 1-5, which are separated by linkers containing a highly conserved
LLEAAR/K amino acid sequence.*6: 6364 EJucidation of the structure of apo
TNKS2 ARC4 by X-ray crystallography showed that ARC4 is comprised of five
stacked ankyrin repeats (Figure 1.9a).6'62 Each of the ankyrin repeats of TNKS2
ARC4 has the canonical loop-helix-loop-helix-loop topology, with the two a-
helices arranged antiparallel to one another and the loops extending outwards to
form a sheet of B-hairpins.6'%2 The largest ARC fragment crystal structure
currently reported is TNKS1 ARC1-3, in which the structure adopts a U-shape
and ARCs 1-2 are linked by a broken helix whilst ARCs 2-3 are linked by a
continuous helix (Figure 1.9b).46.65 Small angle X-ray scattering (SAXS) analysis
showed that the TNKS1 ARC1-3 construct is conformationally rigid, but that the
complete ARC domain of TNKS1 (ARCs 1-5) exhibited high flexibility in
solution.*: 85 An extended linker between ARCs 3 and 4 was amenable to
cleavage upon limited proteolysis and the TNKS1 ARC4-5 construct showed
dynamic behaviour in SAXS analysis, suggesting the overall flexibility of the ARC

domain originates from these more flexible regions.4®
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Figure 1.9. Tankyrase ARC domain. a) Apo crystal structure of TNKS2 ARC4 (484-655) (grey)
(PDB: 3TWQ). Left: Ribbon representation highlighting the stacked ankyrin repeats (AR)
consisting of a-helices and B-hairpin loops. Right: Surface representation. b) Crystal structure of
TNKS1 ARC1-ARCS3 (174-649) (ARC1, red; ARC2, gold; ARC3, orange) bound to IRAP peptides
(not shown) (PDB: 3KR7).

The function of the tankyrase ARC domain is the recruitment of substrate
proteins.8'- 83 Specifically, ARCs 1, 2, 4 and 5 are required for the recruitment of
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tankyrase-binding proteins whilst ARC3, which has a lower degree of sequence
conservation with the other ARCs, is not involved in substrate binding.5- 66
Tankyrase substrate proteins bind to the ARC domain through recognition of a
tankyrase-binding motif (TBM) peptide sequence.*® 6. 67 The TBM was
determined as an octameric peptide with a consensus R-X-X-(small
hydrophobic/G)-(D/E/I/P)-G-(no P)-(D/E) sequence from the solution-based
screening of a peptide library based on SH3 domain-binding protein 2 (3BP2) —
a well-characterised tankyrase-binding substrate protein involved in cherubism
disease.®' A TBM peptide library was screened for ARC binding by fluorescence
polarisation, and choosing the preferred amino acid at each position (in the
context of the parental peptide) gave rise to a REAGDGEE peptide, which bound
with a 10-fold higher binding affinity (Ka = 0.6 £ 0.04 uM) compared with the 3BP2
octameric TBM peptide RSPPDGQS (K4 = 4.9 + 0.4 uM).8!

Crystal structures of TNKS2 ARC4 bound to TBM peptides from different
substrate proteins revealed that the peptide-binding pocket is centrally located on
the concave face of the ARC domain (Figure 1.10). Furthermore, the interactions
observed in the crystal structure of the 3BP2 TBM peptide bound to TNKS2 ARC4
provided an explanation for the consensus TBM sequence and identified hotspots
for peptide binding (Figure 1.10).6' An arginine in position 1 is essential for
binding, and forms key interactions in an arginine cradle composed of four
residues: W591, F593, E598 and D589. A glycine in position 6, also essential for
binding, forms an aromatic sandwich involving two tyrosine residues and a
glycine residue in the ARC: Y536, Y569 and G535. Residues in positions 2 to 5
of the TBM peptides are bound in a central patch formed by nine TNKS2 residues
(D521, R525, S527, F532, D556, L560, H564, N565 and S568). Finally, C-
terminal contacts are formed between residues in position 7 and 8 of the TBM
peptide: the main chain carbonyl of the residue in position 7 accepts a hydrogen
bond from the imidazole moiety of H571, and a salt bridge is formed to K604

when position 8 is an acidic aspartate or glutamate residue.
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Figure 1.10. Interaction of 3BP2 with tankyrase ARC domain. a) Surface representation of
TNKS2 ARC4 in complex with 16mer 3BP2 peptide (PDB: 3TWR): TBM residues RSPPDGQS
(white) and remaining residues (gold). Key peptide-coordinating residues of TNKS2 ARC4 are
coloured: arginine cradle (D589, W591, F593 and E598, green); central patch (D521, R525, S527,
F532, D556, L560, H564, N565 and S568, orange); glycine sandwich (Y536, Y569 and G535,
blue); C-terminal contacts (H571 and K604, cyan). b) Surface representation of TNKS2
ARC4:3BP2 peptide complex as shown in a), with 3BP2 residues labelled RSPPDGQS (purple).
Figure adapted from Guettler et al, 2011 .8

TBM peptides of tankyrase substrate proteins typically bind with low micromolar
affinity to the ARC domain.®' However, the presence of more than one TBM motif
in a tankyrase binder results in an overall increased binding affinity of the
substrate for tankyrase through multivalency and avidity effects, as demonstrated
with axis-inhibition (AXIN) protein — a tankyrase-binding substrate protein
involved in Wnt/B-catenin signalling.#¢ The flexibility of the ARC domain is
hypothesised to allow it to provide an adaptable binding platform for multivalent
substrate proteins which can interact with more than one individual ARC.4

Many tankyrase binding partners have been identified and validated, with an in
silico analysis of the human proteome suggesting dozens to hundreds of further
potential binders based on TBM motifs found within their sequences.®® ¢! The
binding of substrate proteins to the ARC domain is required for subsequent
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tankyrase-mediated PARylation. The addition of negatively charged PAR chains
to the substrate proteins can either directly regulate the function of the substrate
protein or result in the recruitment of PAR-binding proteins. Often, tankyrase-
mediated PARylation results in PAR-dependent ubiquitination (PARdU) and
subsequent proteasomal degradation of its substrate proteins by PAR-binding E3
ubiquitin ligases.®® In addition, tankyrase also catalyses auto-PARylation, a
process in which tankyrase itself is PARylated, allowing for control of its cellular
levels by PARdU.%°® Not all proteins which are recruited to the ARC domain
undergo PARylation, suggesting there are additional non-catalytic consequences
for tankyrase binders.53 707! The diversity of tankyrase binders and substrate
proteins which are regulated by recruitment to the ARC domain has implicated
tankyrase in a wide range of cellular functions.

1.4 Cellular Functions of Tankyrase

Tankyrase plays a role in Wnt/B-catenin signalling*®, telomere maintenance*® 6%
64, 7273 mitotic spindle assembly”3-75, DNA repair’®77, glucose metabolism?8-79,
Hippo signalling®-® and bone developmentt'.83 Embryonic lethality was
demonstrated in TNKS1 and TNKS2 double knockout mice, highlighting the
essential cellular functions of tankyrase in embryonic development.*® Cellular
functions of tankyrase-mediated poly(ADP-ribosyl)ation in oncogenic processes
have highlighted tankyrase as a potential therapeutic target in cancer.

1.4.1 Wnt/B-Catenin Signalling

An important function of tankyrase is the regulation of the Wnt/3-catenin
signalling, which culminates in the activation of TCF/LEF transcriptional
effectors.*> 6 The activity of this pathway is controlled by the level of active B-
catenin, which is tightly regulated by the B-catenin destruction complex (DC)
(Figure 1.11).45 8 The B-catenin DC contains two scaffolding proteins:
adenomatous polyposis coli (APC) and AXIN (AXIN1 or AXIN2).85-8 AXIN is the
central scaffold of the DC and, depending on cell type, either AXIN or APC are
the concentration-limiting component of the DC.#5 AXIN itself directly interacts
with glycogen synthase kinase 3 (GSK3) and casein kinase 1 (CK1).4 8 Under
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basal levels of Wnt/B-catenin signalling, tankyrase-mediated PARylation of AXIN
leads to PAR-dependent ubiquitination and subsequent proteasomal degradation
of AXIN, resulting in limited formation of the DC (Figure 1.11a).*> Tankyrase thus
tunes the receptiveness of cells to incoming Wnt signals. PARylated AXIN and
auto-PARylated tankyrase are recognised by the WWE reader domain of ring
finger protein RNF146 ubiquitin E3 ligase.®” Upon Wnt stimulation, the B-catenin
DC is recruited to the cell membrane and remodelled into a Wnt signalosome
complex which also induces Wnt, its receptors, and the adaptor protein
Dishevelled.#® In this context, AXIN is not destabilised by PARylation, but the
mechanistic basis for this observation remains unknown. Ultimately, inactivation
of the DC by Wnt signalosome formation leads to accumulation of B-catenin and
activation of TCF/LEF-dependent transcription (Figure 1.11b).4°
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Figure 1.11. Wnt/B-catenin signalling. Components of the Wnt/B-catenin signalling pathway in

a) a basal state and b) upon Wnt stimulation. Figure adapted from Marrioti et al, 2017.4°

Dysregulation of the Wnt/B-catenin signalling pathway has been observed in
several cancers, and more than 80% of colorectal cancers possess a loss-of-
function truncation mutation in the APC gene, a suppressor of this pathway.84 88
Inhibition of tankyrase has been shown to increase AXIN levels and subsequently
increase formation of B-catenin degradasomes — correlates of the DC observed
by light microscopy — in APC-mutant cancer cell lines, leading to a reduction in
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TCF/LEF dependent transcription.% 8 This highlights a therapeutic opportunity
of targeting tankyrase in colorectal cancer.

1.4.2 Telomere Maintenance

Tankyrase has a role in telomere length maintenance through poly(ADP-
ribosyl)ation of the telomere-associated protein, TRF1.4%:83 TRF1 is a key protein
in shelterin, a six-subunit telomeric DNA-binding complex.?-°" Telomeric DNA is
located at chromosomal ends and consists of TTAGGG base repeats which are
not fully replicated during DNA replication, leading to the progressive shortening
of telomeres in subsequent cell cycles, which eventually triggers the tumour
suppressive mechanism of senescence.®-%! Shelterin protects telomeres, which
can be regarded as naturally occurring DNA double-strand breaks, from
inappropriate DNA repair mechanisms.%-°" Shelterin further enables the function
of telomerase, a reverse transcriptase, which catalyses the addition of telomeric
repeats to chromosomes in stem cells to evade senescence.®® Whilst telomerase
is absent or expressed at low levels in normal somatic cells, it is overexpressed

in the majority of human cancers.%

TRF1 functions in both telomere protection and modulation of telomere extension
by telomerase, through its interaction with telomeric DNA and assembly into the
shelterin complex.® Tankyrase function is required for normal telomere function
in humans.”® PARylation of TRF1 by tankyrase has been proposed to disrupt the
interaction of TRF1 with telomeric DNA and potentially shelterin: this remodelling
event is hypothesised to enable access of telomerase to telomeric ends for
elongation.®3 9091 |n this model, tankyrase therefore acts as a positive regulator
of telomere extension by removing TRF1-mediated repression of telomerase.”®
In tumours, tankyrase PARYylation of TRF1 is used as a mechanism to maintain
telomere length, thus evading senescence triggered by telomere shortening.”
Hence, tankyrase inhibition is a therapeutic strategy for selectively targeting

replicative immortality, an enabling characteristic of cancer.”
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1.4.3 Mitotic Spindle Assembly

Tankyrase is also involved in the assembly of mitotic spindles through its
interaction with and PARylation of nuclear mitotic apparatus protein (NuMA)
which has an important function in the stabilisation of microtubules.67 73-74. 83, 92
Tankyrase has been shown to co-localise with nuclear pore complexes and
centrosomes during mitosis.”® The cellular depletion of tankyrase resulted in
abnormal microtubules, sister chromatid cohesion and mitotic arrest.%
Therefore, the inhibition of tankyrase has the potential to target enhanced mitosis

in rapidly dividing cancer cells.”374 8

1.4.4 DNA Repair

Tankyrase is involved in the repair of DNA damage, specifically double-strand
breaks (DSBs) in which both strands of the DNA helix are broken.”®- %3 DSBs are
repaired by either homologous or non-homologous repair mechanisms.%
Tankyrase is recruited to DSBs through interaction with mediator of DNA damage
checkpoint protein 1 (MDC1), which has been shown to promote homologous
repair mechanisms to maintain genomic integrity.”® In addition, tankyrase also
regulates non-homologous repair by PARylation and subsequent stabilisation of
DNA-dependent protein kinases (DNA-PKcs).®* Inhibition of tankyrase led to a
reduction in DNA-PKcs levels which would have an implication in non-
homologous repair mechanisms used in cancer to enable genomic instability and

mutation.%4

1.4.5 Synthetic Lethality in BRCA-Deficient Tumours

Inhibitors of DNA-dependent PARPs (PARP1 and PARP2) have been approved
for clinical use as targeted therapies in cancers with mutations in either BRCA1
or BRCAZ2 genes. & 333 BRCA-deficient cancers have defects in the repair of
DSBs by homologous recombination and exhibit synthetic lethality with inhibition
of PARP1/2 which are involved in PARylation-dependent DNA repair
processes.?® Two genes exhibit a synthetic lethal interaction when loss of either
gene is tolerated and allows cell survival, but loss of both genes is lethal.®> A loss

48



of cell viability in BRCA-deficient cancers has also been shown with loss of
tankyrase.®® The synthetic lethal interaction was hypothesised to be a result of
excessive chromosome amplification resulting from genomic instability
associated with BRCA-deficiency and spindle dysfunction from loss of
tankyrase.® Therefore, there is therapeutic opportunity for targeting tankyrase in
BRCA-mutated cancers such as breast, ovarian and prostate.

1.5 Limitations of Catalytic Tankyrase Inhibitors

The involvement of tankyrase in the cellular processes highlighted in the previous
discussion has resulted in the development of many inhibitors with potential as
cancer therapeutics.*5 50. 83, 93, 97 Tgnkyrase inhibitor development efforts have
primarily focused on small molecule inhibitors of the conserved catalytic PARP
domain, as discussed in recent reviews of tankyrase inhibitors in the patent
literature and currently undergoing clinical trials.% °8 All reported catalytic
tankyrase inhibitors are antagonists of NAD* binding in the donor site of the PARP
domain.*" 4% These inhibitors are classified according to the region of the donor
site involved in key binding interactions, which has been guided by structural
information obtained from inhibitor-bound crystal structures of the tankyrase
PARP domains. There are three classifications of catalytic tankyrase inhibitors:
nicotinamide mimetics, adenosine binding site inhibitors, and dual binders (Figure
1.12).98

Figure 1.12. An overlay of representative tankyrase inhibitors which illustrate the three
classifications of catalytic inhibitors. XAV939 (3) (peach) is a nicotinamide mimetic®, whereas
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IWR-1 (4) (teal) is an example of an adenosine site binder8® and quinazolinone 5 (gold) is a dual

binding site inhibitor (see Figure 1.13 for chemical structures of inhibitors).%°
1.5.1 Catalytic Tankyrase Inhibitors

The first reported tankyrase inhibitors, XAV939 (3) and IWR-1 (4), were identified
from high-throughput screening for modulators of Wnt/3-catenin mediated
transcription, using Wnt responsive luciferase reporter assays.®® 8 Both
compounds (3 and 4) were found to inhibit Wnt/B-catenin signalling through
increased levels of AXIN, the central scaffold of the B-catenin destruction
complex.5% 8 Huang et al proposed that stabilisation of AXIN was a consequence
of inhibition of the catalytic PARylation activity of tankyrase by XAV939, resulting
in reduced PARdU and decreased proteasomal degradation of AXIN.®® The
stabilisation of AXIN resulted in increased levels of 3-catenin degradation which
led to reduced Wnt/B-catenin mediated transcription in an APC mutant colorectal
cancer (SW480) cell line.?® These studies were therefore the first to identify
tankyrase as a druggable target in the Wnt pathway which could be modulated

by small molecules.

As mentioned previously, the classification of catalytic tankyrase inhibitors was
guided by inhibitor co-crystal structures, specifically crystal structures of XAV939
(3) and IWR-1 (4) bound to the catalytic domain of TNKS2.4”- 52 The crystal
structure of the XAV939 (3) complex showed interactions analogous with
nicotinamide binding in the catalytic domain, with the lactam moiety forming key
hydrogen bonds with S1068 and G1032 (Figure 1.13a/b).%? Therefore, XAV939
(3) was classified as a nicotinamide mimetic. In contrast, the crystal structure of
IWR-1 (4) elucidated binding in the proposed adenosine binding site of NAD*
within the D-loop region of the catalytic site (Figure 1.13c).%> 4797 This region is
also referred to as the ‘induced pocket’, as binding of adenosine site inhibitors
induces conformational changes in the flexible D-loop. Upon binding of IWR-1
(4), distinct conformational changes were induced in three tyrosine residues
(Y1050, Y1060 and Y1071) which form interactions with the norbornenyl moiety
of IWR-1 (4). The first dual-site catalytic tankyrase inhibitor, 5, was subsequently
identified from a substructure search against the Amgen compound library using
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the binding motif identified from the IWR-1 (4) crystal structure (Figure 1.13d).10
A crystal structure of dual-site binder 5 bound to the catalytic domain of TNKS1
revealed that two carbonyls from central amide motifs formed hydrogen bonds
with Y1213 and D1198 in the adenosine site, whilst the quinazolinone maintained
key hydrogen bonds with S1221 and G1185 as the nicotinamide mimetic
component (Figure 1.13d).1%
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Figure 1.13. Chemical structures of representative tankyrase inhibitors and key
interactions with the catalytic domain. a) Key interactions of nicotinamide (red) in complex with
TNKS2 catalytic domain (PDB: 3U9H): the carboxamide forms three H-bonds with S1068 and
G1032, and two H-bonds with water-molecule networks.*” b) Key interactions of XAV939 (3)
(pink) in complex with TNKS2 catalytic domain (PDB: 3KR8): two key H-bonds are formed with
$1068 and G1032, mimicking nicotinamide binding.? ¢) Key interactions of IWR1 (4) (green) in
complex with TNKS2 catalytic domain (PDB: 3UA9).47 d) Key interactions of quinazolinone 5
(gold) in complex with TNKS1 catalytic domain (PDB: 4191).100

The potency of catalytic tankyrase inhibitors has been determined using different
methods including biochemical enzymatic inhibition, fluorescence polarisation
(FP) and liquid chromatography-mass spectrometry (LCMS) assays, typically
evaluating inhibition of autoPARylation activity of the catalytic PARP domain.%!
XAV939 (3) and IWR-1 (4) were reported as potent and selective binders, with
ICs0 against TNKS1 and TNKS2 in the range of 10 nM to 150 nM determined from
an LCMS based high throughput auto-PARylation assay which monitored the
formation of nicotinamide.®® However, a recent study demonstrated
discrepancies in the initially reported potency of XAV939 (3) against PARP1 and
PARP2, concluding that it is an unselective tankyrase inhibitor (Table 1.2).101
Adenosine site inhibitors and dual-site binders which form interactions with the
induced pocket typically demonstrate more selective tankyrase inhibition as the
residues in this region are more variable between ARTD enzymes capable of
PARylation, compared to the nicotinamide subsite which is highly conserved.

Table 1.2. Potency and selectivity of catalytic tankyrase inhibitors. Reported potency (half
maximal inhibitory concentration, 1Cso) for catalytic tankyrase inhibitors assessed against TNKS
and PARP catalytic domains (Huang et al, 2009) or against full length PARPs (Thorsell et al,
2017): N.D. = not determined, N.l. = no inhibition.

ICs0 (NM) TNKS1 TNKS2 PARP1 PARP2
Huang et af® 11 5 2194 114
XAV939 (3)
Thorsell et al'o 95 4 74 27
Huang et af® 131 56 >1875 >1875
IWR1 (4)
Thorsell et al'o 135 N.D. N.I. N.I.
Dual-site | Bregman et af'® 8 2 - 931
binder (5)
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Since the discovery of XAV939 (3), IWR-1 (4) and the first dual-site binder 5,
further efforts have been made to develop more potent tankyrase inhibitors as
anti-cancer therapeutics. Between 2013 to 2020, 49 different patents were
published from the pharmaceutical industry as well as academic research groups
disclosing novel catalytic tankyrase inhibitors as potential anti-cancer
therapeutics.®® A recent review summarising the literature-reported small
molecule tankyrase inhibitors further categorised the nicotinamide mimetics
based on their chemotype into cyclic lactams, flavones and nicotinamide
bioisosteres, whilst the adenosine binding site inhibitors were divided into the
IWR series, 1,2,4-triazoles and JW compounds (Table 1.3).%3

Table 1.3. Summary of reported catalytic tankyrase inhibitors. The names, chemical
structures, reported ICso against TNKS1/2 and PARP1/2, PDB codes of crystal structures and
references of a selection of catalytic tankyrase inhibitors are indicated.

Name Structure I1Cs0 (M) PDB References

Nicotinamide Mimetics
OH

TNKS1 ICs0 = 0.011

SN = 6
XAV939 (3) &\N\)\Q TNKS2 ICs0 = 0.004 3KR8 Huang et al,
CF

PARP1 ICso = 2.194 3UH4192 2009%°
3 PARP2 ICs0=0.114

2-phenyl-3,4- @\)LNH I
dihydroquinazolin- N/)\Q\K TNKS1 ICs0 = 0.005 4BUD1es Hakarainen et

103
40ne (6) al, 2013
(o}
2-arylquinazolin- NH l“ﬁg; :850 =88§$ 4upytos Nathubhai et al,
4-one (7) N =1 2013105
PARP1 I1Cs0 = 0.685
o
O . TNKS1 ICs0 = 0.006
2-phenyl o TNKS1 ICs0 = 0.072 4BS4106 Narw%Let al,
flavone (8) PARP1 ICs0 = 19.1 2013

PARP2 ICs0 = 34.9

gm‘zm?(”")' O TNKS2 IGs0=0.009  4J3L'7 ;g%ﬁ‘g;‘ etal
one (9) y O “\/\O/
(0]
B TNKS1 IGso = 0.012 o
LS TN S e Bl ices (5% e Lieas

PARP2 ICs0> 10
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TNKS1 ICs0 = 0.003

N
7 H TNKS2 ICs0 = 0.001 Johannes et al,
AZ6102 (11) ® PARP1 ICso = 2.0 2015108
N NK?N? PARP2 ICso = 0.5
o]
CP\)\N“ TNKS1 1Cs0 = 0.003 Johannes et al,
N TNKS2 ICs0= 0.010 2015109
AZ1366 (12) oH SN PARP1 1Cso = 0.559 Quackenbush et
(A ~ou PARP2 ICs = 0.232 al, 201611
H
o
O\\Aﬂ* R TNKS1 ICs0 = 0.014 Shirai et al,
NTON F TNKS2 ICso = 0.011 1y 2019111
RK-287107 (13) Q[JO PARP1 ICso> 100 229R™ Mizutani et al,
— PARP2 [Cso = 2.717 2018112
OH
(o)
(ﬁr W TNKS1 1Cs0 = 0.036
. NN o TNKS2 ICso = 0.039 11 Shirai et al,
RK-582 (14) | A PARP1 ICso = 18.19 BKRO™ 5000113
N PARP2 ICs0 = 1.24
\
. TNKS1 ICs0 =
~ “NH _?_Sﬁé% Ic Buchstaller et
50 = 114
M2912 (15) YN 0.0014 70CV!14 ‘,\a/{éig?etal,
on PARP1 ICso = 0.14 2019115
PARP2 [Cso = 0.20
Adenosine Site Inhibitors
2 N TNKS1 ICs0 = 0.131
i N TNKS2 ICs0 = 0.056 +7 Chen etal,
IWR-1 (endo) (4) @ & 4 PARP1 > 18.7 BUAS™ 50098
0 PARP2 > 18.7
N-N N7/©/O\
@XNXS/\QK‘ TNKS1 ICs0 = 2.55 Waaler et al,
JW74 (16) N TNKS2 ICs0 = 0.65 2011116
PARP1 > 19 Shultz et al,
PARP2 > 19 2012117
O\
NN 7/©/CN
- N
N S~ TNKS1 ICso = 0.046
o
GoorLk (17) e AT T o TNKS2 ICso= 0025 4HYF!1s YOroniov et
o @/ PARP1 > 20
o] I\”N\
O AW,
WIKI4 (18) Y TNKS2 ICso= 0,015 4BFP11e aMmes efal
O—
o o
HN*N“@ o TNKS1 ICs0 = 0.031 121 Okada-lwasaki
K756 (19) @2 S TNKS2 ICs0=0.036 2C1Y etal, 20167
NN
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o o<
TNKS2 ICso= 1.9
JWS5 (20) @)OkNQ)L ”?ﬁg TNKS2 ICso=083  5ADQ'22 p 23 etah
\ I H o

PARP1 ICso0 > 20

Dual Binders

100
PARP2 ICso = 0.931 2013

(0]
N
@\)L ‘ TNKST Cso = 0.008
Quinazolinone (5) HWNOYK;\O/ TNKS2 ICso=0.002 4lgiico  Bregman et al
(9] NH
o

o NH KA _
NVP-TNKS656 &&N ) TNKS21Gs0=0.006 Shultz et al,

o
N fw PARP1 ICso > 19 o4
(21) Qﬁ(@ PARP2 ICs = 32 2013

3-aryl-5-

substituted TNKS1 ICs0=0.013 4UBA'2S Elliott et al,
isoquinolin-1-one O/ PARP1 ICs0 = 0.465 2015125
21)

Dual TNKS/PARP Inhibitors

N TNKS1 ICs0 = 0.050
2X-121 % TINKS2 1Gs0 = 0.050 McGonigle et al,
(E7449) (22) NH PARP1 ICso = 0.002 5015125
N=(_ PARP2 ICs0 = 0.001
Nq j (Yu et al, 2022)%
i N TNKS1 Cs0 = 0.005
NOV140201 (JP1- | A O/ TNKS2 ICso = 0.001 Lee et al,
547) (23) N NN PARP1 ICso = 0.002 2016127

N (Yu et al, 2022)°3

Currently, only two tankyrase inhibitors have progressed into evaluation in phase
| and Il clinical trials as cancer therapeutics: 2X-121 (E7449, 22)'%6. 128 gnd
NOV140201 (JPI-547, 23)'2°.98 |nterestingly, both of these compounds are dual
inhibitors of TNKS1/TNKS2 and PARP1/PARP2. Most other studies have
focussed on the development of inhibitors which are selective for tankyrase over
other PARP enzymes, guided by structural information from inhibitor-bound
crystal structures. From the number of potent and more selective catalytic
tankyrase inhibitors reported, only a limited set of these compounds have shown
oral antitumour efficacy in preclinical mouse models: AZ1366 (12)'%9-110 RK-
287107 (13)'""-112) RK-582 (14)'® and M2912 (15)"'4'15 belonging to the
nicotinamide mimetics, and JW55 (20)'22 from the adenosine site binders.''* RK-
582 (14) and M2912 (15) both showed efficacy in colorectal cancer (COLO320)
xenograft mouse models, with significant tumour growth inhibition at 20 mg/kg bi-
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daily oral dosing, however both compounds showed signs of intestinal toxicity
and weight loss at bi-daily doses of 50 mg/kg in tolerability studies, indicating a

limited therapeutic window for both compounds.

1.5.2 Limitations of Catalytic Tankyrase Inhibition

Intestinal toxicity is the major adverse effect of tankyrase inhibition which has also
been reported in other in vivo studies of tankyrase inhibitors in preclinical
colorectal cancer models.'?® 130131 This is an on-target toxicity associated with
inhibition of normal somatic stem cell proliferation in intestinal crypts as a result
of modulation of the Wnt/B-catenin pathway.*® 132 The use of tankyrase inhibitors
in combination with other drugs targeting other oncogenic dysregulations might
provide a strategy for improving the efficacy and safety of tankyrase inhibition.4>
115 However, the underlying mechanism of the on-target intestinal toxicity in
response to catalytic tankyrase inhibition is not well understood and remains a
challenge for the development of anti-cancer therapeutics targeting tankyrase.

Other limitations of targeting the catalytic functions of tankyrase have recently
been reported. In addition to inhibiting the tankyrase-mediated PARylation of
substrate proteins, tankyrase auto-PARylation is also blocked by catalytic
inhibition due to impaired NAD* co-substrate binding.*> 8 This consequentially
prevents the PAR-dependent ubiquitination of tankyrase by the E3 ubiquitin
ligase RNF146, which has a WWE reader domain that recognises PARylated
proteins.8” Therefore, the proteasomal degradation of tankyrase itself is inhibited
and tankyrase is accumulated as a consequence of its catalytic inhibition. This
was initially shown with XAV939 (3)%° and has since been shown with numerous
other advanced catalytic tankyrase inhibitors including RK-287107 (13)''2, RK-
582 (14)''3 and M2912 (15)"4. It is hypothesised that the accumulation of
tankyrase upon catalytic inhibition might enhance its concentration-dependent
scaffolding functions which may also contribute to its cellular roles in oncogenic

processes.*

The role of tankyrase scaffolding functions in driving tankyrase cellular activity is
another potential limitation of catalytic tankyrase inhibition. This has been
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primarily studied in the context of the Wnt/B-catenin signalling, in which it was
found that tankyrase was able to promote this signalling pathway independently
of its catalytic activity.5” The activation of tankyrase-dependent Wnt/B-catenin
signalling was determined in a luciferase reporter assay measuring [-
catenin/TCF/LEF-dependent transcription using HEK293T cells transfected with
MYCoz-tagged tankyrase constructs.>” It was observed that increasing the
concentration of the catalytic inhibitor XAV939 (3) against both wild-type TNKS2
and catalytically inactive TNKS2 (G1032W) only achieved partial modulation of
Wnt/B-catenin signalling (Figure 1.14a).5” Titrations of XAV939 (3) to saturating
concentrations only reduced TNKS2-dependent Wnt reporter activation to ~ 50%,
in agreement with the extent of activation shown for PARylation deficient TNKS2
(G1032W).%” Therefore, catalytic inhibition is not sufficient for abolishing cellular

Whnt/B-catenin signalling activity when tankyrase is overexpressed.

Further to this, the effect of regulating the scaffolding functions of tankyrase on
Whnt/B-catenin signalling was determined using the Wnt reporter assay. Deletion
of the tankyrase ARC domain (TNKS2 AARC1-5) and mutation of the ARCs
capable of substrate binding (TNKS2 xx3xx) both fully abolished Wnt reporter
activation (Figure 1.14b).5” Auto-PARylation activity was not affected in either of
these constructs, suggesting that blocked substrate binding led to the full
regulation of Wnt/B-catenin signalling.5” In addition, a full reduction in Wnt
reporter activation was observed with deletion of the SAM domain (TNKS2
ASAM), and with polymerisation-deficient SAM mutants (V903WTNKS2 gnd
Y920A™KS2; \/1056WTNKST and Y1073AT™KS1) suggesting that tankyrase
polymerisation is also essential for Wnt/B-catenin signalling (Figure 1.14c).%”
SAM-mediated polymerisation results in formation of PARP-PARP domain
interfaces, as discussed in section 1.3.3.1, and the functional consequence of
combination mutations in the head-to-head and tail-to-tail interfaces on tankyrase
scaffolding was also studied in the context of Wnt/B-catenin.t% Although
combination mutations in the head interface only reduced Wnt reporter activation
to a level comparable to catalytically inactive G1032WTNKS2 (~50%,), consistent
with an effect on only the catalytic functions of tankyrase, tail combination
mutations led to full reduction in Wnt reporter activation suggesting a contribution
of the polymerisation-dependent PARP-PARP tail interactions to activation of
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non-catalytic tankyrase functions.®® Therefore, it is hypothesised that there are
both catalytic and non-catalytic functions of tankyrase involved in the activation
of Wnt/B-catenin signalling, which are dependent on both polymerisation and
substrate/effector protein recruitment, and that this likely extends to other cellular

processes which are regulated by tankyrase.*5 57
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Figure 1.14. Requirement of ARC and SAM domains for Wnt/B-catenin signalling. Activation
of Wnt/B-catenin signalling was measured by [(-catenin/TCF/LEF-dependent transcription in
reporter TOPFlash assays in HEK293T cells. a) Reduced TOPFlash reporter activation upon
catalytic inhibition with XAV939 (3) of wild-type and catalytic mutant TNKS2 (G1032W). b)
TOPFlash reporter activation with wild-type, ARC deleted (AARC1-5) and ARC mutant (xx3xx)
TNKS2. ¢) TOPFlash reporter activation with wild-type, SAM deleted (ASAM) and SAM mutant
(V1056W or Y1073A) TNKS1. Figure adapted from Mariotti et al, 2016.57

1.6 Inhibitors of Tankyrase Non-Catalytic (Scaffolding) Functions

A recognition of the limitations of the catalytic inhibition of tankyrase has resulted
in an interest in targeting the catalysis-independent functions of tankyrase as a
novel approach for pharmacological inhibition. Tankyrase non-catalytic functions
are regulated by the ARC and SAM domains through protein-protein interactions,
which are classically considered a challenging target in drug discovery.!33
Different approaches have been taken to develop chemical tool inhibitors of
tankyrase scaffolding, including peptidomimetic synthesis and small molecule
screening, which are often utilised in the discovery of drugs targeting protein-
protein interactions (PPls).'33
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All four studies published so far have mainly focused on the development of
antagonists of tankyrase ARC-mediated substrate binding,'34137 with one of
these reports also screening for small molecule disruptors of SAM-mediated
polymerisation.’” As demonstrated in the context of Wnt/B-catenin signalling,
functional studies of ARC and SAM domain deletion and site-directed
mutagenesis to remove either substrate-binding or polymerisation functions all
resulted in an equivalent and complete reduction of Wnt reporter activation due
to regulation of both catalytic and non-catalytic tankyrase functions. Therefore,
targeting either the ARC or SAM domain functions could result in an equivalent
biological effect from full regulation of tankyrase cellular functions. Both ARC and
SAM domains are involved in PPIs with comparable affinities: typical
ARC:substrate protein interactions are of low micromolar affinity,®' whilst
SAM:SAM polymerisation-deficient homodimers were determined to bind with
high nanomolar affinity (TNKS1 SAMV1056W.SAMY1073A Ky = 0.82 + 0.16 uM and
TNKS2 SAMV10S6W:SAMY1073A Ky = 0.95 + 0.17 puM), although additional domain
contacts within the tankyrase filament may account for higher affinities driving
self-assembly.5”- 80 The SAM:SAM head-to-tail interaction can be classified as a
flat, electrostatic surface interaction between two globular proteins with no
obvious ligandable pockets for small molecule binding.57-%8 133 In contrast, the
ARC:substrate protein interaction represents a more druggable PPI, in which the
globular ARC protein interacts with a peptidic region of the substrate through well-
defined interactions in hotspot pockets, which often correlate with ligand binding

sites in small molecule screening.33 138-139

1.6.1 Peptidomimetic Approaches

Peptidomimetics are peptide-like compounds which are designed to mimic and
disrupt the interaction of a natural peptide with a target protein to which it
binds.'33 140 Typically, the development of peptidomimetics is motivated by
improving the properties of peptides, such as cell permeability and metabolic
stability to proteolytic cleavage, to make the compound more drug-like whilst
maintaining key binding interactions for the receptor.'*® An improvement in
binding affinity and cell permeability can be achieved by amino acid side-chain

modifications, or by introduction of non-natural amino acids to allow
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macrocyclisation or peptide stapling in the synthesis of conformationally

restricted peptidomimetics.140

In a proof-of-concept study, a series of macrocyclised peptidomimetics with
extended non-helical conformations were designed based upon the sequence-
optimised octameric TBM peptide, READGDEE, as inhibitors of ARC-mediated
substrate binding."3* Molecular dynamics simulations were used to investigate
optimal linker lengths whilst a computational alanine scan was used to determine
amenable positions for incorporation of an unnatural amino acids, and
peptidomimetics were next synthesised using a two-component double-click
chemistry approach.34 Peptidomimetics Cp4n4m5 (24) and Cp4n2m3c (25) were
identified as cell permeable dose-dependent inhibitors of Wnt signalling through
disruption of TNKS:AXIN interaction, and the crystal structures of each in
complex with TNKS2 ARC4 confirmed that key interactions with the ARC

substrate binding domain were maintained (Figure 1.15).134
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Figure 1.15. Chemical structures of two ARC-binding macrocyclised peptidomimetics.
Peptidomimetics Cp4n4m5 (24) and Cp4n2m3 (25) incorporated unnatural amino acids (X) for

macrocyclisation.'34

A further peptidomimetic approach focused on the replacement of the N-terminal
arginine residue from the octameric TBM peptide sequence for the development
of drug-like peptidomimetics as antagonists of the ARC:substrate protein
interaction.’®® In silico docking was used to identify replacements for the
guanidine moiety of L-arginine to improve cellular permeability of the
peptidomimetics compared with the 3BP2 octameric TBM peptide (L-
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RSPPDGQS)."® In total, five peptidomimetics were synthesised in which the L-
arginine residue was replaced with non-natural amino acids (1H-imidazole-5-
pentanoic acid, 1H-imidazole-1-pentanoic acid, 7-aminoheptanoic acid, D-
arginine and L-citrulline).'® However, all five peptidomimetics exhibited lower
potency or no competition in a competitive fluorescence polarisation (FP) assay
against TNKS1 ARC4 using a Cy5-labelled 3BP2-based TBM peptide probe.'3
This further demonstrated the previously-reported essentiality of the N-terminal
arginine residue in position 1 of the octameric TBM peptide sequence for
substrate binding to the tankyrase ARC domain.5'- 135

1.6.2 Small Molecule Screening Approaches

In early-phase drug discovery, the identification of small molecule compounds
which interact with a validated target protein of interest from screening of
compound libraries provides ‘hits’ or chemical starting points for medicinal
chemistry efforts towards novel therapeutics.'*' Following the peptidomimetic
approaches, different screening methods have been performed to identify hits for
the development of small molecule antagonists of tankyrase substrate

recruitment and scaffolding.
1.6.2.1 Fragment-based screening against the tankyrase ARC domain

A fragment-based screening approach successfully identified a set of
quinoxaline-based fragment molecules which bound to the tankyrase ARC
domain.'®® Fragment-based drug discovery (FBDD) is frequently used for the
identification of low molecular weight compounds (< 300 Da) with micromolar to
millimolar affinity, using biophysical assay screening techniques such as
differential scanning fluorimetry (DSF) and nuclear magnetic resonance (NMR)
spectroscopy.#2-146 A library of ~1,900 fragments was screened against TNKS2
ARC4 and TNKS2 ARC5 domains using DSF and NMR assays.'®> Using
competitive ligand-observed NMR experiments against TNKS2 ARC4,
compounds 26, 27 and CCT170746 (28) were identified as fragment hits which
were competitive with binding of a 16mer 3BP2 peptide (Figure 1.16a/b).'3°
Protein-observed NMR titration studies against °N-labelled TNKS2 ARC4
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validated 28 as a fragment hit with good solubility, showing significant chemical
shift perturbations (CSPs) of ARC residues which interacted with the hit (Figure
1.16¢)."™® The apparent binding affinity, or dissociation constant (Kd), of
CCT170746 (28) from protein-observed NMR titration was around 1 mM (Ka =
1050 uM) which was confirmed using isothermal titration calorimetry (Ka = 1200
+ 380 uM) (Figure 1.16¢/d)."35 Furthermore, CCT170746 (28) exhibited pan-ARC
binding to all tankyrase ARC domains in ligand-observed NMR assays, with the
exception of TNKS2 ARC1 which was rationalised to result from subtle binding
site differences (Figure 1.16e).'3 The identification of ARC residues and epitope
mapping of the fragment binding site was enabled by the full backbone
assignment of TNKS2 ARC4 using "°N-'3C labelled protein (Figure 1.16f).135 147
This indicated binding of CCT170746 (28) within the aromatic glycine sandwich
and central patch residues of the substrate binding domain, which was in
agreement with mutagenesis studies.’®® This ligandability study therefore
provided proof-of-concept of targeting the tankyrase ARC domain with small
molecule antagonists which, if elaborated to potent binders, could block
substrate-binding ARC functions.
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Figure 1.16. Identification of small molecule binders of the tankyrase ARC domain from a
fragment-based screening approach. a) Chemical structures of fragment hits 26, 27 and
CCT170746 (28). b) Relaxation-edited ligand-observed NMR spectra for 28 (compound 9),
showing a reduction peak height of ligand signals on addition of TNKS2 ARC4 protein and a
recovery of ligand signals with a competitor TBM peptide (Ac-LPHLQRSPPDGQSFRSW-NH2).
c) CSPs of peaks which were shifted in a concentration dependent manner plotted against
concentration of 28 for determination of Kq from 'H-1N HSQC protein-observed NMR titrations.
d) Determination of Kq from ITC for 28 into TNKS2 ARC4. e) Relaxation-edited ligand-observed
NMR spectra for 28 against all TNKS1 and TNKS2 ARC domains. f) Mapping of the fragment
binding site on the surface representation of TNKS2:3BP2 TBM peptide complex. CSPs >20 (red)
and >10 (pink) of average overlap with central patch (orange) and aromatic glycine sandwich
(blue) residues, and unassigned residues (dark grey), indicating an overlap of the substrate TBM

binding region of the ARC domain. Figure adapted from Pollock et al, 2019.135
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Two further reports identifying compounds binding to the substrate binding
domain of tankyrase using alternative screening techniques have since been

published.

1.6.2.2 Virtual high-throughput screening against the tankyrase ARC domain

Virtual screening is a computational method used in drug discovery to identify
novel compounds from virtual libraries or databases which bind to a target protein
of interest.™*® A target-based virtual screen of 200,000 compounds was
performed using a docking strategy against the crystal structure of the complex
formed by TNKS1 ARC5 and C-terminal residues of ubiquitin-specific protease
25 (USP25) incorporating a TBM peptide sequence (SLSRTPADGR).!36 149
USP25 binds to the ARC domain of tankyrase and is a positive regulator of Wnt/[3-
catenin signalling through the deubiquitination and stabilisation of tankyrase,
which results in increased PARylation, PARdU and proteasomal degradation of
AXIN.™® From the virtual screen, 201 compounds were selected for hit
confirmation using a competitive FP assay and isothermal titration calorimetry.36
Two hit compounds, C41 (29) and C44 (30), were identified with reported Ki
values between 20-200 uM against TNKS1 ARC5 (Figure 1.17).136 C44 (30) was
reported to promote the degradation of TNKS1 through disruption of the TNKS1
ARC5:USP25, leading decreased activation of a Wnt luciferase reporter assay by

a reduction in B-catenin levels.!36
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Figure 1.17. Hits from virtual screening against the tankyrase ARC domain. Chemical
structures of two hit compounds, C41 (29) and C44 (30), and inhibitory constants (Ki) determined
from competitive FP assays against TNKS1 ARC1-5 (178-957) protein.'3¢
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1.6.2.3 FRET-based high-throughput screening against the tankyrase ARC and
SAM domains

In a further study, biochemical assays based on fluorescence resonance energy
transfer (FRET) were developed for high-throughput screening of small molecule
compounds against the ARC- and SAM-mediated scaffolding functions of
tankyrase.'®” For the identification of novel binders of the ARC domain as
potential substrate binding antagonists, a TNKS2 ARC4:TBM FRET pair was
developed consisting of a mCerulean (CFP) TNKS2 ARC4 fusion protein and a
mCitrine (YFP) tagged sequence-optimised octameric TBM peptide
(REAGDGEE).'?” In addition, a TNKS2 SAM:SAM FRET pair — consisting of
TNKS2 SAME8K and YFP-fused TNKS2 SAMY920A mutants capable of
dimerisation only — was optimised for identifying disruptors of SAM-mediated
polymerisation.’¥” A screen of 1,120 compounds against both FRET pairs for
validation of the biochemical FRET assays was followed by hit confirmation using
a DSF assay.'3” Whilst no initial hits were confirmed against the SAM domain,
two hit compounds were identified against the ARC domain, the AMPA receptor
antagonist fanapanel (31) and the NDMA receptor antagonist 5,7-
dichlorokynurenic acid (DCKA, 32), with reported Kivalues between 20-100 uM

(Figure 1.18).137. 150-151
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Figure 1.18 Hits from FRET-based screening against the tankyrase ARC domain. Chemical
structures of two hit compounds, fanapanel (31) and DCKA (32), and inhibitory constants (Ki)
determined from FRET assays against TNKS2 ARC4.137

Overall, the different small molecule screening methods applied so far to target
tankyrase substrate recruitment and scaffolding functions have demonstrated the
ligandability of the ARC domain, specifically the TBM peptide binding pocket.
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Ligands with binding affinities between 20 uM to ~1000 uM have been identified
as potential chemical start points for the development of potent antagonists of
tankyrase substrate-binding functions.'3%-137 Meanwhile, the ligandability of the
SAM domain remains to be determined due to the lack of confirmed hits from only
one screening effort reported thus far.’3 Therefore, targeting tankyrase
scaffolding functions through the development of non-catalytic antagonists of
substrate binding currently represents a more promising approach compared to
development of inhibitors of SAM-mediated polymerisation.
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1.7 Thesis Hypothesis and Aims

An understanding of the contribution of tankyrase scaffolding functions to the
activation of Wnt/B-catenin signalling, regulated by SAM-domain-mediated
polymerisation and ARC-domain-mediated substrate protein binding, has
emerged in recent years. This highlights that cellular functions of tankyrase are
not fully regulated by its catalytic inhibition, which is a limitation in the
development of catalytic inhibitors to target tankyrase in cancers associated with
its aberrant function. In addition, catalytic inhibition can lead to the accumulation
of tankyrase which may further accentuate the contribution of its scaffolding
functions to cellular processes.

Therefore, it is hypothesised that tankyrase could instead be fully modulated by
small molecule chemical inhibitors which block both its catalytic and non-catalytic
functions. Further to this, it is hypothesised that inhibition of tankyrase scaffolding
would have a different pharmacological effect on cellular functions compared to
existing catalytic inhibitors, potentially providing an improved therapeutic strategy
for tankyrase inhibition in cancer. Potent and cell-active small molecules which
regulate tankyrase scaffolding functions are required to study these hypotheses
and to provide starting points for drug discovery efforts. The aim of this thesis
was therefore the development of small molecule chemical tool compounds to
inhibit the non-catalytic functions of tankyrase using two parallel approaches.

The primary approach of this project was the development of small molecule
antagonists of tankyrase substrate binding ARCs using fragment-based drug
discovery. A previous fragment screening project had successfully identified a set
of fragment molecules from the ICR fragment library which bound to the
tankyrase ARC domain.'3% 152 The aim for this approach was to develop fragment
hit CCT170746 (28), with good solubility and weak affinity (Ka ~ 1 mM) against
the TNKS2 ARC4 domain, into a novel series of substrate binding antagonists
with sub-micromolar potency. For optimisation of 28 into lead fragments with
increased binding affinity for the tankyrase ARC domain, iterations of synthesis
of analogues, guided by in silico modelling and followed by testing using
biophysical NMR assays was pursued.
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A parallel approach of this project to regulate tankyrase non-catalytic functions
was the development of PROTACs for the targeted degradation of tankyrase by
the ubiquitin-proteasome system. The aim was the synthesis of
heterobifunctional compounds, by attachment of an existing catalytic tankyrase
inhibitor via a chemical linker to an E3 ligase recruiting ligand. Subsequent testing
of the compounds was pursued to evaluate binary target engagement and

tankyrase degradation in a cellular context.

The overall objective, using both approaches, was to develop a set of chemical
tools which could be used to differentiate the effects of inhibiting tankyrase non-
catalytic functions compared with antagonising its catalytic activity. The fragment-
based approach aimed to provide compounds which would disrupt the interaction
of tankyrase and its effector proteins. Although not all tankyrase binders are
PARylated, binding of substrates to the ARC domain is a prerequisite for their
subsequent PARylation. Therefore, non-catalytic inhibitors of ARC:substrate
interactions would also inhibit the catalytic PARylation function of tankyrase in
this context. Further to this, degradation of tankyrase using the PROTAC
approach would remove all its functions, including its catalytic activity and its non-
catalytic scaffolding through substrate binding and polymerisation. Potent and
efficacious compounds from either method would be suitable to determine
whether targeting the non-catalytic functions of tankyrase is an improved
approach over catalytic tankyrase inhibition to provide novel anti-cancer
therapeutics.

Chapter 2.0, Chapter 3.0, and Chapter 4.0 of this thesis discuss work towards the
development of substrate binding antagonists of the tankyrase ARC domain
using a fragment-based approach. Chapter 2.0 describes the synthesis of
structural analogues of fragment hit CCT170746 (28), focusing on modification of
the furan motif, and testing of these analogues against TNKS2 ARC4 in
biophysical NMR assays to understand the structure-activity relationship of 28
and investigate the proposed in silico modelling of 28 bound to TNKS2 ARC4.
Chapter 3.0 details the synthesis and biophysical NMR testing of further structural
analogues of 28, with modification to the quinoxaline motif and the identification
of a higher affinity lead fragment. Chapter 4.0 then discusses the synthesis of
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analogues based on the lead fragment scaffold and the establishment of a
competitive fluorescence polarisation assay with increased sensitivity to
determine the potency of the higher affinity fragment analogues. Chapter 5.0 of
this thesis describes efforts in the development of PROTACs for targeted
tankyrase degradation, through the synthesis of heterobifunctional compounds
with tankyrase-binding and CRBN-binding ligands, and their profiling in target
engagement and degradation assays. Finally, Chapter 6.0 provides a discussion
and future outlooks of the fragment and PROTAC approaches for the
development of small molecule non-catalytic tankyrase inhibitors.
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Chapter 2 Initial Structure-Activity Relationship Exploration
of a Tankyrase ARC-Binding Fragment Hit

2.1 Introduction to Fragment-Based Drug Discovery

Fragment-based drug discovery (FBDD) emerged in the early 2000s as a strategy
to aid the development of novel small molecule targeted therapeutics.'® FBDD
is a process which starts with screening a fragment library against a target
protein, followed by fragment hit validation, then optimisation of validated
fragment hits into potent inhibitors.'%3

2.1.1 Fragment Screening versus High-Throughput Screening

Fragment screening, the first step of FBDD, is a complementary approach to
high-throughput screening (HTS) of drug-like compounds for the identification of
chemical start points in small molecule drug discovery.'®® There are key
differences between the two methodologies (Table 2.1). Typical compounds in
HTS libraries are usually selected to be compliant with Lipinski’s ‘rule of five’
guidelines for drug-like physiochemical properties: molecular weight (MW) < 500
Da, calculated partition coefficient (clogP) < 5, hydrogen bond donors (HBD) < 5,
and hydrogen bond acceptors (HBA) < 10.7%4155 |n contrast, fragments are lower
molecular weight compounds which commonly adhere to ‘rule of three’
guidelines: MW < 300 Da, clogP < 3, HBD < 3, HBA < 3, number of rotatable
bonds (NROT) < 3 and polar surface area (PSA) < 60 A2.156-157 Fragments are
therefore typically composed of less than 20 non-hydrogen atoms and have lower
molecular complexity than drug-like compounds, often containing only a limited
number of pharmacophoric elements or functional groups.'46 158159 As a result,
hits from a fragment screen only have a few interactions with the target protein
and bind with weak affinity (UM to mM) compared with hits from HTS (nM to
uUM)."5” However, the use of fragment screening for hit identification allows a more
efficient sampling of chemical diversity space, and results in higher hit rates than
HTS of drug-like compounds which makes it suitable for more challenging targets

such as PPls.146, 153,155
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Table 2.1. Fragment screening versus high-throughput screening.

Fragment Screening High-Throughput Screening

Molecular weight < 300 Da < 500 Da
Non-hydrogen atoms <20 <30
Chemical diversity ~10"" molecules'6° > 10%0 molecules'®!
_Number qf co_mpounds 103 to 10* compounds'¢? 10° to 108 compounds€?
in screening library
E_mdlng affinity (Kq) of UM to mM M to M

its
Assays_ used in Biophysical assays Biochemical or functional assays
screening

Fragment-based drug discovery relies on the use of biophysical assays to detect
low affinity (uM to mM) ligand-protein interactions, as the binding affinity is
typically out with the upper detection limits of biochemical or functional assays
used in HTS.83 There are a number of biophysical techniques which are used in
fragment screens including DSF (also known as thermal shift assay, TSA),
surface plasmon resonance (SPR), isothermal titration calorimetry (ITC), X-ray
crystallography and NMR spectroscopy.'®2164 Some of these are also used as
orthogonal methods for fragment hit validation — which requires binding affinity
determination and structural information regarding the fragment’s binding location

— and in hit-to-lead optimisation.'>®

A shift in the temperature of thermal unfolding of a protein (melting temperature,
Tm) caused by ligand interactions is measured to detect fragment hits in DSF
screens, using a fluorescent dye which has an increased quantum yield when
bound to hydrophobic patches of unfolded protein.'64165 DSF is suitable for
fragment screening as it is relatively high throughput compared to other
biophysical methods, however it is challenging to quantify ligand binding affinity
using this method.'%® SPR is also a high throughput biophysical technique which
detects a change in the refractive index of light upon fragment binding to
immobilised protein on a sensor chip surface, from which the equilibrium
dissociation constant, Kg, of ligand-protein binding can be determined.'®” The
binding affinity of fragments can also be determined using ITC, as the heat
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associated with ligand-protein interactions upon increasing ligand concentrations
is measured to calculate the equilibrium association constant (Ka, where Ka =
1/Kq).'%5 However, ITC is lower throughput compared to DSF and SPR as it uses
a larger quantity of protein and subsequently is typically used in fragment hit
validation rather than fragment screening.5 168 X-ray crystallography and NMR
methods are both applicable to all phases of FBDD (fragment screening, hit
validation and hit-to-lead optimisation) and can detect very low affinity binders (Kq
> 1 mM)." FBDD by crystallography requires protein crystallisation, fragment
soaking and X-ray diffraction data collection: target proteins which are not
amenable to crystallisation cannot be screened and fragments which bind to a
non-crystallised conformation are not detected.'®® In contrast to crystallography,
NMR experiments to detect fragment binding are solution-based and are
applicable to a diversity of targets including flexible proteins and complexes.'”°
NMR spectroscopy was the first biophysical method to be applied to fragment-
based drug discovery and is a powerful tool to identify and characterise ligand-
protein interactions.'”-'72 There are a number of different NMR experiments used
in FBDD which are categorised as either ligand-observed or protein-observed,
depending on whether the ligand signals or protein signals are monitored.'7% 172
Ligand-observed experiments are typically used in fragment screening whilst
protein-observed methods — used for structure and binding affinity determination
— are more often applied to hit validation and lead optimisation. 6% 170

2.1.2 Fragment Hit-to-Lead Optimisation

The overall aim of FBDD is to develop potent inhibitors against a target protein
from weakly binding fragment hit compounds identified and validated following a
fragment screen.’®® Optimisation of the fragment hits into ligands with sub-
micromolar binding affinity is pursued in a fragment hit-to-lead phase.!®?
Physicochemical properties of fragment compounds must also be monitored
during this phase: fragment-like ‘rule-of-three’ properties should be maintained
whilst affinity remains low to ensure compounds with high solubility which can be
tested using biophysical methods.”3174 As fragment hits progress into potent
inhibitors, more sensitive biochemical or functional assays can be used to assess

binding, and drug-like physicochemical parameters can be applied.!”
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Fragments can be developed into higher affinity compounds using one or more
of three main strategies: fragment growing, fragment linking or fragment
merging.'46: 188 |n a fragment growing approach, new functional groups and
structural modifications are introduced to the hit compound to increase the
quantity and quality of its interactions with the target protein, such as in the
development of vemurafenib (35), an approved drug for the treatment of BRAF-
mutant cancers (Figure 2.1a).1%2 175176 For this strategy, vectors suitable for
growing the fragment must be identified and a structure-activity relationship
(SAR) of the fragment hit must be established.%3 168 In contrast, fragment linking
and merging approaches both require two or more fragments which are bound in
different regions of the target protein binding pocket but are proximal to one
another, such as in the discovery of venetoclax (40), a BCL-2 inhibitor which is
clinically approved for the treatment of various leukaemias (Figure 2.1b).153 168,
177178 A linker can be designed to attach the fragments together, or different
structural elements of the fragments can be merged to generate larger and more

potent inhibitors. 153 168
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Figure 2.1. Fragment growing and fragment linking strategies for hit-to-lead optimisation
in FBDD. a) Development of vemurafenib (35) from fragment hit 33 using a fragment growing
approach.175-176 ) Development of venetoclax (40) from two proximally-bound fragment hits, 36

and 37, using a fragment linking approach.77-178

Structural information on the ligand binding orientation is considered essential for
both strategies of fragment hit optimisation — to either identify growth vectors or
design optimal linkers — and enables structure-based drug design (SBDD) for the
optimisation of fragments into potent inhibitors. 6% 17 X-ray crystallography is the
predominant method used for structural characterisation of fragment-protein
complexes in FBDD, however structural information is also obtained from in silico
docking and different NMR experiments, such as protein-observed 'H-15N
heteronuclear single quantum correlation (HSQC) spectroscopy. 6% 180-181 Briefly,
protein-observed 'H-""N HSQC spectroscopy is used to identify protein residues

which interact with a ligand and to identify fragments which are bound in proximal
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sites on a protein (refer to section 2.7.1 for further discussion).'”! 18 |t is applied
in a method known as ‘SAR by NMR’, in which fragment hits bound in proximal
sites on a protein are identified and structure-guided fragment linking or merging
is applied to generate a potent inhibitor, which was fundamental to the
development of venetoclax (40) and other small molecule therapeutics developed

using FBDD_170—171, 177-178
2.1.3 Fragment-Based Drug Discovery and Protein-Protein Interactions

FBDD has successfully resulted in the clinical approval of small molecule
inhibitors of PPls, as exemplified by venetoclax (40), which inhibits the interaction
of anti-apoptotic BCL-2 with its pro-apoptotic protein binding partners.170. 178, 183
Protein-protein interactions are viewed as challenging or even undruggable
targets due to their shallow binding pockets and large surface area, however
FBDD has led to the discovery of potent inhibitors against these targets in cases
when HTS was previously unsuccessful, such as against MMP3 (stromelysin). 133
146,158,184 |n fragment-based screening against PPIs, there is often a correlation
between fragment hit binding sites and hotspot regions on the target protein.'33
135,177,183 Fragments can then be grown to improve interactions within a particular
hotspot region or linked from one hotspot to another, in order to generate potent

lead inhibitors which can fully disrupt an interaction between two proteins. 33

2.2 Aim and Strategy for Development of Non-Catalytic Tankyrase
Inhibitors using a Fragment-Based Approach

Fragment-based drug discovery was pursued towards the identification of potent
antagonists of the tankyrase ARC domain, capable of disrupting PPIs between
tankyrase and its substrate proteins. A quinoxaline-based fragment hit compound
CCT170746 (28), which had been identified from a fragment screen against
TNKS2 ARC4 using ligand-observed NMR, was selected as the chemical start
point for this approach.'®> During hit validation of 28, its binding affinity against
TNKS2 ARC4 was determined as K¢ ~ 1 mM from 'H-1N HSQC protein-observed
NMR and ITC experiments.'3® Further to this, structural information obtained
during hit validation — using protein-observed NMR and competitive ligand-
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observed NMR experiments — revealed that 28 bound to the glycine sandwich
and central patch hotspots in the substrate binding pocket of TNKS2 ARC4.135

The overall strategy for this fragment-based project was to develop CCT170746
(28) into a potent substrate binding antagonist of the ARC domain using a
fragment growing approach for hit-to-lead optimisation. The principal aim was to
identify higher affinity, lead fragment analogues of 28 by introducing structural
modifications to increase fragment-protein interactions within the glycine
sandwich and central patch, and by extending to other hotspot binding regions in
the TNKS ARC substrate binding pocket. Therefore, the systematic exploration
of SAR around 28 was proposed by the synthesis of fragment analogues, using
in silico modelling to aid fragment design. A competitive ligand-observed NMR
assay using both CPMG and waterLOGSY methods would be used to test all
fragment analogues for binding to the substrate recognition pocket of TNKS2
ARC4. Protein-observed NMR ('H-">N HSQC) would then be used to determine
the binding affinity (Ka) of selected fragment analogues, and for structural
characterisation of the fragment binding sites. Biophysical NMR methods were
prioritised as there is no requirement for a fluorescent dye, immobilisation of the
target protein or protein crystallisation as for other biophysical methods. Ligand-
observed and protein-observed NMR would be used to facilitate the identification
of lead fragments with increased affinity (Ka < 300 uM). The development of lead
fragments into chemical inhibitors with submicromolar potency (Kd < 1 uM) would
then be pursued, using a higher throughput competitive biochemical assay to

assess the potency of further compounds.

The first aim of the fragment-based approach of the project was to understand
the structure-activity relationship (SAR) of fragment hit, CCT170746 (28). This
chapter describes the synthesis of close structural analogues of 28 and testing of
fragments for competitive binding against TNKS2 ARC4 using biophysical ligand-
observed NMR methods. Further compounds were then synthesised to explore
modification of the furan motif of 28, and binding affinities of analogues were
determined using protein-observed NMR. A second aim was refinement of the in
silico model of the location and binding mode of fragment hit 28 and its analogues
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within the tankyrase ARC domain, based on SAR from ligand- and protein-
observed NMR data.

2.3 In silico binding model of fragment hit against TNKS2 ARC4

In order to begin fragment hit-to-lead development efforts, an in silico docking
model of CCT170746 (28) bound to TNKS2 ARC4 was established.'3® This work
was undertaken by a co-worker, Mirco Meniconi (ICR Cancer Therapeutics Unit
[ICR CTU]), and is reported in Pollock et al, 2019.1%% Fragment docking was
performed using Genetic Optimisation for Ligand Docking (GOLD) software
which identified eight clusters of fragment binding modes that were consistent
with the CSPs observed in protein-observed NMR of TNKS2 ARC4 with 28.13°
The binding modes were assessed by quantum mechanical energy calculations
which estimated the binding energy of each docking pose using a fragment
molecular orbital (FMO) method.3% 185-188 The top five ranked binding modes

(BM) are shown in Figure 2.2.
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Binding mode 1 (BM1)
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Binding mode 4 (BM4)

Figure 2.2. In silico model of fragment hit CCT170746 (28) binding to TNKS2 ARCA4. In silico
docking of CCT170746 (28) (green) against a crystal structure of TNKS2 ARC4 bound to 3BP2
TBM peptide (PDB: 3TWR) using GOLD software constrained to a distance of 14 A from the
PDGQS sequence of the 3BP2 TBM peptide identified five binding modes [M. Meniconi, ICR
CTU].'35 Binding modes were ranked by ab initio calculation of total interaction energy: BM4 =
-75.55 > BM3 = -67.65 > BM5 = -61.95 > BM2 = -58.03 > BM1 = -47.69 [M. Meniconi, ICR
CTU].'® Left panel: Surface representation of TNKS2 ARC4 (light grey) bound to 3BP2 TBM
peptide (white); peptide interaction surface (dark grey) and the electrostatic surface of 28 binding
modes are highlighted. Right panel: TNKS2 ARC4 residues which interact with the TBM peptide
(grey) and residues which showed strong CSPs (>20 (dark pink), >10 (light pink)) in protein-
observed NMR with 28 are highlighted.
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The hypothesised binding modes of CCT170746 (28) can be grouped into two
key orientations, in which either the quinoxaline ring is bound in the central patch
region (binding modes 1, 2 and 3), or the fragment is flipped with the quinoxaline
ring positioned between in the glycine sandwich forming 1r-stacking interactions
(binding modes 4 and 5).3% In binding mode 1 and 2, the central amide of 28 sits
in the glycine sandwich formed by residues Y536 and Y569 and donates a
hydrogen bond to the carbonyl of G535, mimicking the interaction of a TBM
residue at position 7.1%% The quinoxaline motif interacts with central patch
residues, whilst the furan moiety extends towards C-terminal contacts.'3® In
binding mode 3, 28 is shifted towards the central patch and the quinoxaline motif
is positioned in the sub-pocket formed by TNKS2 ARC4 residues F532, D521,
S527 and R525.'% The 4-position nitrogen of the quinoxaline ring forms a
hydrogen bond with the side-chain hydroxyl of S527, and the central amide
carbonyl accepts a hydrogen bond from N565 in the central patch.3 The furan
motif forms Ttr-stacking interactions with the glycine sandwich tyrosine
residues.’3® In contrast, the orientation of 28 is reversed in binding modes 4 and
5 and the quinoxaline occupies the glycine sandwich formed by Y536 and
Y569."% In binding mode 4, the central amide carbonyl forms a hydrogen bond
with the hydroxyl of S527, the methylene is positioned towards the central patch
sub-pocket, and the furan moiety is directed towards an extended lipophilic region
of the central patch.'3® The central amide accepts a hydrogen bond from N565
and the furan sits in the central patch sub-pocket in binding mode 5.1%% FMO
calculations ranked binding modes 4, 3 and 5 as more energetically favourable
than 1 and 2, however synthesis of analogues in a SAR study was necessary to
fully test the hypothesised binding modes and identify fragment modifications
which could improve binding affinity of the fragment hit (28) (Ka= 1050 uM).'35

2.4 First iteration of fragment hit analogues

2.4.1 Design of analogues guided by in silico modelling

Fragment hit CCT170746 (28) has three distinct chemical motifs which were
amenable to modification in a SAR study (Figure 2.3). It was hypothesised that
the amide was providing key hydrogen bond interactions in all of the proposed
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binding modes from in silico docking of 28.'35 Due to its ability to provide both a
hydrogen bond acceptor from the carbonyl (-C=0) group and hydrogen bond
donor from the amine (-N-H) group for hydrogen-bonding interactions with target
proteins, the amide bond functionality is encountered frequently in medicinal
chemistry.'®® Subsequently, amide coupling is the most common chemical
reaction type used in drug discovery and there are many different reagents
available to synthesise amides.'%%-1°" Based on the hypothesised interactions of
the central amide from in silico docking of 28, and to allow ease of synthesis of
compounds by amide coupling reactions, the central amide was maintained in the
initial fragment hit analogues. Modification of the quinoxaline and furan motifs

was therefore the focus for the first iteration of fragment analogues.

CCT170746 (28)

Figure 2.3. Chemical structure of fragment hit CCT170746 (28). The three key chemical motifs
from which 28 is composed are highlighted.

From in silico docking of CCT170746 (28), it was hypothesised that in binding
modes 4 and 5 the quinoxaline ring forms 1-stacking interactions between two
electron-rich tyrosine residues (Y536 and Y569), whilst in binding mode 3 the 4-
position nitrogen is involved in a hydrogen-bond interaction (S527). Due to the
electron withdrawing effect of the two nitrogen heteroatoms in the quinoxaline
ring, the aromatic system is more electron-deficient and the nitrogen lone pairs
less basic than in corresponding heterocyclic benzopyridines containing only one
nitrogen atom — such as quinolines and isoquinolines. The synthesis of fragment
hit analogues in which the quinoxaline was replaced with other bicyclic fused 6-6
heterocycles containing nitrogen was proposed (Figure 2.4). From this set of
analogues, the aim was to determine both the importance of the position of the
nitrogen atoms in the ring and whether fragment binding affinity was affected by
electron-deficiency of the ring system.
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Figure 2.4. Proposed initial modifications to investigate the SAR of the quinoxaline moiety
in CCT170746 (28).

Focusing next on the furan moiety, it was hypothesised from in silico docking of
CCT170746 (28) that the furan was either directed towards the C-terminal
contacts (binding modes 1, 2 and 3) or central patch residues (binding modes 4
and 5) of the TBM peptide interaction regions. Introduction of small substituents
around the furan ring and at the adjacent methylene position was proposed to
assess the potential for fragment growing to increase binding affinity, and to
determine any binding pocket restrictions around the furan motif (Figure 2.5).
Replacement of the furan with nitrogen-containing 5-membered heterocycles,
isoxazole and oxazole, was also proposed to investigate furan ring replacements
(Figure 2.5).
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Figure 2.5. Proposed initial modifications to the furan moiety of CCT170746 (28) to assess
SAR.

2.4.2 Synthesis of initial fragment hit analogues

Prior to the synthesis of the first iteration of fragment hit analogues, 28 was re-
synthesised for use as a control in biophysical NMR assays. CCT170746 (28)
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was synthesised from quinoxaline-6-carboxylic acid and furan-2-ylmethanamine
in a one-step amide coupling reaction to form the central amide bond (Table 2.2).
This amide bond was subsequently maintained in all initial fragment hit
analogues; therefore, they were synthesised from commercially available acids
and amines. A 1-hydroxy-7-azabenzotriazole (HOAt) based amide coupling
reagent, O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HATU), was used to activate the carboxylic acids towards
nucleophilic attack of the chosen amine, as outlined in Figure 2.6.19
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Figure 2.6. Chemical structure and mechanism of HATU, an amide coupling reagent. a)
Chemical structure of HATU. b) Mechanism of carboxylic acid activation and subsequent amide
coupling reaction with amine. Figure adapted from Valeur and Bradley, 2009.°"

Two sets of fragments were then synthesised in which the quinoxaline carboxylic
acid and furfurylamine were varied independently to one another, to allow an
understanding of the structural features of 28 required for fragment binding. A set
of 7 fragments were synthesised from a variety of structural analogues of
quinoxaline carboxylic acid whilst maintaining furan-2-ylmethanamine (Table 2.2,
compounds 41 to 47). A further set of 8 fragments were synthesised by
maintaining the quinoxaline-6-carboxylic acid component of 28, whilst varying the
furfurylamine-derived right-hand side (Table 2.3, compounds 48 to 55). In all
cases the reactions went to completion as monitored by LCMS analysis and
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fragments were typically isolated in good to moderate yields of between 40-90%
with compound purities >95% after one purification. Lower yields were obtained

for 46 and 53 due to the co-elution of impurities during initial purification.

Table 2.2. Synthesis of fragments based on 28 via amide coupling, maintaining furan-2-
ylmethanamine and varying the quinoxaline-6-carboxylic acid derived left-hand side.
Reagents and conditions: i) HATU, DIPEA, DMF (0.1 M), rt, 17 h to 22 h.

o

o) o
HoN )J\ O
R)J\OH " ’ /\@ R ”/\U
Entry Yield Entry Yield
o} 0
_N o) 70 mg o) 52 mg
C D)Lﬁm 64% @©)L Hm 48%
N NS
CCT170746, 28 CCT373715, 44
o) 0
N o) 57 mg _ o 75 mg
Q/T@)Lﬁm 56% wﬁm 69%
CCT373560, 41 CCT373716, 45
o} o)
o 84 mg _ o 36 mg
wﬁm 78% LD)LQW 33%
N N
CCT373563, 42 CCT373723, 46
o 0
o 93 mg N o) 35 mg
N NS
CCT373564, 43 CCT373724, 47
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Table 2.3. Synthesis of fragments based on 28 via amide coupling, maintaining
quinoxaline-6-carboxylic acid and varying the furan-2-ylmethanamine derived right-hand
side. Reagents and conditions: i) HATU, DIPEA, DMF (0.1 M), rt, 17 h to 50 h.

N on + HNTC i N N
[\N | é' [\N | R’ R'=H or Me
Entry Yield Entry Yield
o] N o o
Ny o) 93 mg D N 79 mg
. Q)LHW 88% [ D)L Hm 65%
N N
of
CCT373538, 48 CCT373718, 52
o o)
_N o) 48 mg Ny o) 29 mg
C D)LNJ\L/) 43% [ D)Lﬁl/) 25%
N N
CCT373568, 49 CCT373719, 53
o) o)
_N 69 mg Ny o 48 mg
oS R SOR R I
N N
CCT373569, 50 CCT373722, 54
o) o)
_N o, 75 mg _N o) 91 mg
ORI SOR RV IR
N N
CCT373717, 51 CCT373725, 55

The synthesised fragments were then tested by ligand-observed NMR
experiments against TNKS2 ARC4 to assess binding compared with CCT170746

(28) and determine whether the structural modifications were tolerated.
2.5 Establishment of competitive ligand-observed NMR assay
2.5.1 Introduction to ligand-observed NMR

In ligand-observed NMR, the experiments used to monitor ligand-protein binding
involve observing changes in different NMR parameters of the small molecule —
including relaxation, diffusion coefficients, and intermolecular and intramolecular
magnetisation transfer.143 192 | igand-observed NMR methods are preferred in

fragment screening as compared with protein-observed NMR, there is no
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requirement for isotopic labelling of the protein and less protein is required to
detect ligand-protein binding.46: 170

Two ligand-observed NMR methods — transverse T2 relaxation-edited and
waterLOGSY - were used. T2 relaxation-edited NMR with a Carr-Purcell-
Meiboom-Gill (CPMG) filter utilises the slow relaxation of ligands compared with
the fast relaxation of proteins to suppress broad protein and protein-bound
signals, therefore only signals from unbound ligand are observed.!43 192193 |n
waterLOGSY (water-ligand observed via gradient spectroscopy) NMR
experiments, the large bulk water magnetisation is transferred via the protein-
ligand complex to free ligand, and signals of each appear with opposite NOE
signs. 94195 Both experiments can be used to determine whether ligand binding
is competitive as in the presence of a competitive inhibitor, there will be an
increase in free ligand and a decrease in protein-bound ligand.'* Examples of
the spectra obtained in the relaxation-edited and waterLOGSY methods are
shown in Figure 2.7, illustrating how each experiment was used to determine

fragment binding.
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Figure 2.7. Spectra from T. relaxation-edited (CPMG) and waterLOGSY experiments with
fragment CCT373719 (53). In T2 relaxation-edited (CPMG) experiments, a decrease in the peak
intensity of ligand signals upon addition of protein (TNKS2 ARC4) is observed for binding ligands
and the average peak intensity reduction (%) is calculated.'®® A recovery of ligand signals is
observed upon addition of a competitor for fragments which bind in the substrate recognition
domain.'® In waterLOGSY, signals from free ligand are negatively phased, whereas protein-
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bound ligand signals are positively phased. The extent of inversion from the negative to positive
phase indicates protein binding, and the recovery of negative signals when a competitor is added

indicates competitive binding.43: 194

2.5.2 Quality control of TNKS2 ARC4 protein, 3BP2 peptide competitor and
fragment stock solutions

There were three requirements to fulfil in order to establish the competitive ligand-
observed NMR assay. Firstly, the production of a large quantity of high purity
tankyrase ARC protein was necessary. Secondly, as competitive experiments
were performed to assess fragment binding to the substrate binding pocket of
tankyrase ARCs, a purified TBM peptide control was purchased and subject to
quality control. Lastly, both ligand-observed NMR experiments required a
‘compound only’ baseline spectra to be acquired; therefore, the preparation and

quality control of fragment stock solutions was required.

Fragment hit CCT170746 (28) was identified by a ligand-observed NMR screen
against TNKS2 ARC4, and in addition showed pan-ARC binding to all the
tankyrase substrate-binding ARC domains except for TNKS2 ARC1.13 The
largest average reduction in signal intensity in the presence of protein from the
T2 relaxation-edited CPMG experiment was observed with TNKS2 ARC4.13°
Therefore, structural analogues of 28 were also tested against TNKS2 ARC4 in
the ligand-observed NMR assay used in this project. TNKS2 ARC4 was produced
using an established protocol by expression from Escherichia coli and purification
by immobilised Ni?+ affinity chromatography and size exclusion chromatography
(SEC)."% Following the final purification by size exclusion, TNKS2 ARC4 was
obtained in high purity as analysed by SDS-PAGE gel electrophoresis with a yield
of 2.7 mg per L of TB expression culture (Figure 2.8a). The protein was also
assessed by high resolution native mass spectrometry and the observed
molecular weight for the major species was consistent with the expected mass
for the construct sequence [Joe Smith, ICR CTU] (Figure 2.8b).
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Figure 2.8. Analysis of TNKS2 ARC4 following purification by size exclusion
chromatography. a) SDS-PAGE analysis of elution fractions, stained with Coomassie (M =
marker, SEC = size exclusion chromatography). b) Raw and deconvoluted spectra from analysis
of TNKS2 ARC4 by high resolution mass spectrometry (molecular formula: C7soH1248N2260242Ss;
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calculated molecular weight: 17824.16 Da, observed molecular weight: 17825 Da) [Joe Smith,
ICR CTU].

The interaction of TNKS2 ARC4 with 3BP2, a substrate of tankyrase, is well
studied and its binding has been characterised by crystallography.®! Therefore a
16mer peptide containing the octameric tankyrase binding motif of 3BP2
(LPHLQRSPPDGQSFRS) was used in competitive experiments. The peptide
was purchased from a commercial supplier, with the N- and C- terminus capped
as acetyl and primary amides respectively, and an additional tryptophan residue
at the C-terminus to enable the concentration of peptide stock solutions to be
determined by UV-Vis spectrophotometry (Figure 2.9a). The purchased peptide
was subjected to quality control analysis by high resolution LCMS, which showed
a purity by UV and mass spectrometry of > 95% [Meirion Richards, ICR CTU]
(Figure 2.9b).

a
HNYNH
w@w¢u¢¢ui¢@w /¢ g £E¢L
3BP2 16mer competitor peptide (56)
b

uv

Ms

T 15 2 25 3 35 4 45 5 55 © B85 7 15 18 &5 § 95 W W5 T 115 12 B5 @ @5 4 1
Pmoponss va. Actulsition Fune {ms)
2 1107 798 rain. 7 srew) Frag=190 0V Rinck_3RE7_1fmes_14
M+ 3H] 3+

25, Likely peptice fragment MW 476

[Me2H]2+
. Peptide impurity (MW 2286)
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Figure 2.9. Quality control analysis of 3BP2 16mer competitor peptide. a) Structure of the
competitor 3BP2 16mer TBM peptide (56) (+ tryptophan) (sequence: Ac-
LPHLQRSPPDGQSFRSW-CONH2). b) UV and MS spectra from analysis of 3BP2 16mer peptide
by high resolution LCMS molecular formula: Ce2H137N290z2s5; calculated molecular weight: 2048.03
Da; observed: 1025.5273 [M+2H]?*) [Meirion Richards, ICR CTU].

The final requirement for the competitive ligand-observed NMR assay was the
accurate preparation of fragment stock solutions at 50 mM in DMSO-ds.
Deuterated DMSO-ds was used to avoid signals from the non-deuterated solvent
interfering with the detection of ligand signals in the ligand-observed NMR
experiments. Firstly, fragment stock solutions were prepared to a calculated
concentration of 70 mM in DMSO-ds. A quantitative proton ('H) NMR experiment
was used to determine the measured concentration of compound stock solutions,
by comparison of peak integrals with those of an external calibration standard (10
mM caffeine in DMSO-ds). Based on the measured concentrations, the dilution
volume of DMSO-ds required to achieve the desired 50 mM concentration for
each fragment stock solution was calculated, ensuring that each fragment stock
solution was prepared to the same final concentration. Inspection of the
quantitative 'TH NMR spectra for each compound also provided a final quality
control check of the synthesised fragments.

2.5.3 Testing initial analogues in ligand-observed NMR assay

Results from testing the first iteration of analogues in ligand-observed NMR
experiments are shown in Table 2.4. Firstly, the concentration at which to test
each fragment was determined from its measured kinetic solubility. Kinetic
solubility was assessed using quantitative '"H NMR at a fragment concentration
of 1000 uM in aqueous HEPES NMR buffer with 2% DMSO-ds (Kin. Sol. (uM),
Table 2.4). The kinetic solubility was determined from the peak integrals of
compound 'H signals from 5.5 — 9.5 ppm, once again in comparison with an
external calibration standard (200 uM caffeine in aqueous HEPES NMR buffer
with 2% DMSO-ds). Fragments which were determined to have solubility greater
than 500 uM were tested at this concentration, whilst fragments with lower
solubility were either tested at 200 uM or 50 uM. This was done to avoid testing
compounds at concentrations higher than their kinetic solubility which could lead
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to false positive results due to compound aggregation or precipitation, whilst
maximising the signal:noise ratio and the information obtained from the assay for
each fragment. For example, waterLOGSY spectra were not processed for
fragments tested at 50 yM due to poor signal:noise. The control fragment,
CCT170746 (28), was tested at all three concentrations to enable a valid
comparison of the assay results for fragments tested at different concentrations.

Each fragment was tested using a Tz relaxation-edited CPMG assay, and binding
was quantified by the average peak intensity reduction (%) upon addition of
protein (CPMG + protein, Table 2.4). The binding of each fragment was also
assessed by a qualitative comparison of waterLOGSY spectra in the absence
and presence of protein (waterLOGSY + protein, Table 2.4). Two samples were
prepared for all fragments tested — one ‘blank’ sample containing compound only,
and one ‘protein’ sample containing compound and TNKS2 ARC4 protein. A low
protein concentration of 20 uM was selected for the assay to limit the chemical
shift changes in ligand NMR signals which occur in the presence of protein.'9?
Relaxation-edited CPMG and waterLOGSY experiments were acquired on both
samples, and the spectra were analysed in the region of 5.5 — 9.5 ppm using
MestreNova Screen software.'®” For the relaxation-edited experiment, the peak
intensity change (I) for each ligand signal between 5.5 — 9.5 ppm was calculated
according to equation 2.1 and the average was taken to determine the average
peak intensity reduction (%) reported in Table 2.4 (CPMG + protein).

I — (Iblank - Iprotein)

Equation 2.1:
Iptank

Fragments which showed equivalent or greater binding than CCT170746 (28)
from relaxation-edited (>20% peak reduction) or waterLOGSY experiments were
then tested again, and competitive ligand-observed NMR experiments were also
performed with these analogues to determine whether increased binding resulted
from binding within the substrate recognition domain of TNKS2 ARC4, from
interactions with other potential sites on the ARC, or from non-specific
interactions (CPMG and waterLOGSY + competitor, Table 2.4). To this end, a
third ‘competitor’ sample was prepared for the competitive experiments which
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contained compound, TNKS2 ARC4 and the 3BP2 16mer peptide competitor at
a concentration of 200 uM.6" 135 Again, spectra were processed in MestreNova
Screen software. The peak intensity change (l) for each ligand signal was
calculated according to equation 2.2, and averaged to determine the average
peak intensity reduction (%) reported in Table 2.4 (CPMG + competitor).

I = (Iblank - Icompetitor)

Equation 2.2:

Iblank

Table 2.4. A summary of data obtained from competitive ligand-observed NMR
experiments performed with initial fragment CCT170746 (28) analogues. Fragments were
tested at either 500 uM, 200 uM or 50 uM depending on aqueous kinetic solubility (Kin. Sol. uM).
an =1 unless otherwise indicated (arithmetic mean with + SD error for n > 1); b competition with
3BP2 peptide (200 uM), n = 1 unless otherwise indicated (arithmetic mean with = SD error for n
> 1); ¢ Decrease to baseline and inversion to positive phase indicates binding, minimal decrease

to baseline indicates non-binding; ¢ signal recovery indicates competitive binding.

Fragment : CPMG CPMG  |WaterLOGSY | WaterLOGSY
. 0 Kin. | Assay cloaP
H/\@ Sol. | Conc. | v %
(uM) | (uM) (MoKa), protein?|+ competitor®| + protein® | + competitord
0
N
Z > 20% +4%| 5% 3% Decrease to |q,
[\Njij) 898 500 1.0 (n=9) (n=8) baseline Signal recovery
CCT170746, 28
)
N
Z > 26% +8%| 8% *4% Decrease to |q.
[\Njg) 898 200 1.0 (n=5) (n =5) baseline Signal recovery
CCT170746, 28
)
N o % + 7% % + 7%
[ ]ij) 898 50 1.0 29% £ 1%, 9% 277 Not observed | Not observed
Sy (n=6) | (n=6)
CCT170746, 28
0
N .
“ ) 979 | 500 | 2.0 | 16% - Decrease 1o |, a1 recovery
X baseline
CCT373560, 41
0
~ ] b 314 | 200 | 20 | 16% - Decrease o ool recovery
SN baseline
CCT373563, 42
0
~ ] ol 179 | 200 | 24 | 17% - Decrease 1o |l recovery
N baseline

N
CCT373564, 43
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0]

. Positive for
,@) © | 593 | 500 | 19 | 14% . compound only .
CCT373715, 44 (aggregation)
0
“C@A“ 988 | 500 | 19 | 14% - inversion 1o -
x positive phase
CCT373716, 45
0
= % *+ 0% i i
Nk\ | 918 | 500 13 19% 20 % 10% In\./clarsmr;1 to Dggreass in
N (n=2) positive phase | positive phase
CCT373723, 46
0
N o, o, i H
5 | 865 500 13 24% * 9% 7% Inygrsmn to |No q§crease in
Ny (n=2) positive phase | positive phase
CCT373724, 47
Ffagme“é CPMG CPMG  |WaterLOGSY | WaterLOGSY
| K s cioge
[\ | (M) | (uM) (MoKa)|, protein2|+ competitor®| + protein® |+ competitord
N
. 0 .
N 00 i OO .
Hm/ 972 | 500 | 16 31( r{ - 27)/ 3% L'lv.ffvr?oﬁie Signal recovery
CCT373538, 48 = P P
>~ O 25% * 5% Inversionto |..
N o
iy 1065 | 500 1.7 (n=2) 3% positive phase Signal recovery
CCT373568 49
°N N\
m 884 | 500 | 0.82 | 14% - Dz‘;f;fneem Signal recovery
CCT373569, 50
)
N OO i OO .
HEN 1008 | 500 | 0.13 29; rf - 22)/ 7% Dz‘;r:;isneeto Signal recovery
CCT373717, 51 B
N \ 5
H OO i OO i .
{ 217 | 200 1.9 37% x 7% 3% Inygrsmn to Signal recovery
cl (n=2) positive phase
CCT373718, 52
-~ o
N % + 7% i
Hw 885 | 500 | 082 |[24%*7% 4% Inversion to Signal recovery
(n=2) positive phase
CCT373719, 53
-~ o iy
N
) 1012 | 500 | 0.91 | 9% - dM”;'ma' -
CCT373722, 54 ecrease
- o
N N
HA[N) 1006 | 500 | -0.12 | 7% . Minimal -
decrease

CCT373725, 55

Results from the fragments tested by relaxation-edited NMR in two independent

measurements (n = 2) showed that the standard deviation (SD, or o) ranged from

+0to 9% (meano =+

5%), demonstrating the intrinsic variability of the NMR

assay. Therefore, only fragments which showed a change in peak intensity

reduction between ‘blank’ and ‘protein’ samples of greater than 2o compared with
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control 28 (20 + 10%) were considered to show significantly increased or
decreased binding to TNKS2 ARC4, whereas fragments with peak intensity
reduction within 20 of control 28 (10-30%) were classed as showing equivalent
binding (Figure 2.10). Fragments with a signal intensity reduction less than 10%
in the relaxation-edited experiments from a comparison of ‘blank’ and ‘protein’
samples were considered as non-binding. In the competitor relaxation-edited
experiments, fragments were considered as competitive if an average signal
intensity reduction less than 10% from a comparison of ‘blank’ and ‘competitor’
samples was calculated, indicating full recovery of ligand signals (Figure 2.10).
For the first iteration of fragment analogues, between 5-40% reduction in signal
intensity was observed in the presence of TNKS2 ARC4, and only two analogues
(48 and 52) showed a significant change in average peak intensity reduction

compared with control fragment 28 (Figure 2.10).

Relaxation-edited ligand-observed NMR

100 m  TNKS2 ARC4

90 . TNKS2 ARCA +
80-hl-+-11- - - B-0-1-R- -8 L1 R-D- 3BP2 peptide

Signal Intensity
3

Figure 2.10. Graphical summary of results from testing the first fragment iteration in
relaxation-edited (CPMG) ligand-observed NMR. Intensity of fragment 'H NMR signals in the
presence of TNKS2 ARC4 (red bars), and in the presence of TNKS2 ARC4 + 3BP2 peptide
competitor (grey bars), as a percentage (%) of 'TH NMR signals in ‘compound only’ spectra. Y-
axis (signal intensity) unit is %. Fragments were tested at either 500 uM or 200 uM depending on
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their aqueous kinetic solubility and control fragment CCT170746 (28) was tested at both
concentrations (pink and light grey bars). The average signal intensity (%) reduction between
‘compound only’ and ‘TNKS2 ARC4’ for control fragment CCT170746 (28), tested at 500 uM, was
determined as 20% (n=9) (pink dashed threshold). Fragments which showed an average signal
intensity (%) reduction of less than 10% between ‘compound only’ and ‘TNKS2 ARC4 + 3BP2
peptide’ indicated competitive binding (light grey dashed threshold).

Analysis of ligand-observed NMR results presented in Table 2.4 and Figure 2.10
with the initial set of analogues provided preliminary SAR. Replacement of the
quinoxaline moiety with quinolines and isoquinolines did not show a significant
effect on the extent of fragment binding to TNKS2 ARC4. Exchanging the
quinoxaline for quinazoline isomers also maintained equivalent protein binding to
control 28 in relaxation-edited NMR, however both quinazolines 46 and 47
showed stronger binding than 28 from waterLOGSY signals. Interestingly,
isoquinoline 44 showed strong positive waterLOGSY signals in the absence of
protein, indicating compound aggregation as a concern with this scaffold.
Replacement of the furan with an oxazole (55) also abolished binding of the
fragment to TNKS2 ARC4. However, chlorination at position 4 of the furan ring
(52) resulted in increased protein binding in relaxation-edited NMR, therefore
indicating a preference for lipophilicity at this position of the furan ring. In addition,
methylation of the furan ring in the 5 or 3 positions (48 and 53) and of the adjacent
methylene (49) showed equivalent binding to TNKS2 ARCA4.

Methylation of the central amide nitrogen (54) showed significantly decreased
protein binding compared to 28, supporting the hypothesis that the amide linker
was important in fragment binding. It was proposed that the N-H could therefore
be required as a hydrogen bond donor, in support of binding modes 1 and 2 from
in silico docking of 28. However, it was also hypothesised that N-methylation
could influence fragment conformation. The chemical structures of all first
iteration fragments were imported into Molecular Operating Environment (MOE)
software and energy minimisation was performed using the Energy Minimize
function with default parameters.'®® N-methylation induced a substantial change
in the energy minimised conformation of 54 compared to 28. This conformational
change would not be tolerated in any of the proposed in silico fragment binding
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modes (Figure 2.11). All other fragments with quinoxaline or furan modifications

maintained an energy minimised conformation consistent with that of 28.

Figure 2.11. Comparison of energy minimised structures of CCT170746 (28) and
CCT373722 (54). Energy minimisation of 28 (green) and 54 (orange) was performed using the
Energy Minimize function in MOE.'"®® A substantial change in energy minimised fragment

conformation was observed upon N-methylation of the central amide.

From competitive ligand-observed NMR experiments, quinazolines 46 and 47
showed competitive binding in relaxation-edited experiments but only partially
competitive binding in waterLOGSY, whereas 47 showed non-specific binding in
competitive waterLOGSY. Therefore, it was hypothesised that the quinoxaline
moiety of 28 is required to maintain essential binding interactions in the substrate
recognition pocket of TNKS2 ARC4. In contrast, in competitive ligand-observed
NMR with 48, 49, 52 and 53 it was demonstrated that installing small functional
groups around the furan ring maintained competitive binding of the fragments to
TNKS2 ARC4 substrate recognition domain. Therefore, further fragment

optimisation efforts focused on furan modification was proposed.

2.6 Second iteration of fragment hit analogues with furan

modifications

2.6.1 Design of second fragment iteration and binding model hypothesis

The aims of the second iteration of fragment modifications were to further
differentiate between the proposed in silico binding modes of CCT170746 (28)
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and to generate higher affinity ligands by introducing substituents from all

positions around the furan ring.

Fragment design was aided by in silico modelling using Molecular Operating
Environment (MOE) software.' The initial in silico docking of CCT170746 (28)
— which had been performed using GOLD software — was imported into MOE and
prepared using the QuickPrep panel with default parameters. Fragments with
furan modifications which had maintained competitive binding against TNKS2
ARC4 were then modelled against each of the five predicted binding modes of 28
using energy minimisation. Furan substituents were added to the chemical
structure of 28 using the Builder panel in MOE to generate fragments 48, 49, 51,
52 and 53 in binding modes 1 to 5. The drawn fragments were then energy
minimised using the Minimize function in the Builder panel to optimise the
coordinates of the molecular data.%

From this modelling, it was observed that the furan substitutions of fragments 48,
51, 52 and 53 were tolerated in all proposed in silico binding modes of
CCT170746 (28) and key hydrogen bond interactions were maintained upon
energy minimisation. However, introduction of a methyl group at the furan
methylene position in fragment 49 introduced a clash with the protein surface in
binding mode 3 and a key hydrogen bond from the fragment amide carbonyl to
N565 was not maintained upon in silico modelling via energy minimisation (Figure
2.12). Since this substitution maintained competitive binding in the ligand-
observed NMR assay, this SAR indicated binding mode 3 as less likely and
favoured a fragment orientation consistent with either binding modes 1 and 2, or
binding modes 4 and 5.
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Methyl not tolerated in binding mode 3

Figure 2.12. 2D representation of CCT170746 (28) interactions with TNKS2 ARC4 residues
in binding mode 3. Binding mode 3 from in silico docking of 28 was visualised in MOE. Pocket
restrictions around the methylene position adjacent to the furan suggest that methyl substitution

would not be tolerated in this binding mode.

Therefore, synthesis of a second iteration of fragment optimisation focusing on
furan modifications was proposed to further differentiate between in silico binding
modes 1, 2, 4 and 5. It was hypothesised that introduction of lipophilic
substituents could lead to increased binding affinity of the fragments by
introduction of van-der-Waals interactions with the lipophilic central patch
extension if the fragment was oriented as in binding modes 4 and 5 (Figure 2.13).
Conversely, if the fragment was positioned as in binding modes 1 or 2,
introduction of more polar heteroaromatic groups could improve binding affinity
in the more hydrophilic C-terminal contact region of the substrate recognition
pocket of the ARC domain (Figure 2.13). In general, introduction of substitutions
larger than the methyl groups introduced previously was proposed to further
understand the structural restrictions of the furan binding pocket.
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Hydrophilic residues (purple)
Lipophilic residues (green)

Figure 2.13. Surface representation of TNKS2 ARC4 highlighting hydrophilic and lipophilic
residues. Binding modes 1 and 2 (left) versus binding modes 4 and 5 (right) from in silico docking
of fragment 28 (green) against TNKS2 ARC4 (PDB: 3TWR) are shown.

2.6.2 Synthesis of fragment hit analogues with furan modifications

The compounds synthesised in the second iteration of CCT170746 (28)
analogues are summarised in Figure 2.14. In addition to furan substitutions, furan
replacement with other aromatic and non-aromatic heterocycles was also
investigated as the isoxazole retained competitive binding against TNKS2 ARC4.

X, Y, Z=0, N(H)
o 1 or C(H)
N (o] P X . (0]
N ’ \ -
SORAY, Ty— Ru
N / Z X
CCT170746 (28) \ X = CH or NMe

Figure 2.14. Summary of the modifications introduced in the second iteration of fragment
synthesis. The second iteration of modifications focused on: 1. Introduction of substituents and
furan replacement with alternative 5-membered heterocycles and 2. Introduction of polar
substituents and furan replacement with unsaturated heterocycles.

For the synthesis of unsubstituted quinoxaline-6-carboxamide fragments in which
the central amide linker was maintained and furan modifications or heterocyclic
substitutions were introduced, the desired compounds were efficiently
synthesised in a one-step HATU-mediated amide coupling reaction from
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quinoxaline-6-carboxylic acid and commercially available amines (Table 2.5). As
previously, fragments were isolated in high purity (> 95%) after purification by
reverse phase chromatography, with typical yields for this iteration ranging
between 35% and 80%.

Table 2.5. Synthesis of unsubstituted quinoxaline-6-carboxamide fragments based on 28
via amide coupling, maintaining quinoxaline-6-carboxylic acid and further varying the
furan-2-ylmethanamine derived right-hand side. Reagents and conditions: i) HATU, DIPEA,
DMF (0.1 M), rt, 17 h to 26 h.

0 _ o}
N R : N R
2 OH *+ pN &~ —————— N
< < H
N N

Entry Yield Entry Yield
o]
Q 81 mg N N o) 69 mg
N N O 60% C] Ho 53%
[\ | Ho oy N
N
CCT376430, 57 CCT375688, 58
o)
N o 104 mg o 102 mg
[: | H | // 77% END)J\H \O/ 72%
N Sy
CCT375683, 59 CCT375554, 60
o]
o]

N o) 51 mg N N © F 92mg
[/ | N \ o, [ | H \ / o,
- H /) 38% \N 61%

N

CCT375689, 61 CCT375868, 62
o] o]
N 0, 43 mg N _N, 67 mg
[\ D)L” LN 36% [\ D)LH ~° 58%
N N
CCT390158, 63 CCT375528, 64
o)
o]
N o]
SOR: S C ﬁﬁ oy %
[\ | H 56% Sy 4 43%
N
CCT375690, 65 CCT375548, 66
o] o]

N N
[\ D)LH 14 mg [\ I@J\N 54 mg

N 10% N 37%

CCT390444, 67 CCT390207, 68
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N (o} 34m N 51m
z N g _ g
C DAH&E(N 23% C ﬁﬂfw 46%
N \N
Br
CCT390447, 69 CCT390160, 70
O (e}
N N, 52 mg N NN 52 mg
C D)LHLN* 43% C D)LHIQN’ 41%
N N
CCT390161, 71 CCT390159, 72
(0] (0]
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Three fragments — CCT390444 (67), CCT391210 (74), and CCT390601 (78) —
proved more challenging to synthesise resulting in yields lower than 20% (Table
2.5). For 67, unreacted carboxylic acid and impurities were observed by LCMS
analysis of the reaction, which was a result of low amine starting material purity
(Figure 2.15a). For 74 and 78, significant by-products formed during the reaction
were detected by LCMS (Figure 2.15b and 2.15c¢) and an additional normal phase
purification was required to obtain high purity fragments in both cases.
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Figure 2.15. Reaction analysis by LCMS, highlighting the major impurities identified in the
synthesis of modified furan fragments. a) Synthesis of CCT390444 (67): Low purity of the
amine starting material resulted in formation of several impurities (tr = 1.34, 1.48 and 1.58 min)
and unreacted carboxylic acid which was detected as the methyl ester (m/z 189 [M+H]*,tr = 1.00
min). b) Synthesis of CCT391210 (74): Major impurity detected was formation of the
guanidinylated pyrazole by-product (m/z 352 [M+H]*, tr = 0.60 min). ¢) Synthesis of CCT390601
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(78): Major impurity detected was formation of the bisamide by-product (m/z 451 [M+H]*, tr = 1.01

min), at the same retention time as the desired product (m/z 327 [M+H]*, tr = 1.01 min).
2.6.3 SAR from ligand-observed NMR assay

For the second iteration of 28 analogues, all fragments were tested in the
competitive ligand-observed NMR assay using T2 relaxation-edited CPMG and
waterLOGSY experiments to determine whether the fragments were binding to
TNKS2 ARC4 in the substrate recognition pocket. As previously, fragment stock
solutions were prepared to a concentration of 50 mM in DMSO-ds and the kinetic
solubility of the fragments was measured using quantitative 'H NMR at a
compound concentration of 1000 yM in aqueous HEPES NMR buffer with 2%
DMSO-ds (Kin. Sol. (uM), Table 2.6).

Table 2.6. A summary of data obtained from competitive ligand-observed NMR
experiments performed with substituted furan fragment compounds. Fragments were tested
at either 500 pM, 200 uM or 50 uM depending on aqueous kinetic solubility (Kin. Sol. pM). 2 n =
1 unless otherwise indicated (arithmetic mean with + SD error for n > 1); b competition with 3BP2
peptide (200 uM), n = 1 unless otherwise indicated (arithmetic mean with £ SD error for n > 1); ¢
Decrease to baseline and inversion to positive phase indicates binding, minimal decrease to
baseline indicates non-binding; 9 signal recovery indicates competitive binding.

Fragme"(‘) CPMG CPMG  |WaterLOGSY | WaterLOGSY
N . Kin. | Assay clogP
z - Sol. | Conc. MoK
~ | (M) | (pM) (MoKa)/, protein?| + competitor®| + protein® |+ competitor?
N
“~ o
N o, o, o, o,
Hm 898 500 1.0 20 /°_i94 | % f gh D(Zcrea}_se o Signal recovery
CCT170746, 28 (n=9) (n=8) aseline
-~ o
N o, o, o, o,
Ho Ly 898 | 200 | 19 (26 /°_i58/° 8%+ ::)A: D(ka)crea}ge 1 ISignal recovery
CCT170746, 28 (n=5) (n=>5) aseline
-~ o
N o (<) <) )
oLy 898 50 1.0 29(n/0—167)/° 9(1‘]’?;)/" Not observed | Not observed
CCT170746, 28 B B
o o Minimal )
N \ 0/ 188 200 2.7 6% 1% decrease
CCT376430, 57
\\N \ O
H .
m 150 | 200 | 24 | 17% 4% Inversion 1o |01 recovery
positive phase
CCT375688, 58
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N o 53 50 3.0 9% 1% Not observed | Not observed
H |
CCT375554, 60
. o
u“@/% . 70%
/ 51 50 2.8 2% (interference) Not observed | Not observed
CCT375689, 61
N o)
HWF 61 50 3.1 21% 4% Not observed | Not observed
CCT375868, 62

Considering modifications to the furan ring (Table 2.6), analogues of CCT170746
(28) with bulky lipophilic substitutions at the adjacent methylene and 5-position of
the furan were tested, with the aim of understanding binding pocket restrictions
in these positions. Whilst planar, aromatic substitutions in the 5-position such as
4-fluorophenyl (62) and benzofuran (58) both maintained competitive binding to
TNKS2 ARC4, large n-butyl (57) and phenyl (60) substituents adjacent to the
furan were not tolerated. Fragment 59, with tert-butyl substitution at the
methylene position, was not tested due to its low kinetic solubility (12 puM).
Overall, introduction of lipophilic furan substitutions had a detrimental effect on
aqueous solubility compared with methyl substituted furans, which was
associated with a calculated lipophilicity greater than 2.0 (Table 2.4 vs Table 2.6,
Kin Sol and clogP). Since replacement of the furan in 28 with an isoxazole (51)
maintained competitive binding and showed a decrease in clogP from 1.0 to 0.13,
furan replacement with other 5-membered heterocycles and introduction of
lipophilic substitutions from vectors around the rings to gain binding affinity was
investigated (Table 2.7).

Table 2.7. A summary of data obtained from competitive ligand-observed NMR
experiments performed with furan replacement fragment compounds. Fragments were
tested at either 500 uM, 200 uM or 50 pM depending on aqueous kinetic solubility (Kin. Sol. uM).
an =1 unless otherwise indicated (arithmetic mean with + SD error for n > 1); ® competition with
3BP2 peptide (200 uM), n = 1 unless otherwise indicated (arithmetic mean with = SD error for n
> 1); ¢ Decrease to baseline and inversion to positive phase indicates binding, minimal decrease

to baseline indicates non-binding; ¢ signal recovery indicates competitive binding.
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o CPMG CPMG WaterLOGSY | WaterLOGSY
N . Kin. | Assay clogP
z - Sol. | Conc. MoK
~ | (uM) | (uM) (MoKa)| protein?| + competitor®| + protein® |+ competitor?
N
< o
N o () [ o
A 20% +4%| 5% 3% Decrease to |qa.
CCT1;7416/)28 898 500 1.0 (n=9) (n=8) baseline Signal recovery
< o
N T ) 898 | 200 10 |28%*8%| 8%+4% Decrease to Signal recovery
CCT170746. 28 ) (n=5) (n=5) baseline
“~ o
N o, o, o, o,
Ho Ly 898 | 50 1.0 23;"_167)6 g(ﬁfé)A’ Not observed | Not observed
CCT170746, 28 B -
~ 0
H LN Decrease to
{ 1011 500 0.51 16% 6% baseline Signal recovery
995 500 1.2 18% 1% Di(;rse:”sneeto Signal recovery
1024 | 500 | 1.4 | 36% 5% Decrease 0 |signal recovery
CCT375548, 66
~ 0
N N
H/\E(N Decrease t0 |
. 200 200 0.97 18% 1% baseline Signal recovery
]
CCT390447, 69
N~ .
N 866 | 500 | 0.56 | 31% 9% Inversion 0 I a1 recovery
CCT390160, 70 positive phase
NN -
Ho LNT | 917 | 500 | -021 | 13% 0% inimal -
CCT390161, 71
~ N
NN Minimal
= 947 | 500 | 0.19 | 13% 3% inima -
decrease
CCT390159, 72
~ N
N
Ho LM 1043 | 500 | -0.24 | 14% 5% Df)‘:f;fneem Signal recovery
CCT375691, 73
N N\ .
Hm 948 | 500 | 0.06 | 7% 6% inimal -
CCT391210, 74
NV W I .
o o nversionto |a.
564 500 1.8 21% 3% positive phase Signal recovery
CCT375867, 75
~ N
N
H
243 | 200 | 17 35% 10% Inversion 1o |01 recovery

CCT375869, 76

positive phase
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S O,
o o Inversionto |,
o\ 1010 | 500 | -0.05 13% 3% positive phase Signal recovery
CCT390205, 77
N
/
732 | 500 | 0.73 | 16% 2% Decrease 1o | g recovery
0 baseline
o _
CCT390601, 78
S (0]
N N
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CCT390206, 79
~. (0]
N
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CCT390441, 80
\‘N O
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CCT390446, 81

Furan replacement with methylated isoxazoles (63 and 65) maintained
competitive binding and iso-propyl substitution at the 5-position (66) resulted in
substantially increased binding to TNKS2 ARC4 in the relaxation-edited
experiment with reduction in peak intensity > control + 2o. Other 5-substituted
isoxazoles with lipophilic phenyl and pyridyl groups (67 and 68) had low kinetic
solubility (17 uM and 25 uM respectively) and therefore were not tested in ligand-
observed NMR. Nitrogen-containing pyrazoles also maintained binding
comparable to the furan motif, except in the case of 4-pyrazole (74), whilst
unsubstituted pyrrole (70) showed increased binding to TNKS2 ARC4 in both
relaxation-edited and waterLOGSY experiments. Further substitution of these
heterocycles resulted in the identification of other fragments with increased
binding to TNKS2 ARC4 compared to 28 such as indole (75) and 5-phenyl
pyrazole (76), as determined from either relaxation-edited or waterLOGSY
methods. It was hypothesised that more polar groups might lead to increased
fragment binding affinity if the fragments occupied binding modes 1 or 2, due to
interaction with the more hydrophilic C-terminal contact region of the substrate
binding pocket. Introduction of ether and ester groups in the 3-position of the
isoxazole (77 and 78) maintained binding to TNKS2 ARC4. Replacement of the
furan with flexible, unsaturated tetrahydrofuran (79), tetrahydropyran (80) and N-
methyl morpholine (81) maintained competitive binding but did not lead to any
substantial increase in binding as determined by ligand-observed NMR
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experiments. A summary of the SAR for the extended furans and furan
replacements in the second iteration of fragments is shown in Figure 2.16.

Relaxation-edited ligand-observed NMR

10 = TNKS2 ARC4

. TNKS2 ARC4 +
soh-Hat-1-+ 1L -1 N | N -l ---L -4 3BP2 peptide

Signal Intensity
3

Figure 2.16. Graphical summary of results from testing the second fragment iteration in
relaxation-edited (CPMG) ligand-observed NMR. Intensity of fragment '"H NMR signals in the
presence of TNKS2 ARC4 (red bars), and in the presence of TNKS2 ARC4 + 3BP2 peptide
competitor (grey bars), as a percentage (%) of 'TH NMR signals in ‘compound only’ spectra. Y-
axis (signal intensity) unit is %. Fragments were tested at either 500 yM, 200 pyM or 50 uM
depending on their aqueous kinetic solubility and control fragment CCT170746 (28) was tested
at all three concentrations (pink and light grey bars). The average signal intensity (%) reduction
between ‘compound only’ and “TNKS2 ARC4’ for control fragment CCT170746 (28), tested at 500
MM, was determined as 20% (n=9) (pink dashed threshold). Fragments which showed an average
signal intensity (%) reduction of less than 10% between ‘compound only’ and ‘TNKS2 ARC4 +
3BP2 peptide’ indicated competitive binding (light grey dashed threshold).

In silico docking of CCT170746 (28) was inspected in MOE to evaluate which of
the proposed binding modes would tolerate the second iteration furan
modifications that had maintained competitive binding against TNKS2 ARCA4.
Ablated binding of fragments as a result of butyl and phenyl substituents in the
adjacent methylene position supported binding modes 3, 4 or 5 as the more
probable since the methylene points towards the protein surface in these poses.
Introduction of the pyrrole (70), indole (75), 5-phenyl pyrazole (76) and iso-propy!
isoxazole (66) was tolerated in all binding modes during energy minimisation
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studies using the Builder panel in MOE. %8 Key hydrogen bond interactions were
maintained except in binding mode 2, in which iso-propyl substitution of the
isoxazole (66) disrupted a hydrogen bond from the central amide N-H to the
backbone carbonyl of G535. Interestingly, several new interactions were
hypothesised from energy minimisation modelling of the fragments drawn in
binding modes 4 and 5. Introduction of indole (75) and 5-phenyl pyrazole (76)
showed potential for a cation-1 interaction between phenyl groups and the
protonated amine sidechain of K501, whilst a hydrogen bond interaction between
this residue and the nitrogen of isoxazole (66) was observed in binding mode 4
(Figure 2.17). In binding mode 5, a hydrogen bond of the pyrrole N-H with the
sidechain carboxylic acid of D521 for pyrrole (70) and indole (75) fragments was
predicted, and a cation-1r interaction with the backbone amide N-H of R525 was
predicted for 70, 75 and pyrazole (76) (Figure 2.17).
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Binding mode 4 Binding mode 5

Figure 2.17. Energy minimised structures (not docked) of second iteration fragments.
Furan modifications were added to the chemical structure of CCT170746 (28) positioned in
binding mode 4 (left panel) and binding mode 5 (right panel) against TNKS2 ARC4 (PDB: 3TWR).
Energy minimisation was performed using the Minimize function in the Builder panel in MOE
(CCT375548, 66, cyan; CCT390160, 70, orange; CCT375867, 75, magenta; CCT375869, 76,
blue).

It was hypothesised that the introduction of these furan modifications would lead
to an increase in binding affinity of the fragments if they were occupying either
binding modes 4 or 5, as predicted from in silico energy minimisations. A protein-
observed NMR assay was therefore established to determine whether any
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fragment hit analogues (which showed increased binding compared to 28 from
ligand-observed NMR methods) had an increased binding affinity compared to
CCT170746 (28).

2.7 Establishment of protein-observed NMR assay to determine

binding affinities of modified furan analogues

2.7.1 Introduction to protein-observed NMR

Establishment of a biophysical assay for determining dissociation constants (Ka)
of protein-ligand interactions with expected binding affinities in the uM to mM
range was necessary. Several ligand- and protein-observed NMR methods are
suitable for determining binding affinity: one of the most commonly used is
protein-observed two-dimensional "H-">N HSQC spectroscopy, in which chemical
shift perturbations (CSPs) are measured upon increasing ligand
concentration.®2 199200 This protein-observed NMR method also provides
information on protein residues which are affected by ligand binding, which
simultaneously allows the determination of fragment binding affinity and

identification of fragment binding sites.'®

In a "H-1N HSQC spectrum of ®N-labelled protein, a signal is detected for every
proton which is directly attached to a nitrogen, such as in the amide bonds
composing the protein backbone (Figure 2.18). Each residue of a protein
therefore yields at least one NH signal in the HSQC spectrum — with the exception
of prolines, which form tertiary amide bonds — providing an assignable ‘fingerprint’
of the protein.2®! For TNKS2 ARC4, the assignment of signals in the >N HSQC
spectra to its corresponding residue has been previously reported and was
accessed from the Biological Magnetic Resonance Data Bank (BMRB) with
accession code 27747 (Figure 2.18c).'*” The specific chemical shift (d) of any
signal in a >N HSQC spectrum is affected by the local chemical environment of
the correlating 'H and >N nuclei. Therefore, NH signals in proximity to the ligand
binding site will experience CSPs (Ad, or Ad) upon titration of an unlabelled
ligand.'® For a system in fast exchange, the dissociation constant is estimated

computationally from titration data by applying two-parameter nonlinear least
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squares regression curve fitting analysis to CSPs plotted against ligand

concentration.182
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Figure 2.18. Summary of 'H-'>N HSQC protein-observed NMR. a) During acquisition of a two-
dimensional 'H->N HSQC correlation spectrum, magnetisation is transferred from a proton
nucleus to an attached nitrogen via J-coupling. The chemical shift, 9, is evolved on the nitrogen
and magnetisation is transferred back to the proton for detection. Figure adapted from Protein
NMR — A Practical Guide.?%2 b) An N-H amide bond in a protein backbone. ¢) 'H-'"*N HSQC
spectrum of 1 mM uniformly '®N/'3C labelled TNKS2 ARC4 recorded at a temperature of 293 K in
a field of 700 MHz, with well resolved peaks labelled with their assignments; pairs of peaks for
sidechain NH:z groups are connected by red lines. Figure adapted from Zaleska et al, 2019.147

2.7.2 Production of ™N-labelled TNKS2 ARC4 protein

The production of *N-labelled protein was required for the acquisition of >N
HSQC spectra, as N is the only spin-active isotope of nitrogen (I = ¥2) and has
a low natural abundance of 0.4%.20%-203 15N-|abelled TNKS2 ARC4 was produced
following a previously established protocol, involving protein expression in
Escherichia coli grown in minimal media containing '>N-NH4Cl as the only source
of nitrogen, such that '®N was uniformly incorporated as confirmed by mass

spectrometry analysis (Figure 2.19).135
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Figure 2.19. Analysis of >N-labelled TNKS2 ARC4 following final purification by size
exclusion chromatography. a) SDS-PAGE analysis of elution fractions, stained with Coomassie
(M = marker, SEC = size exclusion chromatography). b) Raw and deconvoluted spectra from

analysis of SN TNKS2 ARC4 by high resolution mass spectrometry (molecular formula:
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CrsoH1248"5N2260242Ss; calculated molecular weight: 18048.44 Da; observed molecular weight:
10849 Da).

2.7.3 Determining binding affinity of modified furan analogues

In order to determine the dissociation constants of fragments using 'H-'SN HSQC
protein-observed NMR, a series of 'H'SN HSQC correlation spectra of >N-
labelled TNKS2 ARC4 were acquired with increasing concentrations of each
unlabelled ligand in a titration series (Figure 2.20a). A protein concentration of 50
UM was selected due to sensitivity limits of NMR and to allow for a suitable range
of ligand concentrations (0-1600 uM) and protein:ligand stoichiometries to be
assessed during each titration series, taking into account aqueous fragment
solubility as a limiting factor. A constant protein concentration was maintained by
preparing each titration point as individual samples, with constant concentrations
of DMSO-ds (5% Vv/v) and reference standard DSS (100 uyM) in each sample. All
spectra were referenced to DSS in both dimensions using TopSpin prior to
analysis of CSPs to prevent misinterpretation of changes in chemical shift.20!
CSPs of backbone NH signals were followed and measured as the average
Euclidean distance shifted (d) using CcpNmr AnalysisAssign.2%* Signals which
had shifted significantly compared with the average calculated CSP over the
titration series were identified (Figure 2.20b, Ad > average + 10), and for those
NH signals which mapped to the peptide binding site, CSPs (d) were plotted
against ligand concentration in GraphPad Prism. Dissociation constants (Ka) for
each significantly shifted residue were determined by applying two-parameter,
nonlinear least squares regression curve fitting analysis to the data (Figure
2.20c). The standard method for determining a ‘best’ estimate of an overall
dissociation constant from protein-observed NMR titrations was then applied,
which was to average x different estimates of the dissociation constant from
individual fitting of x observed significantly shifted NH signals.?%0-29% The accuracy
and precision of the average Kdvalue was increased by excluding residues with
inadequate curve fits — residues were excluded from calculations if there was an
incompletely calculated 95% confidence interval and/or a goodness of fit (R?) of
less than 0.90.199
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CCT170746 (28)

Average Ka (NMR) = 1100 pM (= 530)
Reported'3® average K¢ (NMR) = 1050 uM
Reported3® Ky (ITC) = 1200 + 380 puM

Figure 2.20. Data obtained from protein-observed NMR with control fragment CCT170746
(28). a) A series of 'H'>N HSQC correlation spectra of '>N-labelled TNKS2 ARC4 (50 uM)
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2.7.4 Hypothesised in silico binding model of modified furan analogues

Despite the lack of increased binding affinity from the fragments from the first and
second iterations, the availability of the full backbone assignment of 'H-'SN
TNKS2 ARC4 backbone NH amide signals enabled the identification of the
fragment binding sites in the ARC domain.'*” Heat-maps, which represent the
most probable fragment binding location, were produced by mapping NH signals
which showed significant CSPs (Ad > average + 10) upon ligand binding to the
corresponding residue in the crystal structure of TNKS2 ARC4 bound to the 3BP2
16mer TBM peptide (PDB: 3TWR) (Figure 2.21). For each fragment tested,
shifted NH signals consistently mapped to assigned residues in the substrate-
binding groove of TNKS2 ARC4, including glycine sandwich and central patch
residues which form interactions with the tankyrase binding motif of 3BP2. This
data was consistent with 3BP2-competitive fragment binding observed in ligand-
observed NMR experiments and confirmed that structural modifications of
CCT170746 (28) maintained binding in the substrate-binding region of the ARC

domain.

CCT375869, 76 CCT390160, 70 CCT390446, 81
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Chapter 3 Identification and Characterisation of a Higher
Affinity Fragment against TNKS2 ARC4

In the next phase of the fragment-based approach, the aim was the identification
of a higher affinity fragment scaffold based on fragment hit CCT170746 (28). This
chapter describes firstly the testing of higher affinity literature-reported ARC-
binding compounds in ligand- and protein-observed NMR to provide data for more
potent compounds in these assays. The synthesis and testing of analogues of 28
with further modifications of the quinoxaline motif is then discussed, followed by

identification and characterisation of a higher affinity lead fragment scaffold.
3.1 Validation of literature-reported ARC-binding compounds

Following identification of CCT170746 (28) from fragment-based screening as a
binder of the tankyrase ARC domain, two further screens were published which
identified small molecule ARC-binding compounds (section 1.6.2 and Figure
3.1).135-137 |n the earlier of the two reports, C41 (29) and C44 (30) were identified
from a virtual screen against the interaction of USP25 with TNKS1 ARCS5, with
reported Kivalues between 20 and 200 uM as determined from a competitive FP
assay.'%¢ In the second publication, Lehitd et al developed a FRET-based assay
which led to the identification of two hit compounds, fanapanel (31) and DCKA
(32), that bound TNKS2 ARC4 with reported Kivalues between 20 and 100 pM.'3”
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Figure 3.2 Summary of NMR experiments performed with literature-reported fragment
ARC-binding compounds. a) Data from aqueous kinetic solubility ('"H NMR) assay for C44
(CCT391271 30, 0 uM) and fanapanel (CCT391211 31, 922 uM). b) Average Kd (NMR)
determination for fanapanel calculated from non-linear regression analysis of CSPs against ligand
concentration. ¢) Plot of CSPs (Ad > average + 10, pink; Ad > average + 20, red) from fanapanel
titration against >N TNKS2 ARC4 (50 uM) mapped onto the 3BP2 bound crystal structure (PDB:
3TWR), identifying the potential binding site of fanapanel (central patch, orange; arginine cradle,

green).

3.2 Fragment hit analogues investigating quinoxaline replacements

and substitutions
3.2.1 Design of quinoxaline modifications based on binding model hypothesis

Following thorough exploration of furan substitutions and replacements of
CCT170746 (28), which did not lead to an increase in fragment binding affinity,
the next iteration of fragment 28 SAR focused on modification of the quinoxaline
motif for fragment elaboration. As discussed in section 2.5.3, quinoxaline
replacement with the quinazoline ring in CCT373723 (46) showed increased
binding to TNKS2 ARC4 in waterLOGSY but showed an inconclusive result in
competitive ligand-observed NMR experiments. Therefore, the next iteration of

amide fragment analogues proposed included combinations of quinazoline-6-
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3.2.2 Synthesis of modified quinoxaline analogues

The proposed modified quinoxaline analogues were prepared by one of two short
and efficient general synthetic strategies — either via the previously described
one-step, HATU-mediated amide coupling, or via a two-step synthesis involving
a palladium-catalysed (Pd-catalysed) carbonylation.

Five quinazoline analogues were synthesised from 6-bromoquinazoline in two
steps via quinazoline-6-carboxylic acid 89. Palladium-catalysed carbonylation of
88 using gaseous carbon monoxide in the presence of water provided
quinazoline-6-carboxylic acid 89, which was then reacted with commercially
available amines in a HATU-mediated amide coupling reaction to access desired
products 91 to 95 (Table 3.2).206 Hydration at the 4-position of the quinazoline
motif was observed as an inseparable by-product from the carbonylation reaction,
and the corresponding hydrated by-products were also observed following amide
coupling. In two cases (91 and 93), 10% of this impurity remained following
reverse phase purification, observed by '"H NMR and HRMS.

Table 3.2. Synthesis of quinazoline-6-carboxamide fragments, maintaining quinazoline-6-
carboxylic acid and varying the furan-2-ylmethanamine derived right-hand side. Reagents
and conditions: i) CO (g), DIPEA, Pd(OAc)2 and XantPhos (5 mol%), 1,4-dioxane:H20 (1:1), 60
°C, 22 h; ii) RNHR’, HATU, DIPEA, DMF, rt, 5h to 18 h.

o] o)
Br i i R
N” N OH N7 N~
NS l/:©)‘\ X | 2
N LA <, &
88 +
OH o]
HN OH
k\N
90
Entry Yield Entry Yield
0 O
y 0 N N °
'LD)LHW 17 mg, k\ﬁ“h 38 mg,
N 25% o 45%
CCT375669, 91 CCT375670, 92
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Table 3.4. Synthesis of 2- or 3-methoxy quinoxaline-6-carboxamide fragments via Pd-
catalysed aminocarbonylation, whilst maintaining either the furan-2-yl or isoxazol-5-
ylmethanamine. Reagents and conditions: i) K2COs, MeOH, 65 °C, 4 h; ii) R”"NH2, CO (g), DIPEA,
XantPhos Pd G4 (5 mol%), 1,4-dioxane, 80 °C, 3 h.

(@]
RN Br [ RN Br i RN R
X — X — ] &
RN RN RSN

106: R=CI,R'=H 108: R=0OMe, R'=H
107: R=H, R'=ClI 109: R = H, R'= OMe
Entry Yield Entry Yield
o] o]
O.__N o) _N o)
CPYTND wme| | LATHD wm
N 520/0 O N 510/0
CCT391082, 110 CCT391084, 111
o] o}
0 /N O, N 0,
TUIHN s | | LTIV s
N 49% o N 44%
CCT391081, 112 CCT391083, 113

3.2.3 Competitive ligand-observed NMR and further SAR analysis

Prior to testing in the competitive ligand-observed NMR assay, the aqueous
kinetic solubility of all compounds was measured using quantitative '"H NMR at a
concentration of 1000 uM in HEPES buffer (Table 3.5, Kin Sol (uM)). As
discussed in section 2.6.3, a general decrease in aqueous kinetic solubility
corresponding to increasing lipophilicity predicted by calculated logP (MoKa)
values was observed (Table 3.5, Kin Sol (uM) and MoKa clogP). For the 2-,3-
substituted quinoxaline fragments shown in Figure 3.4, a 5- to 6.5- fold increase
in measured kinetic solubility corresponding to reduced clogP of 0.8 to 0.9 units
was observed by comparison between isoxazoles and furan matched pairs.
Therefore, isoxazoles 100, 112 and 113 were suitable for testing at 500 uM in the
ligand-observed NMR assay, and the less soluble furan matched pairs were not
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Figure 3.5. Energy minimised structures (not docked) of quinoxaline substituted
fragments, CCT375550 (98) and CCT390521 (100). Energy minimised structures of 98 (light
orange) and 100 (dark pink) generated using the Minimize function in the Builder panel in MOE
against a) binding mode 1 and b) binding mode 5 from in silico docking of CCT170746 (28) (green)
against TNKS2 ARC4 (PDB: 3WTR).

3.2.4 Protein-observed NMR with CCT391081 (112)

Fragment CCT391081 (112) was selected for protein-observed NMR to
determine whether an increase in average signal intensity reduction in the ligand-
observed NMR to ~50% reduction correlated with increased fragment binding
affinity. The binding affinity of 112 was determined from a series of 'H-'SN HSQC
spectra of ®N-labelled TNKS2 ARC4 as discussed in section 2.7.3. In total, 16
correlation peaks belonging to backbone amide 'H-'*N bonds of TNKS2 ARC4
showed significant shifting (Ad > average + 10) in the presence of increasing
concentrations of 112, and Kq values for these individual peaks were determined,
ranging from 310 pM to 2260 yM (Figure 3.6). The final average Ka was
determined as 1170 £ 620 uM from 11 out of the 16 peaks, as 5 peaks were
excluded due to poor curve fits.

135









Figure 3.7. Protein-observed NMR derived binding-site map of CCT391081 (112). a) Surface
heat-maps for fragments CCT391081 (112), CCT170746 (28) and CCT375548 (66) produced in
MOE by mapping residues which showed significant CSPs (Ad > average + 10, pink; Ad >
average + 20, red) upon fragment binding onto the surface representation of TNKS2 ARC4 (PDB:
3TWR). b) Residues from crystal structure of TNKS2 ARC4 (PDB: 3TWR) which showed
significant CSPs (Ad > average + 10, pink; Ad > average + 20, red) upon fragment binding. ¢)
Top scoring pose from MOE docking of 112 (neon yellow) against TNKS2 ARC4, constrained to

residues which show significant CSPs (> 20) upon fragment binding.

3.3 Introduction of dimethylamino quinoxaline substitution and
identification of a higher affinity fragment CCT393128 (115)

To further investigate the SAR from substitution at the 2- and 3- positions of the
quinoxaline ring, two compounds were synthesised with a dimethylamino
substituent replacing the methoxy in compounds CCT391081 and CCT391083
(112 and 113). Compounds CCT393128 (115) and CCT393934 (117) were
synthesised in two-steps using Pd-catalysed aminocarbonylation to form the
central amide bond, in a similar method to the synthesis of 2- and 3-methoxy
substituted matched pairs (112 and 113) (Scheme 3.3a and 3.3b).

a
C|\[ :©/ i N \[ :@/ _N \[ :©)J\ /\L
288 mg, 91% 22 mg, 28%
106 114 CCT393128 (115)
b
O
N (0]
’d N N\
J: :©/ — J: :@ _ J: I@)\HEN
N~ NS
296 mg, 95% 8 mg, 10% lil N
107 116 CCT393934 (117)

Scheme 3.3. Synthesis of 2- or 3-dimethylamino quinoxaline-6-carboxamide fragments via
Pd-catalysed aminocarbonylation. a) Synthesis of 3-(dimethylamino)-N-(isoxazol-5-
ylmethyl)quinoxaline-6-carboxamide, CCT393128 (115). Reagents and conditions: i) HNMe2 (2M
in THF), DMF, 80 °C, 4 h; ii) Isoxazol-5-ylmethanamine HCI, CO (g), DIPEA, [XantPhos
Pd(ally)]CI (5 mol%), 1,4-dioxane, 80 °C, 2.5 h. b) Synthesis of 2-(dimethylamino)-N-(isoxazol-
5-ylmethyl)quinoxaline-6-carboxamide, CCT393934 (117). Reagents and conditions: i) HNMe:2
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Figure 3.9. Binding affinity of CCT393128 (115) determined by protein-observed NMR.
Structure of CCT393128 (115) with Kq by protein-observed NMR, calculated from the average Kq

of each residue which showed significant CSPs upon fragment binding (Ad > average + 10).

3.4 Characterisation of lead fragment CCT393128 (115) binding to
the ARC domain

Different biophysical techniques were then used to characterise the binding site

and binding mode of CCT393128 (115), prior to synthesis of further analogues
based on the higher affinity 3-alkylaminoquinoxaline scaffold.
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3.4.1 Binding site mapping and docking studies from protein-observed NMR

The binding site of CCT393128 (115) was elucidated in the first instance by
mapping residues which corresponded to 'H-'SN peaks that had shown
significant chemical shift perturbations from titrations with 115 on to a crystal
structure surface of TNKS2 ARC4. The resulting binding heat-map revealed
interaction of the compound with key central patch residues of the 3BP2 TBM
peptide binding site as for previous ligands (Figure 3.10). Fragment 115 also
showed CSPs from residues in the upper lipophilic extension of the central patch,
and from G535 belonging to the glycine sandwich region of the ARC binding
pocket. This provided further evidence that 115 maintained binding in the
substrate recognition pocket of the ARC domain. Furthermore, the binding site
heat-maps generated from protein-observed NMR with CCT391081 (112) and
CCT393128 (115) showed considerable overlap, with substantial CSPs for 13
common residues from TNKS2 ARC4 observed upon titrations with both
compounds. Interestingly, whilst most other fragments tested showed a response
from Y536 in the glycine sandwich region, this residue did not respond in the
titration with 115 (Figure 3.10).
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Figure 3.12. Relaxation-edited ligand-observed NMR for CCT393128 (115). The reduction in
signal intensity (%) for each ligand 'H proton of 115 in the presence of TNKS2 ARC4 is shown.

3.4.2 Efforts in structural characterisation by X-ray crystallography

In addition to characterisation of fragment binding by protein- and ligand-
observed NMR and in silico docking studies, X-ray crystallography was pursued
to obtain further structural information on the binding mode of the quinoxaline
fragment series, including CCT393128 (115), to the tankyrase ARC domain. In
X-ray crystallography, X-ray diffraction patterns of ligand-protein crystals are

resolved to determine the structure of the complex.'®3 The ligand-protein crystals
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Chapter 4 Further Development and Optimisation of ARC-

Binders based on a Lead Fragment

The final aim of the fragment-based approach was to develop the higher affinity
3-dimethylamino quinoxaline lead fragment, CCT393128 (115), into a series of
potent substrate binding antagonists of the ARC domain. This chapter describes
the design and synthesis of two different sets of analogues based on the lead
fragment and its hypothesised binding mode from in silico docking studies. The
compounds were tested using ligand- and protein-observed NMR assays. A
further aim was to determine whether the compounds were potent enough to be
tested in a biochemical assay, which would provide a higher throughput method
of ranking the analogues according to their affinity. A competitive fluorescence
polarisation assay using a Cy5-labelled tankyrase-binding motif peptide probe
was re-established to determine potency of the lead fragment analogues and
identify other opportunities for fragment optimisation.

4.1 Design of analogues based on hypothesised lead fragment
binding mode

In the absence of a crystal structure of lead fragment CCT393128 (115) bound to
TNKS2 ARC4, new compounds were designed against the hypothesised binding
model generated from protein-observed NMR guided in silico docking of 115 and
CCT391081 (112) (Figure 4.1). The aim was to identify compounds with an
improvement in binding affinity compared with 115 (Ka = 240 puM) through

continued fragment growing efforts.

CCT391081 (112) CCT393128 (115)

153



Figure 4.1. Hypothesised binding modes of CCT391081 (112) and CCT393128 (115) from in
silico docking to the TNKS2 ARC4:3BP2 crystal structure (PDB: 3TWR).

4.1.1 Design of 3-substituted quinoxaline fragments

Further exploration around the 3-position of the quinoxaline substituent was
sought and the compounds shown in Figure 4.2 were designed. From the in silico
binding models of CCT391081 (112) and CCT393128 (115), the 3-methoxy and
3-dimethylamino substituents were positioned in the hydrophilic central patch
sub-pocket of the ARC domain (Figure 4.1). Fragment growing from the 3-
dimethylamino substituent of 115 was proposed, by introduction of linear and
branched alkyl groups as well as unsaturated nitrogen-containing heterocycles of
different sizes, to probe binding pocket restrictions around the 3-position. It was
hypothesised that these substituents could access the upper lipophilic extension
of the central patch and result in increased ARC binding affinity from lipophilic
interactions. Compounds based on CCT391081 (112) were also proposed, with
larger linear alkoxy substituents installed at the 3-position, despite the lower
affinity of 112 compared to 115. This was proposed to allow a comparison of SAR
between O-substituted and N-substituted quinoxaline scaffolds and further
rationalise whether 112 and 115 occupied equivalent binding modes as
hypothesised from NMR guided in silico docking. The N-methyl furanyl amides
based on 112 and 115 were proposed to study if the SAR for amide N-methylation
was transferable between 3-substituted and unsubstituted quinoxalines. Finally,
two other matched pair compounds were designed, which combined the 3-
dimethylamino quinoxaline scaffold with different furan modifications, to assess
the tractability of SAR between 3-dimethylamino quinoxaline and unsubstituted

quinoxaline matched pair amides.
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Figure 4.2. Proposed iteration of fragment optimisation based on CCT391081 (112) and
CCT393128 (115). Compounds were designed to explore further substitution from the 3-position
of the quinoxaline motif and understand the SAR of amide matched pairs based on 115.

4.1.2 Design of 3-alkylamino quinoxaline peptidomimetics

In a second strategy to generate more potent compounds from lead fragment
CCT393128 (115), replacement of the isoxazole ring was pursued. Based on
binding affinity data for the fragments tested in protein-observed NMR thus far, it
was hypothesised that the 3-dimethylamino quinoxaline motif contributed more
binding interactions from 115 to TNKS2 ARC4, compared with the isoxazole
motif. From the proposed in silico docking model of 115 overlaid with a crystal
structure of TNKS2 ARC4 in complex with the 3BP2 16mer, it was observed that
the central amide bond of 115 overlaid with the amide bond between residues 6
and 7 of the TBM peptide sequence (Figure 4.3). This highlighted an opportunity
to replace the isoxazole ring by hybridisation of the 3-dimethylamino quinoxaline
fragment with amino acid residues in position 7 and 8 of the TBM peptides. It was
hypothesised that this could improve fragment binding affinity by growing into the

C-terminal contacts region of the peptide substrate binding site.
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Figure 4.5. Design of hybrid fragment-peptidomimetic 118 based on CCT393128 (115). a)
Structure of the proposed peptidomimetic compound 118 based on 115. b) Energy minimisation
(not docking) of peptidomimetic 118 (yellow) in MOE against the crystal structure of TNKS2 ARC4
bound to MCL1 (purple) maintained an equivalent binding pose to 115 (light blue) from in silico
docking. ¢) Overlay of the binding poses of 115 (light blue, docking) and peptidomimetic 118
(yellow, energy minimisation) with the TNKS2 ARC4-bound crystal structure of MCL1 TBM
peptide (purple).

4.2 Synthesis and testing of 3-substituted quinoxaline fragments

4.2.1 Synthesis of 3-alkyoxy quinoxaline-6-carboxamide fragments

A summary of the synthesis of 3-alkoxy quinoxaline-6-carboxamide fragments is
shown in Table 4.1. As previously reported for 3-methoxy substituted CCT391081
(112), the desired 3-alkoxy substituent was first installed using an SNAr reaction
with 7-bromo-2-chloroquinoxaline (106) in the presence of the appropriate
alcohol with potassium carbonate as the chosen base. The SnAr reaction was
performed using the simple alcohol as the reaction solvent for ethoxy, n-butoxy
and iso-propoxy analogues (119, 120 and 125). For the remaining four
analogues, 121, 122, 123 and 124, the reactions were carried out in DMF with
two equivalents of the appropriate alcohol. Following isolation of 3-alkoxy-6-
bromoquinoxaline intermediates, a Pd-catalysed aminocarbonylation reaction
with isoxazol-5-ylmethanamine was performed to obtain the final desired amide
products, 126 to 132. Full conversion to desired products after a few hours was
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Molecular Weight: 360.37 Molecular Weight: 315.17
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Figure 4.6. Example LCMS analysis of Pd-catalysed aminocarbonylation reaction for the
synthesis of CCT393088 (129). LCMS analysis after 3 h showed 69% desired product at tr =
1.43 min and 25% remaining starting material at tr = 1.78 min, quantified by UV detection at 254

nm.

4.2.2 Synthesis of 3-alkylamino quinoxaline-6-carboxamide fragments

A summary of the synthesis for eight out of the nine planned 3-alkylamino
quinoxaline-6-carboxamide fragments is shown in Table 4.2. In these examples,
SNAr reaction of 7-bromo-2-chloroquinoxaline (106) was carried out with the
appropriate amine to introduce the desired 3-position alkylamino substituents.
The amine was added as either a neat solution or as a hydrochloride salt, and no
additional base was used for the reactions. The Pd-catalysed aminocarbonylation
step with isoxazol-5-ylmethanamine yielded the final desired amide products, 141
to 148, in all cases, however low yields (< 40%) were obtained for these reactions.
This was a result of the formation of corresponding 3-alkylamino quinoxaline-6-
carboxylic acid by-products during all aminocarbonylation reactions with aryl
bromides 133 to 140, which was observed by LCMS analysis (Figure 4.7). Except
for CCT393936 (141) and CCT394006 (142), reactions were stopped prior to full
conversion of starting material to prevent further formation of the carboxylic acid
by-products and allow the desired product to be purified more easily by either
reverse or normal phase chromatography.
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4.2.3 Synthesis of 3-substituted quinoxalines with matched pair amides

The synthesis of a set of three analogues of CCT393128 (115) — CCT395333
(151) CCT395427 (152) and CCT395428 (153) — which provided matched pairs
to previously discussed unsubstituted quinoxaline analogues (54, 48 and 66
respectively), is summarised in Table 4.3. All three compounds (151, 152 and
153) were synthesised from 7-bromo-N,N-dimethylquinoxalin-2-amine (114), and
different amines were used in the final aminocarbonylation step to introduce the
desired isoxazole modification.

Table 4.3. Synthesis of 3-dimethylaminoquinoxaline-6-carboxamide fragments via i) SnAr
then ii) Pd-catalysed aminocarbonylation. Reagents and conditions: i) Dimethylamine (2M in
THF), DMF (0.5 M), 80 °C, 4 h; ii) RNHCHz2R’ (neat or hydrochloride salt), CO (g), DIPEA,
Xantphos Pd G4 (5 mol%), 1,4-dioxane (0.5 M), 80 °C, 2 hto 8 h.

. | ) 0
CI N Br i _N.__N Br i ’L N
T e Y —— ey
< < \[ | )
N 288 mg, 91% N Sy R
106 114

Entry Yield Entry Yield
| 9 | o
/N\ENI@)LT/\E)/) 32 mg, /N\ENI@)L”/\ED)’ 78 mg,
N 31% N 84%
CCT395333, 151 CCT395427, 152

| 0
NN (o}
I ﬁ” LN 47 mg,
N 44%

CCT395428, 153

Lastly, CCT395335 (154) was synthesised according to Scheme 4.2. In the
synthesis of N-methyl furanyl amide matched pair analogues 151 and 154, the
formation of ester by-products 155 and 156 was observed. It was suspected that
conversion of N-methyl amine 157 to alcohol 158 had occurred upon storage of
the amine, which had resulted in the presence of 158 as a competing nucleophile
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in the carbonylation reaction and led to the formation of ester by-products 155
and 156 (Figure 4.8). Low yields were therefore obtained in the synthesis of
CCT395333 (151) and CCT395335 (154), however the ester by-products were

successfully removed during purification.

g Ij NG Ij 1)* %
214 mg, 87% 28 mg, 30% \[

CCT395335 (154)

Scheme 4.2. Synthesis of N-(furan-2-ylmethyl)-3-methoxy-N-methylquinoxaline-6-
carboxamide, CCT395335 (154). Reagents and conditions: i) K2COs, MeOH (0.21 M), 65 °C, 4
h; ii) 1-(furan-2-yl)-N-methylmethanamine, CO (g), DIPEA, Xantphos Pd G4 (5 mol%), 1,4-
dioxane (0.5 M), 80 °C, 8 h.
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Figure 4.8. Structures of ester by-products (155 and 156) from synthesis of CCT395333
(151) and CCT395335 (154).

4.2.4 Testing of 3-alkoxy and 3-alkylamino quinoxaline fragments in competitive
ligand-observed NMR

Following successful synthesis and purification of all planned 3-substitued
quinoxaline fragments, compound stock solutions were accurately prepared to 50
mM in DMSO-ds and aqueous kinetic solubility was measured using quantitative
proton 'TH NMR methods, as for compounds discussed in previous chapters
(Table 4.4, Kin. Sol. (uM)). All soluble analogues (> 30 uM) were then tested for
binding against TNKS2 ARC4 using competitive ligand-observed NMR
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3-alkoxy quinoxaline fragments were considered competitive binders. In the
presence of TNKS2 ARC4 and 3BP2 competitor, these compounds showed
average reduction in signal intensity less than 15% in the relaxation-edited
experiments and signal recovery in the waterLOGSY experiment, comparable to
parent compound CCT391081 (112) (Table 4.4, CPMG and waterLOGSY +
competitor). However, the 3-alkylamino quinoxaline analogues showed average
reduction in signal intensity between 24% to 79% in the presence of competitor,
therefore full recovery of ligand signals was not observed. These compounds
were all tested at 500 uM, apart from 145 and 147 which were tested at 50 uM
and 200 uM respectively. As the compounds were hypothesised to have a TNKS2
ARC4 binding affinity comparable to CCT393128 (115), an excess of competitor
was likely to be required to achieve displacement of these compounds from the
protein-ligand complex (as discussed in section 3.3). Therefore, competitiveness
of the 3-alkylamino quinoxaline analogues also could not be determined
according to the average reduction in signal intensity (%) in the presence of
TNKS2 ARC4 and 3BP2 16mer peptide competitor.

Testing of all 3-alkylamino quinoxaline analogues of 115 in protein-observed
NMR experiments was considered, in order to rank the compounds according to
their binding affinity. This would also determine whether the compounds bound
to the substrate recognition pocket of TNKS2 ARC4 from binding site mapping.
However, as testing of more than 10 analogues was required, data analysis was
expected to be time consuming, and a large quantity of >N-labelled protein would
be required. Therefore, the development of a higher throughput biochemical
assay suitable for measuring the affinity of compounds with expected Kd < 300
UM was proposed. As competition of the 3-alkylamino substituted quinoxaline
analogues could not be determined from ligand-observed NMR, a competitive

biochemical assay format was also required.

4.2.5 Protein-observed NMR with 3-pyrrolidinyl quinoxaline fragment
CCT394001 (144)

Prior to establishing a biochemical assay to assess the affinity of 3-alkylamino

quinoxaline analogues, a representative compound from this series was selected
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4.3 Synthesis and testing of 3-alkylamino quinoxaline

peptidomimetics
4.3.1 Synthesis of 3-alkylamino quinoxaline-6-carboxamide peptidomimetics

Replacement of the isoxazole moiety of CCT393128 (115) was next explored
through the synthesis of hybrid fragment-peptidomimetics. The desired
compound CCT395505 (118) in which the 3-dimethylaminoquinoxaline scaffold
was merged with a Gly-Glu dipeptide is shown in Figure 4.11a. From protein-
observed NMR, 3-pyrrolidinylquinoxaline fragment CCT394001 (144) was also
determined to be a higher affinity fragment compared to fragment hit CCT170746
(28) (Ka =120 uM vs Ka = 1100 uM) and hypothesised to occupy a similar binding
mode to 115 from binding heat-maps. Therefore, the synthesis of peptidomimetic
CCT395504 (159) based on the 3-pyrrolidinylquinoxaline scaffold was also
proposed (Figure 4.11b). Retrosynthetic analysis of desired peptidomimetic
compounds 118 and 159 was performed (Figure 4.11c). Key bonds were
identified which could be formed using reactions that had been successful in the
synthesis of other fragment targets (Figure 4.11c).

a
N N NS
~ | — -z
T ﬁ v X D)L -G
N l
CCT393128 (115) CCT395505 (118) HO™ ©
b
Sy Sy Q*Nﬁr “"“z
CCT394001 (144) CCT395504 (159) M °
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106 CCT395350 (168)

Scheme 4.5. Synthesis of 3-(dimethylamino)-N-ethylquinoxaline-6-carboxamide,
CCT395350 (168). Reagents and conditions: i) Dimethylamine (2M in THF), DMF (0.5 M), 80 °C,
4 h; ii) Ethanamine hydrochloride, CO (g), DIPEA, Xantphos Pd G4 (5 mol%), 1,4-dioxane (0.5
M), 80 °C,2 hto 8 h.

C'T U T Ij Ij*
146 mg, 85% 29 mg, 27% \[ /\Q

CCT395334 (169)

Scheme 4.6. Synthesis of N-(furan-2-ylmethyl)-N-methyl-3-(pyrrolidin-1-yl)quinoxaline-6-
carboxamide, CCT395334 (169). Reagents and conditions: i) pyrrolidine, DMF (0.2 M), 80 °C,
22 h; ii) 1-(furan-2-yl)-N-methylmethanamine, CO (g), DIPEA, Xantphos Pd G4 (5 mol%), 1,4
dioxane (0.5 M), 80 °C, 8 h.

4.3.2 Testing of 3-alkylamino quinoxaline peptidomimetics in competitive ligand-
observed NMR

From the peptidomimetic synthesis, there were eight novel compounds to test in
the competitive ligand-observed NMR, in addition to the two compounds
CCT395350 (168) and CCT395334 (169). The results from testing of these ten
compounds, and control compounds CCT393128 (115) and CCT394001 (144),
in kinetic solubility, relaxation-edited and waterLOGSY assays are shown in
Table 4.5. All compounds had good solubility (Kin Sol > 500 pM) and were
therefore tested at the top concentration in the ligand-observed NMR assays,
except for 3-pyrrolidinyl quinoxaline compound CCT394878 (165) which was
tested at 50 uM due to its low aqueous kinetic solubility (48 uM). Therefore, 3-
pyrrolidinyl parent fragment 144 was also tested at 50 uM for comparison (Table
4.5). As previously discussed, compounds with peak intensity reduction within 2o
(10%) of parent compounds CCT393128 (115) and CCT394001 (144) (83% =
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and 159) showed a similar level of binding to TNKS2 ARC4 as parent compound
144 in the ligand-observed NMR assay (Table 4.5, CPMG and waterLOGSY +
protein). In relaxation-edited (CPMG) experiments, the average reduction in
signal intensity for these four compounds ranged from 86% to 99% in the
presence of TNKS2 ARC4. Therefore, these compounds could not be ranked or
differentiated from one another as they all achieved signal reduction in the upper
detection limit of the CPMG assay (Figure 4.14).

Relaxation-edited ligand-observed NMR

100 ®  TNKS2 ARC4
904 » TNKS2ARC4 +
80 3BP2 peptide

2 704

2

8 60+

£ 504

§ 40+

h 304

Figure 4.14. Graphical summary of results from testing 3-alkylamino quinoxaline
peptidomimetic compounds in relaxation-edited ligand-observed NMR. Intensity of fragment
'H NMR signals in the presence of TNKS2 ARC4 (red bars), and in the presence of TNKS2 ARC4
+ 3BP2 peptide competitor (grey bars), as a percentage (%) of 'TH NMR signals in ‘compound
only’ spectra. Y-axis (signal intensity) unit is %. Fragments were tested at either 500 uM or 50 yM
depending on their aqueous kinetic solubility. Average reduction in signal intensity (%) for
CCT393128 (115) (500 uM) in the presence of TNKS2 ARC4 is represented by dashed light pink
threshold, whilst average reduction in signal intensity (%) for CCT394001 (144) (500 uM) in the
presence of TNKS2 ARC4 is represented by dashed dark pink threshold.

4.3.3 Testing of 3-pyrrolidinyl quinoxaline peptidomimetics in protein-observed
NMR

The 3-pyrrolidinyl quinoxaline compounds were tested in protein-observed NMR
experiments to rank the compounds and assess whether final peptidomimetic
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and CCT394001 (144). Introduction of the glutamic acid moiety to the 3-
pyrrolidinyl quinoxaline scaffold was not tolerated and led to a five-fold decrease
in binding affinity for CCT395502 (167) and 159 compared to 144, despite all 3-
pyrrolidinyl compounds showing between 86% to 99% average reduction in
signal intensity in the presence of TNKS2 ARC4 from the relaxation-edited ligand-
observed NMR experiment. Therefore, the relaxation-edited experiment was
unable to differentiate compounds with Kq of 100 pM from those with Kq of 500
UM based on the 3-pyrrolidinyl quinoxaline scaffold. This provided further reason
to replace the ligand-observed NMR assay with a more sensitive biochemical
assay for testing and ranking higher affinity fragments. Furthermore, it was
predicted from binding site heat-maps that the 3-alkylamino substituted
quinoxaline-6-carboxamide motif bound within the central patch of the ARC
domain. In silico docking of 115 to TNKS2 ARC4:3BP2 using MOE identified a
fragment binding pose that was consistent with: CSPs from protein-observed
NMR, SAR from previous fragment optimisation iterations, and binding mode 1
from in silico docking of CCT170746 (28) using GOLD. However, the design of
hybrid fragment-peptidomimetics guided by the in silico docked structure of 115
resulted in compounds with no increase in binding affinity, which were therefore
hypothesised not to form the predicted C-terminal interactions. To guide the
design of further compounds or peptidomimetics based on 115, a fragment-
bound crystal structure of TNKS2 ARC4 is desired for greater confidence in the

binding model.

4.4 Development of a fluorescence polarisation assay for testing of

fragment analogues

The development of the fragment hit CCT170746 (28) (Ka = 1100 uM) into higher
affinity lead fragments CCT393128 (115) (Kd = 240 uM) and CCT394001 (144)
(Ka = 120 uM) had progressed the project to a stage of lead fragment
optimisation. The aim of this phase was to progress lead fragments into potent
substrate binding antagonists of the tankyrase ARC domain. The ligand-observed
NMR assay was no longer useful for ranking fragment analogues with higher
affinity, and competitiveness of the compounds with the TBM peptide could not
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be reliably determined. It would not be efficient to test all synthesised analogues
based on the lead fragments in protein-observed NMR to determine their binding
affinities and bindings sites, due to the low throughput of this technique.
Therefore, to aid the development of the lead fragments into higher affinity
analogues, a higher throughput biochemical assay was desired which would
allow the potency of all synthesised analogues to be determined. A biochemical
assay would also be more sensitive than biophysical NMR techniques and would
allow determination of affinity for compounds spanning from Kd < 1 uM to 100
UM. A competitive biochemical assay was also desired to assess whether
compounds bound to the substrate binding pocket of TNKS2 ARC4.

A competitive fluorescence polarisation (FP) assay was selected as the
biochemical assay of choice to determine potency (ICso) of higher affinity
fragment analogues. This assay technique had previously been used to assess
the binding of TBM peptides to the tankyrase ARC domain, and to determine
potency of peptide mimetics based on TBM peptides fragment analogues.®'- 135
196 Therefore, there was literature precedent for the use of this biochemical assay
to assess binders of the tankyrase ARC domains.

4.41 Introduction to fluorescence polarisation and competitive fluorescence

polarisation assays

A fluorescence polarisation assay is a type of fluorescence-based biochemical
assay which has been used since the 1990s in research and drug discovery to
study the binding of a fluorescent probe to a biological target.?'9-2'3 The
fluorescent probe is often a small molecule ligand or peptide labelled with a
fluorophore tag, which binds to the target protein of interest.?'* A key principle of
fluorescence polarisation assays is that the excitation of a fluorophore which is
freely rotating in solution with linearly plane polarised light results in the emission
of depolarised light.?'3 215 The polarisation of the fluorescence emission is
calculated from the difference in intensity of emitted light detected by polarisers
which are oriented parallel (1II) and perpendicular (I1) to the plane of polarisation

of the excitation light (equation 4.1).2'". 216 Fluorescence anisotropy is also
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Figure 4.17. Principles of a fluorescence polarisation assay. Rapid rotation of an unbound
fluorophore-labelled small molecule probe results in the emission of depolarised light upon
excitation with polarised light. A fluorophore-labelled probe which is bound to protein has slow
rotation and emitted light retains polarisation. Figure from BMG Labtech — Fluorescence

Polarization.220

4.4.2 Establishment of a competitive fluorescence polarisation assay with a Cy5
probe

A competitive fluorescence polarisation assay had previously been established
to determine the potency of peptide mimetics based on TBM peptides against the
TNKS1 ARC4 domain.'3% 152 |n this assay, the FP probe used was an octameric
peptide based on the TBM of the 3BP2 substrate protein, labelled with a far-red
Cy5 fluorophore (Aex = 640 nm, Aem = 675 nm).13% The fluorophore was coupled
through a cysteine maleimide at the N-terminus to minimise steric interference of
the fluorophore with the peptide-ARC interaction (Cys-(Cy5)-RSPPDGQS (170),
Figure 4.18).135 152, 1% The Cy5 competitive FP assay was previously used to
determine potency for peptide mimetics with ICso values in the range of 22 uM to
522 uM, therefore it was predicted that it would be suitable for testing 3-
alkylamino quinoxaline fragments based on CCT393128 (115) (Kq = 240 uM).'3

HNINHZ o, )
(0] o ?
o\ o 0 4o 0 gH o )
S/\L?)‘LH/\)LH N\;)LN ’\C)LH N\)LH NiQLNHZ
0 NH, 0 i,y O o o
N

Cy5-labelled 3BP2 8mer peptide (170)

Figure 4.18. Structure of the Cy5-labelled 3BP2 16mer peptide FP probe (Cys-(Cy5)-
RSPPDGQS).

There were three essential steps to complete to re-establish the competitive Cy5
FP assay so that it could be used to measure the potency of 3-alkylamino
quinoxaline fragment analogues.'3% 152,196
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4.4.2.1 Determination of the optimum Cy5 probe concentration

Firstly, a Cy5 probe titration was performed against an excess of TNKS1 ARC4
to determine the optimum concentration of probe to use in the FP assay. The
Cy5-labelled 3BP2 8mer peptide probe (Cys-(Cy5)-RSPPDGQS) was purchased
from a commercial supplier (JPT peptides), and TNKS1 ARC4 was produced
according to established protocols as discussed in section 3.4.2. The probe was
titrated from 0.06 nM to 25 nM in a ten-point two-fold titration series in the
presence (10 uM) and absence (0 uM) of TNKS1 ARC4 (Figure 4.19). A
consistent signal window of 70 to 80 mP units was achieved between protein-
bound and free probe at Cy5 probe concentrations ranging from 0.88 nM and 7
nM. In this range, the polarisation readings in both conditions (with and without
TNKS1 ARC4) were independent of probe concentration. A final probe
concentration of 5 nM was selected for the FP assay, which was consistent with

the previously used conditions. %2

Cy5 Probe Titration (2 hour)

250+
: : —~ TNKS1ARC4 (10 uM)
200- P = TNKS1 ARC4 (0 M)
@ 150- \
E TN e A
& 1004
50+
o_
0.01 0.4 1 10 100
[Cy5 probe] nM

Figure 4.19. Determination of optimum probe concentration from Cy5-labelled FP probe
titration. Data shown is from one independent experiment; mean of technical triplicate (n = 3)

readings with £ SEM error bars.
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4.4.2.2 Direct binding FP assay of Cy5 probe with TNKS1 ARC4

The next step was to perform a titration of TNKS1 ARC4 against a constant
concentration of Cy5 probe (170) in a direct binding FP experiment, to determine
the optimum concentration of protein to use in the competitive FP assay. TNKS1
ARC4 was titrated from 0 uM to 25 uM in an eleven-point two-fold titration series,
in the presence of 5 nM Cy5 probe. A plate reading was taken after 2 h of
incubation in the dark at room temperature. The mean FP values from technical
triplicate readings at each TNKS1 ARC4 concentration were baseline corrected
by subtraction of the free Cy5 probe FP reading (5 nM Cy5 probe at 0 uM TNKST
ARC4) to give corrected mean FP values (AFP mP). The AFP values were plotted
against TNKS1 ARC4 concentration, and a non-linear regression analysis using
a one-site total binding model was performed to yield a Kavalue of 3.9 uM for the
Cy5-labelled 3BP2 8mer peptide probe (Figure 4.20).13% 152,196 Thijs value was
consistent with the low micromolar affinities for 3BP2 TBM peptides against the
tankyrase ARC domains previously reported in the literature.8'- 152196 Additional
plate readings were taken after 3 h, 4 h, 5 h, and 24 h incubation times and
equivalent Kq values were obtained (4.2 pM, 6.2 uM, 4.8 puM and 4.8 uM
respectively), therefore binding equilibrium was reached at the initial time-point

of 2 h and an incubation time of 2 h was used in the competitive FP assay.

a b
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Figure 4.20. Binding affinity of Cy5-labelled FP probe from direct binding FP assay with
TNKS1 ARCA4. Data shown is from one independent experiment; mean FP values were calculated
from technical triplicate (n = 3) readings. a) Binding affinity of Cy5 probe at 2 h. b) Overlay of Cy5
probe binding affinity at 2 h, 3 h, 4 h, 5 h, and 24 h.
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From the direct binding experiment and Cy5 probe Kad determination, the optimum
concentration of protein for the competitive FP assay was calculated. For
competitive FP experiments, a protein concentration giving a bound fraction
between 0.5 and 0.8 is typically selected (0.5 < F» < 0.8).2'* Using the calculated
probe Kd, the concentration of protein at different bound fractions (Fb) can be
determined from equation 4.3. A bound fraction ranging from 0.5 to 0.8
corresponded to TNKS1 ARC4 concentrations ranging from 3.9 to 15.6 uM. A
median bound fraction between 0.5 and 0.8 was chosen for the competitive FP
assay (Fo = 0.65), corresponding to a TNKS1 ARC4 concentration of 7.25 uM
(Table 4.8).

Kd XFb
1-Fb

Equation 4.3: [TNKS1 ARC4] = ( ) + Fb X [probe]

Table 4.8. Determination of optimum TNKS1 ARC4 concentration for a competitive FP
assay. Calculations of TNKS1 ARC4 concentration at different bound fractions (Fp) were
determined using a Cy5 probe Kqof 3.9 uM.

Bound Fraction (Fy) Calculation TNKS1 ARC4 (M)

3.9 x0.5

Fo=05 (7> + (0.5 x 0.005) 3.91 uM
1 -05
3.9 x0.8

Fo=0.8 (#> + (0.8 % 0.005) 15.64 uM
1 -0.8
3.9 x 0.65

Fo = 0.65 (—) . . 7.25 uM

b ———) + (065 x 0.005) u

4.4.2.3 Competitive FP assay with unlabelled control peptides

The final step in re-establishment of the Cy5 competitive FP assay was to test
unlabelled 3BP2 peptides as controls. The positive control peptide chosen was
the 3BP2 16mer peptide containing the octameric TBM within the sequence (Ac-
LPHLQRSPPDGQSFRSW-NHz, 56), which had previously been used as the
competitor in ligand-observed NMR experiments. A negative control peptide
based on the 3BP2 16mer peptide was also tested, with a glycine to arginine
mutation at position 6 (G6R) of the octameric TBM sequence (Ac-
LPHLQRSPPDRQSFRSW-NH2, 171). The positive and negative controls were
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As shown in the titration curves in Figure 4.22, the 1Cso of the 3BP2 16mer positive
control peptide (56) was calculated as 32 uM, which was within two-fold of the
ICs0 (22 uM) determined from the Cy5 competitive FP assay used to test peptide
mimetics.’™ The 3BP2 G6R mutant 16mer peptide (171) showed decreased
competitive binding to TNKS1 ARC4 with the Cy5 probe, with an 1Cso > 1000 pM
(80% normalised FP response at 1000 uM), indicating that it was suitable for use
as a negative control in the assay.
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Figure 4.22. Competitive FP assay with unlabelled control peptides. Data shown is from one
independent experiment; mean of technical duplicate (n = 2) readings with £ SEM error bars. a)
3BP2 16mer positive control peptide (56) titration, with a calculated ICso = 32 uM. b) 3BP2 G6R
mutant 16mer negative control peptide (171) titration, with a calculated I1Cso > 1000 uM.

In conclusion, optimum probe and protein concentrations were selected and
competitive binding with positive and negative control peptides was assessed,

yielding an ICso for the positive control which was consistent with its previously
reported potency.

4.4.3 Competitive FP assay with unlabelled 3-alkylamino quinoxaline fragment
analogues

The Cy5 competitive FP assay was successfully re-established and was next
used to assess the potency of 3-alkylamino quinoxaline fragment analogues
which could not be ranked using the biophysical ligand-observed NMR assay.
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4.4.3.1 Competitive FP assay with unlabelled control compounds

In the competitive FP assay, unlabelled fragment analogues were titrated from
50 mM DMSO-ds stock solutions, therefore each well contained a final DMSO-ds
concentration of 2% (v/v). The 3BP2 positive (56) and G6R negative (171)
peptide control titrations along with high and low control wells were backfilled with
2% DMSO (v/v), so that buffer conditions were identical to fragment titrations. An
equivalent 1Cso of 29 uM for the 3BP2 positive control peptide was determined
with the addition of 2% DMSO to the FP assay buffer, from the mean of two
independent experiments (Figure 4.23).
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Figure 4.23. Competitive FP assay with unlabelled control peptides (+ 2% DMSO). Data
shown is from one independent experiment; mean of technical duplicate (n = 2) readings with £
SEM error bars. a) 3BP2 16mer positive control peptide (56) titration, with a calculated ICso = 32
HUM. I1Cso0 (= SD) = 29 £ 5 uM determined from mean of n = 2 independent experiments. b) 3BP2
G6R mutant 16mer negative control peptide (171) titration.

Initially, unsubstituted quinoxaline fragment hit CCT170746 (28) (Ka = 1100 uM)
and lead fragment 3-dimethylsubstituted quinoxaline fragment CCT393128 (115)
(Ka = 240 uM) were tested as small molecule controls for the competitive FP
assay (Figure 4.24). The unlabelled fragment controls were titrated 3 nM to 1000
UM in a twelve-point three-fold titration series against Cy5 probe (5 nM) and
TNKS1 ARC4 (7.25 uM). No binding was detected for 28, which was expected
due to its weak affinity against TNK2 ARC4 as determined by protein-observed
NMR. A full sigmoidal competition curve was achieved with 115 and a mean ICso
of 103 uM was calculated from unconstrained curve fit analysis from two
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Figure 4.25. Competitive FP assay with fanapanel (31). Data is from one independent
experiment.

4.4.3.2 Competitive FP assay with 3-alkylamino quinoxaline fragment analogues

A total of 13 analogues with 3-alkylamino quinoxaline substitutions and isoxazole
replacements were tested in the Cy5 competitive FP assay (Figure 4.23 and
Table 4.9). However, no analogues were identified which were more potent than
lead fragment CCT393128 (115). Only 5 out the 13 compounds tested produced
FP data which was analysed to determine ICso values (141, 142, 143, 146 and
148). To obtain curve fits for these compounds from which to determine
approximate 1Cso values, the bottom plateau of the curve was constrained to 0%
for all compounds which showed competitive binding (142, 143, 146 and 148).
For positive controls, 3BP2 16mer peptide (56) and CCT393128 (115), constraint
of the curves to a bottom plateau = 0% yielded equivalent ICso values to the
unconstrained curves (Table 4.9).

Compound CCT393936 (141) did not show competitive binding, despite its
structural similarity to CCT393128 (115). An ICso was not calculated for
CCT393998 (142) as the constrained curve reached a minimum of 61%
normalised FP response (ICso > 1000 uM). Therefore, extending from the 3-
dimethylamino substituent of lead fragment 115 with linear ethyl and propyl
groups was detrimental to ARC affinity. For compounds with different sized
heterocycles introduced in the quinoxaline 3-poisiton, potencies comparable to
115 were determined. Insolubility at the top fragment concentration (ICso > 1000
UM) was suspected for 3-azetidinyl substituted CCT394000 (143). Exclusion of
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quinoxaline compounds upon long-term storage of 50 mM DMSO-ds stock solutions. b) LCMS
analysis of CCT394001 (144) 50 mM DMSO-ds stock solutions used in FP assay after 8 months
storage in nitrogen pods: No remaining parent compound (m/z = 324 [M+H]*); major impurity
detected corresponded to oxidised compound (tr = 1.02, m/z = 338 [M+H]*).

Further to the compound instability revealed from LCMS analysis, 6 out of the
total 14 analogues tested (147, 150, 159, 162, 168 and 153) showed assay
interference in the Cy5 competitive FP assay (Table 4.9). The fluorescence
intensity detectors were saturated at high compound concentrations of these
compounds, therefore normalised FP values could not be determined and ICso
values could not be calculated. A visual assessment of the fragment stock
solutions revealed that the compounds showing assay interference were strongly
red in colour, whereas stock solutions for compounds which did not interfere were
typically light yellow in colour. This suggested the presence of a highly conjugated
compound in the stock solutions of compounds which interfered. Although
compounds 147, 150, 159, 162, 168 and 153 generally showed lower stock
solution purity from LCMS (< 70% parent compound), the major impurities formed
by oxidative degradation of the parent compound were likely not the source of
the red colour and should not be more conjugated than the parent compounds.
Therefore, it was hypothesised that a highly conjugated polymeric impurity might
have formed upon long-term storage of the stock solutions, or that stock solutions
of the interfering compounds might have contained leftover palladium catalyst
which was not sufficiently removed by purification after aminocarbonylation
reactions used in fragment synthesis.

4.4.3.3 Conclusions

In conclusion, a competitive FP assay was re-established to assess the affinity of
3-alkylamino quinoxaline analogues against TNKS1 ARC4. The binding affinity
of the Cy5-labelled probe (Kd= 3.9 uM) and potency determined for the 3BP2
16mer TBM positive control (ICso = 32 uM) were both consistent with the
literature-reported values determined from this assay previously, therefore the
assay was next used to assess the potency of fragment analogues. '35 152 Whilst
fragment hit CCT170746 (28) (Ka = 1100 uM) showed no competitive binding in
the FP assay, titration of lead fragment CCT393128 (115) (Ka = 240 uM) fully
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Chapter 5 Development of PROTACs for Targeted

Tankyrase Degradation

5.1 Introduction to Targeted Protein Degradation

Protein degradation is an emerging strategy for the development of new
therapeutics in targeted drug discovery which has achieved clinical proof-of-
concept in recent years.3® A fundamental approach in this strategy is the
development of small molecules which can hijack the cellular ubiquitin-
proteosome system (UPS) for the degradation of target proteins of interest.23-24

5.1.1 The Ubiquitin-Proteasome System

The ubiquitin-proteasome system is required for the maintenance of normal
protein homeostasis. Ubiquitin-mediated protein degradation occurs through an
enzymatic cascade, involving the activation of the small protein ubiquitin, transfer
of wubiquitin to a substrate protein lysine residue and subsequent
polyubiquitination of the protein which is recognised and degraded by the 26S
proteasome (Figure 5.1).24 221 Ubiquitin transfer to target proteins is achieved by
E1 ubiquitin-activating enzymes (two examples), E2 ubiquitin-conjugating
enzymes (~40 examples), and E3 ubiquitin ligase family members (~600
examples) which consist of four different classes: HECT-domains, U-box,
monomeric RING and multisubunit RING E3 ligases.?* 22! The E3 ligases function
in the recruitment of substrate proteins for proteasomal degradation by the
recognition of peptidic motifs known as degrons.2??
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Figure 5.1. The ubiquitin-proteasome system (UPS). Ubiquitin-mediated protein degradation
requires the activation of ubiquitin by E1 enzymes then transfer of ubiquitin from E2 enzymes to
substrate proteins which are recognised by E3 ligases. Polyubiquitination of the substrate protein
results in recognition and degradation by the 26S proteasome. Figure adapted “Ubiquitination”,
by BioRender.com, 2022.

5.1.2 Development of Proteolysis Targeting Chimeras (PROTACS)

Targeting the UPS for the chemically induced degradation of selected substrate
proteins has been successfully achieved with proteolysis targeting chimeras
(PROTACSs).232¢ PROTACs are heterobifunctional molecules composed of an E3
ligase recruiting ligand and a ligand for binding a target protein of interest,
attached by a chemical linker.223-224 The formation of a ternary complex, driven
by the PROTAC, results in proximity-mediated ubiquitination of the target protein
by the recruited E3 ligase, followed by 26S proteasomal degradation of the

protein of interest (Figure 5.2).225-226
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Figure 5.2. Mechanism of PROTAC-mediated degradation. The heterobifunctional PROTAC
has a ligand which binds to the target protein attached through a chemical linker to a ligand which
recruits an E3 ligase complex, resulting in the serial transfer of ubiquitin and thereby
polyubiquitination of the protein of interest, which is then recognised for 26S proteasomal

degradation. Figure created with BioRender.com, 2022.

In the development of PROTACs towards a selected target protein, there are
important considerations with regards to the chosen E3 ligase, the target protein
and its selected ligand, and the linker.2?” Although there are over 600 known E3
ligases, only four of these are typically employed in the PROTAC methodology
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flexibility of the linker affects whether an essential ternary complex is formed
between the target protein, E3 ligase and the PROTAC, and whether the complex
is stabilised cooperatively, through novel protein-protein interactions and protein-
linker interactions.237-238 |n addition, the chemical structure of the linker can be
modified to improve the physiochemical properties of the heterobifunctional

molecules.239-240

With regards to the selection of a ligand for the target protein, existing catalytic
inhibitors of protein function are often chosen. However, any ligand which binds
to an E3 ligase-accessible site on the target protein with reasonable affinity (=1-
500 nM) is potentially sufficient.2? The ligand does not need to be highly potent
as the degradation potency of PROTACs is driven by productive ternary
complexes and a catalytic mechanism of action, compared to potency of inhibitors
which is dependent on binding site occupancy and a stoichiometric mechanism
of action.?23 226 The lack of requirement for a highly potent binder of the target
protein ligand extends the PROTAC methodology to proteins which are
considered ‘undruggable’ with classical small molecule inhibitors. Highly selective
inhibitors are not necessarily required as target protein ligands either, as the
formation of a successful ternary complex and subsequent transfer of ubiquitin to
the target protein is required for degradation, and therefore the selectivity of
PROTACs can often be improved compared to a non-selective parent

inhibitor.223, 241-242

5.1.3 Targeting Scaffolding Functions with PROTACs

PROTACSs have gained attention as pharmacological tools for regulating the non-
catalytic, or scaffolding, functions of proteins which are often not affected by small
molecule inhibitors of catalytic functions.?*3-244 As PROTACs result in the
degradation of the entire target protein, the catalytic and non-catalytic functions
of the target protein are removed, and the cellular effects of these functions are
modulated.?43-24 Therefore, scaffolding proteins are a highly applicable target for
PROTAC technology.®°
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Figure 5.4. Chemical structures of reported PARP1 PROTACs.

Catalytic inhibitors of PARP1 have been shown to effectively kill tumour cells
through inhibition of PARYylation in the early stages of the DNA damage response
(DDR).?46 However, they also inhibit auto-PARylation of PARP1 which causes
‘PARP1 trapping’ in DNA-PARP1 scaffolds at DNA lesions, leading to further
cytotoxicity through interference with DNA replication and cellular stress
responses.?** 246 In 2019, Wang et al published a rucaparib-based PROTAC,
iRucaparib-AP6 (179), which was able to block both catalytic ADP-ribosylation
function and ‘PARP1 trapping’ scaffolding functions through chemically-induced
degradation of PARP1.246 |n contrast to rucaparib, iRucaparib-AP6 (179) did not
result in DNA damage mediated by PARP1 trapping and prevented cytotoxic
growth suppression in muscle cells and primary cardiomyocytes, therefore
suggesting that PARP1 degradation could offer different therapeutic effects
compared to PARP1 inhibition.244. 246, 249

Therefore, the suitability of the PROTAC strategy towards members of the PARP
family has been successfully demonstrated, and provides proof-of-concept for
targeting the poly(ADP-ribosyl)ation functions and scaffolding functions of
tankyrase using a heterobifunctional chemically-induced degradation approach.

5.2 Design and Synthesis of First-generation XAV939-based
Tankyrase PROTACs

5.2.1 Rationale for design of XAV939-based amide-linked PROTACs

In the development of tankyrase degraders, the synthesis of PROTACs
incorporating existing potent catalytic inhibitors of tankyrase attached via a
suitable linker to an E3 ligase targeting moiety was proposed.237- 250-251 For gl
heterobifunctional compounds synthesised in this study to target tankyrase, the
well-characterised catalytic inhibitor XAV939 (3) was selected as the tankyrase
binding ligand.®® XAV939 (3) was previously used as a chemical tool compound
by Guettler and co-workers to study the catalytic and non-catalytic contributions
of tankyrase in activation of Wnt/B-catenin signalling.>” The crystal structure of
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to 1-, 2-, and 3-PEG linkers respectively, were also synthesised following a four-
step synthetic route from 4-hydroxythalidomide by a co-worker [John Caldwell,
ICR CTU].2%

5.2.2 Synthesis of XAV939-based amide-linked PROTACs

The synthesis of the desired PROTACs — CCT371426-01 (186-01), CCT371425
(187) and CCT371424 (188) — was successfully achieved via a HATU-mediated
amide coupling reaction of benzylic amine 182 with the E3 ligase recruiting
components 183, 184 and 185 (Scheme 5.1). The final PROTACs 186-01, 187
and 188 were isolated in reasonable yields after a single purification by normal
phase chromatography to purities > 85%, acceptable for proof-of-concept
biological testing. However, optimisation of the purification strategy was required
to provide these compounds in higher purity (> 95%) for further assays. To
evaluate alternative purification methods, CCT371426-02 (186-02) was re-
synthesised using a HATU-mediated amide coupling reaction and purification
was instead performed by preparative HP-LC. This successfully provided
CCT371426-02 (186-02) with a final purity of 95%.

183 (n=1)

Cﬁﬁ@ ngf -

182 185 (n=3)

n=1,
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i

n=2,

n=3,

13% (normal phase)
28% (HP-LC)

CCT371426-01 (186-01) (n=1)
CCT371426-02 (186-02) (n=1)
CCT371425 (187) (n=2)
CCT371424 (188) (n=3)
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Scheme 5.1. Synthesis of XAV939-based amide-linked tankyrase PROTACs. Reagents and
conditions: i) 183, 184, or 185, HATU, DIPEA, DMF (0.1 M), rt, 16 h to 22 h.

5.3 Testing of First-generation XAV939-based Tankyrase PROTACs

in Target Engagement Assays

5.3.1 Assessment of tankyrase engagement using an auto-PARylation assay

The three initial PROTACs synthesised based on XAV939 (3) were assessed for
tankyrase binding in the Division of Structural Biology in collaboration with
Guettler and co-workers as indicated. CCT371426-01 (186-01), CCT371425
(187) and CCT371424 (188) were tested for inhibition of catalytic tankyrase
activity as an indirect readout of target protein engagement. This was assessed
in an in vitro auto-PARylation assay using recombinantly expressed full length
wild-type TNKS2 [Mariola Zaleska, ICR Structural Biology]. Auto-PARylation was
detected by western blotting using an anti-pan-ADP-ribose binding reagent
(Figure 5.7). All three compounds showed inhibition of TNKS2 auto-PARylation
activity comparable to the parent inhibitor XAV939 (3). This indicated successful
binding of the heterobifunctional compounds to the catalytic domain of tankyrase,
and showed that -CF3 to benzylic amide substitution as well as addition of PEG
linkers were both tolerated.
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5.3.2 Testing in biochemical and cellular cereblon target engagement assays

The amide-linked PROTACs were next tested to evaluate binding to cereblon,
using established biochemical and cellular assays within the Division of Cancer
Therapeutics [ICR CTU], which were run by co-workers as indicated.
CCT371426-02 (186-02) was tested as a representative compound for the series
due to its higher final purity of 95%.

A biochemical competitive fluorescence polarisation assay using a Sulfo-Cy5
fluorophore-labelled thalidomide-based probe was used to determine the potency
of 186-02 against the CRBN-DDB1 complex [Mark Stubbs, ICR CTU] (Figure
5.8). The development of this assay has been previously described in the
literature.?3% 255 The biochemical potency of 186-02 against CRBN-DDB1 was
determined as ICso = 0.96 pM, which was comparable to the potency of
thalidomide determined as ICso = 1.34 £ 0.37 uM (n = 70) in this assay (Figure
5.8). Therefore, the introduction of a linker conjugated to XAV939 (3) was
tolerated with regards to binding of the thalidomide component of 186-02 to
CRBN-DDB{.

100 100
% a0 Ei an
2 o £ :
o o
5§ 33 @ TUTTES 2R§ 5§ 33 5§ TUUesS 2R
Concentration Concentration
Thalidomide (172) CCT371426-02 (186-02)
ICso (FP) = 1.80 uMa ICs0 (FP) = 0.96 pMe
Hill slope = 1.0, Z’ = 0.89 Hill slope = 0.9, 2’ =0.89

ICso (FP) = 1.34 £ 0.37 uM (n = 70)P

Figure 5.8. Biochemical CRBN/DDB1 FP assay with a first-generation XAV939-based
PROTAC. a) Thalidomide (172) positive control titration. 2Cso determined from data shown, one

independent experiment (Z' = 0.89). PICso determined from geometric mean of n = 70 independent
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degradation assays, cellular target engagement at levels comparable to these
well-characterised BRD4 degraders was desired to allow clear interpretation of
any positive or negative results observed. It was hypothesised that efforts to
improve the cellular permeability of the XAV939-based heterobifunctional
compounds would result in measurable cellular potency against CRBN in the
NanoBRET target engagement assay.

5.4 Design and Synthesis of Second-generation XAV939-based
Tankyrase PROTACs

5.4.1 Rationale for design of XAV939-based ether-linked PROTACs

Heterobifunctional compounds often have high molecular weights (> 500 Da) and
exist in the chemical space beyond Lipinski’s ‘rule of five’ guidelines.!4 260 |t is
therefore more challenging to design heterobifunctional compounds with good
physicochemical properties such as permeability.?4%- 26" Membrane permeability
of compounds is limited by a high total number of hydrogen bond donor (HBD)
groups and a high topological polar surface area (tPSA, A2).262-263

In the first-generation XAV939-based tankyrase PROTACs, the two amides in the
linker contributed two out of a total of four HBDs to the heterobifunctional
compounds (Figure 5.10). The other two HBDs originated from the structures of
the ligands XAV939 and thalidomide, which provide essential interactions with
tankyrase and CRBN target proteins, respectively.5? 25 Therefore, in the design
of second-generation XAV939-based PROTACs, the HBD count was reduced to
three by removing the amide bond connected to the thalidomide motif from the
linker (Figure 5.10). In the proposed compounds, the thalidomide motif would
instead be incorporated into the heterobifunctional compounds through an ether
bond. This structural change resulted in a 20 A2 reduction in calculated tPSA
(MoKa) for each equivalent PEG linker length in addition to a reduction in total
HBD count, which was also hypothesised to benefit the cellular permeability of
the compounds.
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Figure 5.10. Design strategy for second-generation tankyrase PROTACs. A HBD was
removed from the linker between the tankyrase binding ligand (XAV939) and the CUL4CRBEN E3
ligase recruiting motif (thalidomide) by switching an amide for an ether as highlighted in dark blue.

5.4.2 In Silico Modelling of Ternary Complex Formation

To rationalise the choice of linker lengths for the ether-linked XAV939-based
PROTACS, in silico modelling of ternary complex formation was pursued. The
development of efficacious PROTACs requires the formation of productive
ternary complexes between the target protein, E3 ligase and the
heterobifunctional compound, in which the length of the linker component is
particularly important in bringing together the target protein and E3 ligase for
proximity-mediated transfer of ubiquitin.?3> 237 The characterisation of ternary
complex formation has been pursued by obtaining X-ray crystal structures and
analysis of these has shown that interactions between the linker and both proteins
can be important in ternary complex formation.24!. 264267 However, obtaining
crystal structures of ternary complexes for structure-based PROTAC design is

challenging and time-consuming to pursue.2%®
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CCT400029 (192) (5-PEG linker)

Figure 5.12. Rationalisation of linker lengths for second-generation XAV939-based
PROTACSs based on an in silico model of ternary complex formation. Energy minimisation
(not docking) of PROTACs a) CCT400031 (190) (dark orange), b) CCT400030 (191) (gold) and
¢) CCT400029 (192) (dark red) in MOE against docking pose 4 (p44) from protein:protein docking
of TNKS2:XAV939 (orange/purple) complex (PDB: 3KR8) against a CRBN:pomalidomide

(green/cyan) complex.

5.4.3 Synthesis of XAV939-based ether-linked PROTACs

For the synthesis of the desired ether-linked PROTACs — CCT400031 (190),
CCT400030 (191) and CCT400029 (192) — the E3 ligase recruiting components
(193, 194 and 195) consisting of thalidomide conjugated through an ether linkage
to 3-, 4-, and 5-PEG linkers, were purchased from a commercial supplier (Tenova
Pharma). Amide coupling of benzylic amine 182 with carboxylic acids 193, 194
or 195 was performed under HATU-mediated conditions, resulting in isolation of
PROTACs 190, 191 and 192 following purification by preparative HP-LC with final
purities > 92% (Scheme 5.2).
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Scheme 5.2. Synthesis of XAV939-based ether-linked tankyrase PROTACs. Reagents and
conditions: i) 193, 194, or 195, HATU, DIPEA, DMF (0.1 M), rt, 20 h to 24 h.

5.5 Testing of Second-generation XAV939-based Tankyrase
PROTACs in Target Engagement and Cellular Degradation
Assays

5.5.1 Testing in biochemical and cellular cereblon target engagement assays

The ether-linked PROTACs were first tested in cereblon target engagement
assays to determine whether the reduced HBD count in the linker had resulted in
improved cellular target engagement and permeability of the heterobifunctional
compounds. As previously, these assays were run by co-workers in the Division
of Cancer Therapeutics [ICR CTU] as indicated. As shown in Table 5.1,
CCT400031 (190), CCT400030 (191) and CCT400029 (192) showed
comparable biochemical potencies (ICso0 ~ 0.6 uM to 1 uM, n = 2) to thalidomide
172 (ICs0 = 1.34 £ 0.37 uM, n = 70) in the competitive FP assay against CRBN-
DDB1 [Mark Stubbs, ICR CTU]. The potency of the ether-linked compounds was
therefore also consistent with the previously tested amide-linked CCT371426-02
(186-02) (ICso = 0.96 uM), demonstrating that the change to the linker was
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5.5.2 Assessment of cellular tankyrase engagement using a Wnt/B-catenin

reporter assay

The assay discussed in the following section was performed by a co-worker in
the Guettler lab within the Division of Structural Biology [Ben Broadway, ICR
Structural Biology]. The second-generation XAV939-based PROTACs -
CCT400031 (190), CCT400030 (191) and CCT400029 (192) — were tested in a
Wnt/B-catenin responsive reporter assay in haploid HAP1 7TGGRR human cells
[Ben Broadway, ICR Structural Biology]. Upon increasing concentrations of
XAV939 (3), reporter activation decreased in line with catalytic inhibition of
tankyrase resulting in decreased levels of active B-catenin. The assay therefore
provided an indirect readout of tankyrase target engagement in a cellular context.
XAV939-based compounds CCT400031 (190) and CCT400030 (191) showed
decreased Wnt/B-catenin reporter activation upon increasing concentrations of
compound in a manner consistent with XAV939 (3) as a positive control (Figure
5.13), as did CCT400029 (192) (data not shown, n = 1 independent experiment).
Therefore, the heterobifunctional compounds based on XAV939 (3) maintained
inhibitory cellular potency against tankyrase at a level comparable to the parent
compound. Interestingly, in HAP1 7TGGRR cells with low endogenous tankyrase
expression, Wnt signalling activation was reduced to ~10% upon treatment with
XAV939 (3) (10 uM). This contrasted to the ~50% reduction with XAV939 (3)
treatment (10 pM) observed in previous luciferase reporter assays using
HEK293T cells transiently transfected with, and therefore overexpressing, MYC2-
tagged tankyrase constructs (Figure 1.14a), as discussed in section 1.5.2. The
difference in the extent of modulation of Wnt/B-catenin signalling activation upon
catalytic inhibition in these two contexts was therefore hypothesised to be a result
of the different level of tankyrase expression in these cell lines. It was
hypothesised that catalytic inhibition of tankyrase would have a greater effect on
modulating the activation of Wnt signalling when tankyrase levels are low, as the
concentration-dependent scaffolding functions of tankyrase which are able to
promote Wnt/B-catenin signalling independently of catalytic activity would be
reduced, compared to when tankyrase is overexpressed.
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Figure 5.13. Cellular tankyrase Wnt/B-catenin responsive reporter assay with second-
generation XAV939-based PROTACSs. Activation of Wnt/B-catenin-dependent transcription by
endogenous tankyrase in haploid HAP1 7TGGRR human cells at increasing concentrations
(0.078, 0.156, 0.312, 0.625, 1.25, 2.5, 5 and 10 uM) of inhibitors, XAV939 (3) and XAV939-based
PROTACS: CCT400031 (190) and CCT400030 (191). HAP1 7TGGRR cells were pre-treated with
inhibitors for 4 h then media was exchanged for Wnt conditioned media (50%), and cells were
incubated with inhibitors for 24 h prior to measurement of luciferase signal. Wnt luminescence
and reference luminescence was normalised to DMSO. Data shown is mean of two independent
biological replicates (n = 2) with £ SEM error bars.

5.5.3 Cellular assessment of tankyrase degradation

Following confirmation of both cereblon and tankyrase binary target engagement
in cells with the second-generation XAV939-based PROTACs, the compounds
were progressed to an assessment of tankyrase (TNKS1 and TNKS2)
degradation in a cellular context [Ben Broadway, ICR Structural Biology]. This
work was also performed in the Division Structural Biology in collaboration with
Guettler and co-workers as indicated. Haploid HAP1 7TGGRR cells were treated
with CCT400031 (190) and CCT400030 (191) at a concentration range
consistent with that used in the Wnt/B-catenin reporter assay (Figure 5.14). After
24 h incubation, tankyrase protein levels in HAP1 7TGGRR cells were assessed
by western blotting using a commercial TNKS1/TNKS2 antibody (E10) (Santa
Cruz Biotechnology).
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Chapter 6 Conclusions and Discussion

6.1 Substrate Binding Antagonists of the Tankyrase ARC Domain

6.1.1 Conclusions

A well-characterised fragment hit, CCT170746 (28), was selected as the chemical
start point for fragment-based drug discovery towards potent inhibitors of
tankyrase ARC-mediated substrate binding using a fragment growing strategy.
Initial work focused on the design of close structural analogues of 28, guided by
in silico docking of the fragment against TNKS2 ARC4.13% The fragment
analogues were efficiently synthesised using one-step HATU-mediated amide
coupling reactions. A ligand-observed NMR assay using both CPMG and
waterLOGSY methods was established to screen all fragment analogues (with
kinetic solubility > 50 uM) against unlabelled TNKS2 ARC4, and competition with
a 16mer 3BP2 TBM peptide was assessed to confirm binding to the substrate
recognition pocket. From testing of the initial analogues in ligand-observed NMR,
replacement of the quinoxaline ring did not show any improvements in fragment
binding to TNKS2 ARC4. Introducing substituents in positions 3-, 4-, and 5-
around the furan ring and replacement of the furan with nitrogen-containing,
substituted heterocycles identified several analogues (48, 66, 75, 76, 70 and 81)
which showed potentially increased binding to TNKS2 ARC4 from ligand-
observed NMR. A protein-observed NMR assay — which evaluated chemical shift
perturbations in the 'H-'SN HSQC spectra of °N-labelled TNKS2 ARC4 upon
increasing fragment concentrations — was then established to determine
fragment binding affinities and revealed that no furan modifications had led to an
improvement in affinity against TNKS2 ARC4. However, binding site mapping of
the fragments aided in refinement of the in silico binding model and suggested
that the analogues occupied either binding mode 1 or 2 from reported in silico
docking of 28 against TNKS2 ARCA4.

Validation studies with a literature-reported ARC-binding compound, fanapanel
(31)'37, showed that a significant reduction (>80%) in average signal intensity in
relaxation-edited (CPMG) ligand-observed NMR was indicative of a 10-fold
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assay can be used to test the binding of further analogues based on 115, in future
efforts to develop potent substrate binding antagonists of the tankyrase ARC
domain. Overall, testing of fragment analogues using biophysical ligand-
observed and protein-observed NMR methods and the competitive biochemical
FP assay successfully allowed determination of the SAR of fragment hit
CCT170746 (28) binding to TNKS2 ARC4, as summarised in Figure 6.1, and

identification of higher affinity lead fragments through hit optimisation.

Large substituents
(n-Bu, -Ph) not tolerated

Linear and branched alkoxy (-OR) and
alkylamino (-NR.) groups maintained binding 1

-NMe, and cyclic alkylamino groups

increased binding affinity y .
\ 0
4 N ; o Planar, aromatic substituents
| H ‘ / ¢ tolerated
/' N ‘[ v\
-Me and -OMe folerated N-Me not tolerated Lipophilic and polar
-NMe; not tolerated substituents folerated

Figure 6.1. Summary diagram of SAR for fragment hit CCT170746 (28). Structure of
CCT170746 (28), with regions of the fragment hit highlighted in which modifications which were
either tolerated (blue), not tolerated (red), maintained competitive binding (orange) or increased
binding (green) to TNKS2 ARC4.

6.1.2 Discussion and Future Directions

6.1.2.1 Structural Characterisation of ARC:Fragment Interactions

X-ray crystallography will be highly desired to gain direct structural insights into
the binding mode of highest affinity ARC-binding fragments identified so far:
CCT393128 (115) (Ka = 240 uM) and CCT394001 (144) (Kd = 120 uM). Extensive
screening of TNKS1 ARC4:fragment co-crystallisation conditions will be required,
as only limited co-crystallisation trials were attempted thus far. In addition, further
fragment soaking conditions could be investigated against TNKS1 ARC4 or other
crystallisable tankyrase ARC domains.%6: 6. 149 Fragment:ARC co-crystal
structures would enable rational, structure-based fragment growing to generate
more potent substrate binding antagonists, by introduction of functional groups
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for specific interactions with the tankyrase ARC domain. Further co-crystallisation
experiments with fanapanel (31), which is predicted to bind in the central patch
and arginine cradle region from protein-observed NMR, could also be attempted
to identify opportunities for fragment merging with 115 or 144.

In the absence of a fragment-bound ARC crystal structure, intermolecular NOE
experiments (°N-'3C NOESY-HSQC) could be performed to determine distance
restraints between protein residues and ligand signals, for constrained in silico
docking of fragments to TNKS2 ARC4.274 Uniformly double-labelled >N-'3C
TNKS2 ARC4 would be required for this, which has previously been successfully

produced in a good yield according to a published protocol.4”
6.1.2.2 Lead Fragment Optimisation to lIdentify Potent Antagonists

Prior to future rounds of fragment optimisation based on the quinoxaline scaffold,
the source of assay interference observed with compounds CCT394001 (144)
and CCT394880 (166) should be identified and removed, and compound stock
solutions should be prepared immediately prior to the FP assay to prevent
oxidative degradation observed with compounds 147, 150, 159, 162, 168 and
153. Further SAR exploration of lead fragments 115 and 144 could be undertaken
to identify more potent inhibitors of ARC:substrate protein interactions. For
example, additional 3-alkylamino substitution of the quinoxaline ring would
enable an increased understanding of binding pocket restrictions in this region
(Figure 6.2a). Saturated N-heterocyclic substituents containing four to six atoms
are tolerated in this position, therefore fragment growing around these rings may
lead to higher affinity compounds. Another region of the compounds which is
suitable for further optimisation is the isoxazole motif (Figure 6.2b). From previous
SAR exploration, isoxazole replacement with a carboxylic acid (162 and 166)
maintained binding affinity for TNKS2 ARC4 as determined by protein-observed
NMR. Removal of the isoxazole (168) was also tolerated based on ligand-
observed NMR, suggesting it forms minimal ligand-protein interactions and
occupies a solvent-exposed region. The isoxazole motif could be removed in
further analogues to allow for other ligand-protein interactions to be optimised
whilst maintaining fragment-like ‘rule of three’ compliant properties.6-'57 Finally,
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a region of fragment hit CCT170746 (28) which has not yet been extensively
modified is the central amide motif (Figure 6.2c). Based on the SAR from N-
methylation, it was determined to be important to fragment conformation and/or
act as an essential hydrogen bond donor. The central amide motif could be
replaced with amide bioisosteres in future efforts to identify potent substrate
binding antagonists of tankyrase. 8

a. \ / b.
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l \N \N ...... O

c. Amide bioisosteres

Figure 6.2. Suggested modifications for further SAR exploration of lead fragments. a)
Fragment growing from the quinoxaline 3-position by substitution with N-heterocycles. b)
Replacement of the isoxazole ring. €) Substitution of the central amide with bioisosteres.

6.1.2.3 Identification of Tool Compounds from a Fragment-based Approach

The possibility of inhibiting tankyrase function by disruption of ARC:substrate
interactions has been demonstrated by literature-reported, cell-permeable
stapled peptidomimetics, and by the identification of small molecules which bind
to ARC domains with moderate to weak affinity (Kaor Ki = 20 uM to 1100 puM).13%
137 The work reported in this thesis is currently the only study which has
extensively explored the SAR of a hit identified from small molecule screening
efforts against tankyrase ARCs, and has pursued structural characterisation of
hit analogues. Although fragment optimisation has proven to be challenging, it
was demonstrated that structural modifications can be introduced to increase the
binding affinity of quinoxaline-based compounds against ARC4 whilst maintaining
a robust binding location in the central patch and glycine sandwich regions. The
work has highlighted that continued optimisation and refinement of the
quinoxaline fragments is feasible through the approaches discussed in this
thesis, with the aim to develop ARC:substrate PPI inhibitors with submicromolar
affinity. Furthermore, the biophysical NMR experiments used in this study can be
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applied as an orthogonal method for hit confirmation for future screening
campaigns performed in the field. It was demonstrated that a hit identified from a
literature-reported virtual screen, C44 (30),'3¢ showed unmeasurable solubility in
the NMR solubility assay and was unsuitable for characterisation using ligand-
and protein-observed NMR assays (section 3.1). This raises questions around
whether this compound binds to the ARC domain in a specific manner and
whether it is suitable as a tool compound. In addition, the previously unknown
binding site of fanapanel (31)'3” was refined to the arginine cradle and central
patch regions of TNKS2 ARC4 using the protein-observed NMR assay.
Interestingly, whilst fanapanel (31) was confirmed to bind TNKS2 ARC4 with
moderate affinity (Ko = 100 uM) in protein-observed NMR titration, no
displacement of a Cy5-labelled 3BP2 TBM peptide probe was observed upon
titration of 31 in a competitive FP assay against TNKS1 ARC4. This suggests that
multiple binding hotspots on the ARC may need to be targeted simultaneously to
achieve competition. Furthermore, it is hypothesised that substrate binding
antagonists will be required to bind all ARCs capable of substrate recruitment due
to the functional redundancy between ARCs and tankyrase paralogues.? '3 This
has highlighted the importance of assessing multi-ARC binding for potent
compounds against ARCs 1, 2, 4 and 5 from both TNKS1 and TNKS2, which
could be achieved using competitive FP assays with a variety of fluorophore
labelled TBM peptides based on different substrates.t'. 135 1%  Following the
identification of potent and cell permeable substrate binding antagonists capable
of multi-ARC binding, these tool compounds will be used to study
tankyrase:substrate/effector protein interactions, which could support the
development of substrate binding antagonists as novel tankyrase-targeted
therapeutics.

6.2 PROTACSs for the Targeted Degradation of Tankyrase

6.2.1 Conclusions

The targeted degradation of tankyrase using PROTACs has been pursued as a
second approach for the development of chemical tool compounds to study
tankyrase cellular functions, whether achieved by catalytic or scaffolding

242



activities. An initial set of three PROTACs with different linker lengths were
synthesised based on a toolbox catalytic tankyrase inhibitor, XAV939 (3). An
amide coupling conjugation strategy was used to link XAV939 (3) to a thalidomide
motif for targeting the CUL4CRBN E3 ligase complex, resulting in compounds with
two amide bonds in the linker and a total of four hydrogen bond donors. A
representative compound, CCT371426-02 (186-02), from this series showed no
cellular target engagement of CRBN (ICs0 > 30 uM), suggesting poor cellular
permeability for the first-generation amide-linked compounds. Therefore, a
further set of XAV939-based PROTACs were synthesised in which an ether bond
replaced one of the linker amides to improve the physicochemical properties of
the compounds, with linker lengths chosen based on in silico modelling of ternary
complex formation. All three compounds — CCT400031 (190), CCT400030 (191)
and CCT400029 (192) — demonstrated binary CRBN target engagement in
biochemical and cellular assays, indicating that cellular permeability was
achieved, and demonstrated cellular tankyrase target engagement in a Wnt/B-
catenin responsive transcription reporter assay. However, stabilisation rather
than degradation of tankyrase was observed upon treatment of human HAP1
reporter cells with 190 or 191, replicating XAV939-mediated catalytic inhibition of

tankyrase rather than demonstrating degradation viaa PROTAC mechanism.

6.2.2 Discussion and Future Directions

Further efforts are therefore required to identify PROTACs for the successful
targeted degradation of tankyrase. Suggestions for future work on this approach
are discussed here, based on the hypothesised explanations for the lack of
tankyrase degradation observed with the ether-linked XAV939-based PROTACs.

6.2.2.1 Further Linker Variation to ldentify XAV939-based PROTACs

Linker design is a crucial element of generating successful PROTAC degraders,
as the linker can influence ternary complex formation, degradation potency
(DCs0) and isoform selectivity, as well as compound properties such as rigidity,
lipophilicity, solubility and permeability.235-236. 253 One potential explanation for the
lack of tankyrase degradation observed with the two ether-linked, XAV939-based
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Figure 6.4. Examples of potential linker variation for the empirical design of tankyrase
PROTACSs. XAV939-based heterobifunctional compounds which could be investigated for linker
optimisation, based on literature for cereblon-directed PROTACs.236, 278

6.2.2.2 Development of ARC-binding PROTACs

Another hypothesis for the lack of tankyrase degradation observed with
CCT400031 (190) and CCT400030 (191) is a competing mechanism of tankyrase
stabilisation upon blocking its catalytic activity with XAV939-based
heterobifunctional compounds. The stabilisation of tankyrase upon its catalytic
inhibition adds further complexity to the interpretation of intracellular tankyrase
levels detected in western blotting upon increasing concentrations of XAV939-
based PROTACs. Therefore, the use of a catalytic tankyrase inhibitor as the
target ligand may be unsuitable in the design of PROTACSs for targeted tankyrase
degradation.

In contrast, tankyrase-targeted PROTACs based on non-catalytic inhibitors, such
as the ARC-binding fragments discovered in this thesis, should not result in
tankyrase accumulation. Future studies could therefore investigate the
development of heterobifunctional compounds which bind to tankyrase through
its ARC domain, rather than its catalytic domain. Since the tankyrase ARC
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domain is unique within the PARP family, it is predicted that PROTACs based on
substrate binding antagonists would not suffer with PARP selectivity issues.36 53
In contrast, XAV939 has limited selectivity for tankyrase over PARP1 and PARP2,
and therefore these family members may also be destabilised by XAV939-based
PROTACs.0!

Substrate binding antagonists with low micromolar affinity (Ka < 10 pM),
developed from further optimisation of lead fragments detailed in this thesis —
CCT393128 (115) and CCT394001 (144) — would be suitable to be incorporated
into ARC-binding PROTACs. The development of PROTACs based on weak
affinity ligands has been successfully demonstrated for other protein targets as
the PROTAC strategy requires only a ligandable protein site.?23 225282 Based on
the SAR of the lead fragments discussed in this thesis, it was demonstrated that
the isoxazole moiety can be replaced by a carboxylic acid functionality (section
6.1.2.2), suitable for linker attachment to a ligand for targeting either the CRBN
or VHL ES3 ligases (Figure 6.5). The assay cascade demonstrated in this thesis
for the XAV939-based PROTACs would be adaptable for characterising ARC-
binding PROTACSs, using the established competitive FP assay to determine
binary target engagement with tankyrase through its ARC domain (section 4.4).

Linker attachment for ARC-binding PROTAC synthesis

] o |

CCT395279 (162) CCT394880 (166)

Figure 6.5. Proposed design strategies for ARC-binding PROTACSs. Linker attachment from
the carboxylic acid motif using amide coupling chemistry with higher affinity analogues of
CCT395279 (162) and CCT394880 (166) could be suitable for the generation of ARC-binding
tankyrase PROTACs.

6.2.2.3 Identification of Tool Compounds from a PROTAC Approach

The development of PROTACs for targeted protein degradation is an emerging
therapeutic modality in small molecule drug discovery, which is particularly
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6.3 Outlook for Non-Catalytic Chemical Tool Compounds of

Tankyrase

The long-term aim of the project reported in this thesis is the identification of
potent inhibitors of tankyrase which could regulate both its catalytic and non-
catalytic functions and provide a novel targeted therapeutic approach for cancers
associated with aberrant tankyrase function. Tankyrase is a particular target of
interest in colorectal cancer cases with constitutive activation of the Wnt/(3-
catenin signalling (~90%), which is driven by mutation of the tumour suppressor
APC and consequent impaired B-catenin degradation.'4 283284 \Wnt/B-catenin
reporter assays will be used to determine whether complete suppression of Wnt
activation, as observed with loss-of-function mutations in the non-catalytic SAM
and ARC domains,®” can be achieved with potent and cell-active small molecule
chemical tool inhibitors of non-catalytic tankyrase functions. Non-catalytic
chemical tool compounds will then be used to depict the contribution of
scaffolding functions to other tankyrase-dependent cellular processes. In
conclusion, a fragment-based approach has resulted in the identification of
quinoxaline-based compounds with improved affinity against the tankyrase ARC
domain compared with the fragment hit, which could be further improved towards
potent substrate binding antagonists. In parallel, the synthesis of
heterobifunctional PROTACs for targeted tankyrase degradation has been
pursued, and profiling of these compounds has highlighted future efforts required
to identify successful tankyrase degraders. Both approaches could be combined
to identify ARC-directed tankyrase PROTACs as molecular probes to investigate

both catalytic and non-catalytic functions of tankyrase.
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Chapter 7 Experimental Procedures

7.1 Synthetic Chemistry
7.1.1 General Methods

All reagents were purchased from commercial suppliers and used as received
without further purification. All reactions were performed using anhydrous
solvents. Automated silica column chromatography was performed using a
Biotage Isolera system. Biotage SNAP KP-Sil and Biotage SNAP Ultra C18
prepacked silica gel cartridges were used for normal phase and reverse phase
chromatography respectively. lon-exchange chromatography was performed
using ISOLUTE Flash SCX-2 (acidic) cartridges or ISOLUTE Flash-NH: (basic)
cartridges.

NMR spectra were recorded on Bruker AMX500 or AV-NEO 600 spectrometers
using internal deuterium locks. All NMR were acquired at 298 K and processed
using Bruker Topspin 4.0. Chemical shifts (&) are reported in parts per million
(ppm) relative to tetramethylsilane (& = 0 using the following residual solvent
signals: CDCls (6H 7.26, 6¢ 77.2), CD30OD (&1 3.32, d¢ 49.0), DMSO-ds (dH 2.50,
Oc 39.5). 'H NMR data is reported in the following format: chemical shift,
multiplicity, J coupling integration and assignment. '3C data is reported in the
following format: chemical shift and assignment. LCMS and HRMS were
recorded using either an Agilent 1260 Infinity Il series UPLC and diode array
detector coupled to a 6530 Quadrupole time of flight (QToF) mass spectrometer
(Phenomenex Kinetex C18 column, 30 x 2.1 mm, 2.6u, 100A) or a Waters Acquity
UPLC detector with Waters Xevo G2QToF mass spectrometer (Phenomenex
Kinetex C18 column, 30 x 2.1 mm?2, 2.6 um), with ionisation by positive-ion
electrospray (ESI*). Analytical separation was carried out at 40 °C with UV
detection at 254, 280 and 214 nm. The mobile phase was a mixture of MeOH
(solvent A) and water (solvent B), each modified with 0.1% formic acid. Gradient
elution was carried out from 10:90 (A:B) to 90:10 (A:B) over 2 min or 4 min with
flow rate of 0.6 mL/min or 0.4 mL/min (Agilent) and 0.5 mL/min or 0.3 mL/min
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(Xevo) respectively. Compound purity was assessed by UV absorbance at 254

nm.

7.1.2 Chemical Syntheses from Chapter 2

General Procedure A: HATU (249 mg, 0.65 mmol, 1.5 equiv) was added to a
solution of quinoxaline-6-carboxylic acid (75 mg, 0.43 mmol, 1 equiv), amine
(0.43 mmol, 1 equiv) and DIPEA (0.23 mL, 1.29 mmol, 3 equiv) in DMF (4.3 mL,
0.10 M). The reaction was stirred at rt, and then concentrated in vacuo using a
Biotage V-10 instrument to afford crude residue, which was purified by flash

column chromatography to afford desired product.

N-(Furan-2-yImethyl)quinoxaline-6-carboxamide (28)

N 5 i
C NﬁS'
2 7 H /
N L} '
8 3 4

HATU (152 mg, 0.65 mmol) was added to a solution of quinoxaline-6-carboxylic
acid (75 mg, 0.43 mmol), furan-2-ylmethanamine (38 pL, 0.43 mmol) and DIPEA
(0.23 mL, 1.29 mmol) in DMF (4.3 mL, 0.10 M) and the reaction was stirred at rt
for 17 h. The reaction was concentrated in vacuo using a Biotage V-10 instrument
and the crude residue was purified by reverse phase silica chromatography
eluting 0-90% MeOH in water (+0.1% formic acid). The fractions containing
product were collected and evaporated in vacuo to afford N-(furan-2-
ylmethyl)quinoxaline-6-carboxamide (28) (70 mg, 64%) as a pale brown solid. 'H
NMR (600 MHz, DMSO-dk) 6 9.39 (t, J = 5.7 Hz, 1H, -NH), 9.06 — 9.00 (m, 2H,
2-CHand 3-CH), 8.64 (d, J=2.0 Hz, 1H, 5-CH), 8.30 (dd, J= 8.7, 2.0 Hz, 1H, 7-
CH), 8.18 (d, J=8.7 Hz, 1H, 8-CH), 7.60 (dd, J= 1.9, 0.9 Hz, 1H, 5’-CH), 6.42
(dd, J=3.2,1.8 Hz, 1H, 4-CH), 6.35 - 6.33 (m, 1H, 3’-CH), 4.55 (d, J = 5.6 Hz,
2H, -CH). 3C NMR (151 MHz, DMSO-dk) 5 165.1 (-C=0), 152.1 (2'-qC), 147.0
(2-CH or 3-CH), 146.7 (2-CH or 3-CH), 143.4 (8a-qC), 142.2 (5'-CH), 141.6 (4a-
qC), 135.2 (6-qC), 129.4 (8-CH), 128.6 (7-CH), 128.4 (5-CH), 110.5 (4’-CH),
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7.1.3 Chemical Syntheses from Chapter 3

4-Ethyl-2-fluoro-phenol (83)

SelectFluor (1171 mg, 3.30 mmol) was added to a solution of 4-ethylphenol (367
mg, 3.00 mmol) in MeOH (30 mL, 0.10 M) and the reaction was stirred at 65°C
for 48 h. The reaction was concentrated in vacuo, CHz2Cl2 (50 mL) was added,
and the reaction was filtered under vacuum. The filtrate was washed with water
(30 mL), dried with MgSQ4, filtered and concentrated in vacuo. The crude residue
was purified by normal phase silica chromatography eluting 0-10% EtOAc in
cyclohexane to afford 4-ethyl-2-fluoro-phenol (83) (67 mg, 16%) as a clear oil. 'H
NMR (600 MHz, DMSO-ds) 6 9.50 (br s, 1H, -OH), 6.95 (dd, J=12.5, 2.0 Hz, 1H,
3-CH), 6.86 —6.77 (m, 2H, 5-CH and 6-CH), 2.51 —2.45 (m, 2H, -CH2), 1.12 (t, J
= 7.6 Hz, 3H, -CHs). 3C NMR (151 MHz, DMSO-adk) & 150.8 (d, J = 239.9 Hz, 2-
CF), 142.5 (d, J=12.0 Hz, 1-COH), 135.2 (d, J= 5.5 Hz, 4-9C), 123.5 (d, J= 3.0
Hz, 5-CH), 117.5 (d, J= 3.2 Hz, 6-CH), 115.2 (d, J=17.9 Hz, 3-CH), 27.1 (-CH2),
15.7 (-CHz3). 'F NMR (471 MHz, DMSO-dk) & -136.83. LCMS (ESI*) m/z mass

ion not detected, tr=1.17 min.
Methyl 2-(4-ethyl-2-fluoro-phenoxy)acetate (85)
&' 0
5' OQJ\O/
L
F
3!

Methyl bromoacetate (44 uL, 0.46 mmol) was added to a solution of 4-ethyl-2-
fluoro-phenol (65 mg, 0.46 mmol) and K2COs in DMF (4.6 mL, 0.10 M). The
reaction was stirred at rt for 22 h, then diluted with EtOAc (10 mL) and filtered
under vacuum. The solid was washed with further EtOAc (25 mL), and filtrate was
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7.1.4 Chemical Syntheses from Chapter 4

General Procedure B: K2COs3 (173 mg, 1.23 mmol) was added to a solution of
7-bromo-2-chloroquinoxaline (150 mg, 0.62 mmol) in alcohol (3.1 mL, 0.20 M).
The reaction was stirred at 80°C and white solids precipitated during this time.
The reaction was then cooled to rt and CH2Cl2 (15 mL) was added, then the
mixture was concentrated in vacuo and water (25 mL) was added. The aqueous
phase was extracted with CH2Cl2 (3 x 25 mL), then organic phases were
combined and washed with brine (25 mL), dried with MgSQOs4, filtered and
concentrated in vacuo to afford desired product with no further purification

required.

General Procedure C: K2COs (173 mg, 1.23 mmol) was added to a solution of
7-bromo-2-chloroquinoxaline (150 mg, 0.62 mmol) and alcohol (1.23 mmol, 2
equiv) in DMF (3.1 mL, 0.2 M). The reaction was stirred at 80°C, then cooled to
rt, diluted with CH2Cl2 (15 mL) and water (25 mL) was added. The aqueous phase
was extracted with CH2Cl2 (3 x 25 mL), then organic phases were combined and
washed with 5% w/v LiCl solution (50 mL) then brine (50 mL), dried with MgSOs,
filtered and concentrated in vacuo to afford crude residue, which was purified by
flash column chromatography to afford desired product.

General Procedure D: Isoxazol-5-ylmethanamine hydrochloride (40 mg, 0.30
mmol), 7-bromo-2-alkoxyquinoxaline (0.30 mmol, 1 equiv), and [Xantphos
Pd(allyl)]CI (11 mg, 0.015 mmol, 5 mol%) were added to a dry vial. The vial was
sealed, evacuated and backfilled with nitrogen, evacuated once more, then 1,4-
dioxane (0.59 mL, 0.50 M) and DIPEA (0.21 mL, 1.19 mmol) were added. Lastly,
the vial was fitted with a CO (g) balloon and the reaction was stirred at 80 °C,
cooled to rt and slowly vented. The reaction mixture was flushed with nitrogen,
diluted with CH2Cl2 (10 mL), filtered through a pre-packed celite column, and the
filtrate was concentrated in vacuo to afford crude residue which was purified by
flash column chromatography to afford desired product.

General Procedure E: Isoxazol-5-ylmethanamine hydrochloride (35 mg, 0.26
mmol), 7-bromo-2-alkoxyquinoxaline (0.26 mmol, 1 equiv), and [Xantphos
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mg, 0.016 mmol, 5 mol%) were added to a dry vial. The vial was sealed,
evacuated and backfilled with nitrogen, evacuated once more, then 1,4-dioxane
(0.63 mL, 0.50 M) and DIPEA (0.16 mL, 0.94 mmol) were added. Lastly, the vial
was fitted with a CO (g) balloon and the reaction was stirred at 80 °C for 8 h,
cooled to rt and slowly vented. The reaction mixture was flushed with nitrogen,
diluted with CH2Cl2 (10 mL), filtered through a pre-packed celite column, and the
filtrate was concentrated in vacuo. The crude residue was purified by normal
phase silica chromatography eluting 20-100% EtOAc in cyclohexane, and
fractions containing product were collected and evaporated in vacuo. The residue
was further purified by reverse phase silica chromatography eluting 5-90% MeOH
in water (+0.1% formic acid), and fractions containing product were collected and
evaporated in vacuo to afford N-(furan-2-ylmethyl)-N-methyl-3-(pyrrolidin-1-
yl)quinoxaline-6-carboxamide (169) (29 mg, 27%) as a yellow solid. '"H NMR (600
MHz, DMSO-a6) 6 8.52 (s, 1H, 2-CH), 7.85 (d, J= 8.3 Hz, 1H, 8-CH), 7.66 (s, 1H,
5-CH), 7.62 — 7.49 (m, 1H, 5-CH), 7.35 — 7.30 (m, 1H, 7-CH), 6.48 — 6.32 (m,
2H, 3'-CHand 4’-CH), 4.74 — 4.40 (m, 2H, -CH2), 3.66 — 3.58 (m, 4H, 2 x -NCH>),
2.96 — 2.87 (m, 3H, -NCHs), 2.03 — 1.97 (m, 4H, 2 x -NCH2CH-2). 3C NMR (151
MHz, DMSO) 6 170.3 (-C=0), 150.6 (3-qC), 150.0 (2’-qC), 143.2 — 142.7 (m, 5’-
CH), 141.5 (4a-qC), 138.4 (2-CH), 137.3 (6-qC), 136.0 (8a-qC), 128.9 (8-CH),
123.7 (5-CH), 121.6 (7-CH), 110.6 (4’-CH), 108.7 — 108.3 (m, 3’-CH), 46.4 (2 x -
NCH:), 48.0 — 42.6 (m, -CH2), 36.9 — 32.0 (m, -CONCHz3), 24.9 (2 x -NCH2CH>)
(rotational isomers observed). LCMS (ESI¥) m/z 337 [M+H]*, tr = 1.18 min. HRMS
(ESI*) [M+H]* calcd. for C19H21N4O2: 337.1664; found: 337.1658, error = -1.8
ppm, purity = 97.0%.

7.1.5 Chemical Syntheses from Chapter 5
7.1.5.1 Synthesis of XAV939-based amide-linked PROTACs
3-(2-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-

yl)oxy)acetamido)ethoxy)-N-(4-(4-hydroxy-7,8-dihydro-5H-thiopyrano[4,3-
d]pyrimidin-2-yl)benzyl)propanamide (186-01)
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(+0.1% formic acid). The fractions containing product were collected and
evaporated in vacuo to afford 3-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)oxy)acetamido)ethoxy)-N-(4-(4-hydroxy-7,8-dihydro-5H-
thiopyrano[4,3-d]pyrimidin-2-yl)benzyl)propenamide (186-02) (14 mg, 28%) as a
white solid. "H NMR (600 MHz, DMSO-de) & 12.66 (s, 1H, -OH), 11.11 (s, 1H, -
NH), 8.42 (t, J=6.1 Hz, 1H, -CONH), 8.05 - 7.99 (m, 3H, -CONH, 3”’-CH and 5”-
CH),7.79 (dd, J=8.5,7.3 Hz, 1H, 6-CH), 7.48 (d, J= 7.3 Hz, 1H, 7-CH), 7.37 (d,
J=8.5Hz, 1H, 5-CH), 7.35 (d, J= 8.1 Hz, 2H, 2”-CH and 6”-CH), 5.11 (dd, J =
12.9,5.5Hz, 1H, 3-CH), 4.78 (s, 2H, 4-COCH-), 4.33 (d, J=6.0 Hz, 2H, 1”-CH>),
3.66 (t, J = 6.4 Hz, 2H, -OCH-), 3.51 (s, 2H, 5’-CH>), 3.46 (i, J = 5.8 Hz, 2H, -
OCH>), 3.35 — 3.29 (m, 2H, -NCH-, observed in COSY and HSQC), 2.93 — 2.82
(m, 5H, 5-CH, 7"’-CHz and 8"”-CHg), 2.62 — 2.50 (m, 2H, 5’-CH and 4’-CH), 2.42
(t, J = 6.4 Hz, 2H, -COCH2), 2.06 — 1.99 (m, 1H, 4-CH). 3C NMR (151 MHz,
DMSO-ds) & 172.8 (6’-C=0), 170.4 (-CH2NHCO), 169.9 (2-C=0), 167.0 (-
OCH2CONH), 166.8 (1-C=0), 165.5 (3-C=0), 155.0 (4-qC), 136.9 (6-CH), 133.0
(7a-qC), 127.5 (3”-CH and 5”-CH), 127.2 (2”-CH and 6”-CH), 120.4 (5-CH),
116.8 (3a-qC), 116.1 (7-CH), 68.6 (-OCH2), 67.5 (4-COCH2), 66.7 (-OCH>), 48.8
(3-CH), 41.7 (17-CH2), 38.4 (-NCHz2), 36.1 (-COCHz2), 33.1 (8”-CHz2, observed in
HSQC only), 31.0 (5'-CH2), 24.5 (7"’-CH2), 22.7 (5’-CHz), 22.0 (4’-CHz) (6 x qC
missing). LCMS (ESI*) m/z 703 [M+H]*, tr = 1.08 min. HRMS (ESI*) [M+H]* calcd.
for C34H35NeO9S: 703.2186; found: 703.2209, error = 3.3 ppm, purity = 95.0%.

7.1.5.2 Synthesis of XAV939-based ether-linked PROTACs
3-(2-(2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-

yl)oxy)ethoxy)ethoxy)-N-(4-(4-hydroxy-7,8-dihydro-5H-thiopyrano[4,3-
dlpyrimidin-2-yl)benzyl)propenamide (190)

cﬁ :
N
O\/\O/\/O (0]
5
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7.2 Protein Production

Human tankyrase ARC4 constructs were expressed and purified according to a
literature reported procedure (Pollock et al, 2017).19% TNKS2 ARC4 (488-649)
was produced for all ligand-observed NMR experiments. TNKS1 ARC4 (646-807)
was produced for X-ray crystallography studies and competitive FP experiments.
Uniformly 'SN-labelled TNKS2 ARC4 (488-649) was produced for all protein-
observed NMR experiments in M9 minimal media containing N NH4ClI,
according to a literature reported protocol (Pollock et al, 2019)'35, and purified as
for unlabelled TNKS2 ARC4 (488-649).19

Table 7.1 Summary table of all ARC4 constructs produced for ligand-observed and protein-
observed NMR, X-ray crystallography studies and competitive FP assays.

ARC4 construct W'\:izlﬁf :’klaD;) E;;;Lei:s(if)n Purification date Yield (mg)
T":fggz_&';)c" 17.9 TBmedia (4L)  01/04/2019 10.9 mg
T":fgsz_é‘g)c“ 17.9 TBmedia (4L)  24/01/2020 25.2 mg
T'“(gz_é%)';f“ 18.2 TBmedia(8L)  06/07/2020 16.5 mg
T”:gfg_é%';)c" 18.2 TBmedia 8L)  23/01/2021 26.3 mg

A;g’i '{;‘:3';_56249) 18.1 '\rﬂz dTalQTI?)l 17/01/2021 18.4 mg

7.2.1 Expression of Tankyrase ARC4s

The expression of unlabelled TNKS2 ARC4 (488-649) and TNKS1 ARC4 (646-
807) were performed according to a literature reported procedure (see Pollock et
al, 2017 for detailed protocol).'% A single colony of BL21-CodonPlus (DE3)-RIL
E. coli cells, transformed with expression vector pETM-30-2 encoding the gene
for Hise-GST affinity tagged tankyrase ARC constructs, was selected. LB media
(100 mL) supplemented with antibiotics (50 pg/mL kanamycin and 34 pg/mL
chloramphenicol) was inoculated. The LB media pre-culture was incubated
overnight at 37 °C with shaking at 220 rpm, then 5 mL was added to each litre of
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Table 7.2. Preparation of M9 minimal media used in expression of '*N-labelled TNKS2

ARCA4. Stock solutions and minimal media were prepared using deionised and UV treated water,

and stock solutions were filtered through 0.22 um filter units.

Solution

Reagents

M9 medium
(10 x stock)

NazHPOx (60 g/L), KH2PO4 (30 g/L), NaCl (5 g/L), '5N-labelled NH4CI (25
g/L)

Trace elements
(100 x stock)

EDTA (5 g/L), FeCls (anhydrous, 0.83 g/L), ZnCl2 (84 mg/L), CuCl:
(anhydrous, 10 mg/L), CoCl2 (monohydrate 5.9 mg/L), MnClz (anhydrous,
0.86 mg/L), boric acid (10 mg/L)

M9 minimal
media

M9 medium (10 x stock, 100 mL/L), trace elements (100 x stock, 10 mL/L),
glucose (20% w/v solution, 20 mL/L), MgSOa4 (1 M solution, 1 mL/L), CaClz
(1M solution, 0.3 mL/L), biotin (1 mg/mL solution, 1 mL/L), thiamin (1
mg/mL solution, 1 mL/L)

7.2.2 Purification of Tankyrase ARC4s

The purification of unlabelled TNKS2 ARC4 (488-649), TNKS1 ARC4 (646-807),
and '®N-labelled TNKS2 ARC4 (488-649) were performed according to a
literature reported procedure (see Pollock et al, 2017 for detailed protocol).% All

buffers used in purifications were prepared using deionised and UV treated water,

and were filtered through 0.22 um filter units and degassed (Table 7.3).

Table 7.3. Buffers used in tankyrase ARC4 purifications.

Buffer Reagents
Lvsis buffer 50 mM Tris-HCI pH 7.5, 500 mM NacCl, 5 mM B-mercaptoethanol, Pierce
y protease inhibitor tablets EDTA-free (1 large tablet per 50 mL lysis buffer)
50 mM Tris-HCI pH 7.5, 500 mM NaCl, 5 mM B-mercaptoethanol, 10 mM
Buffer A g
imidazole
Buffer B 50 mM Tris-HCI pH 7.5, 500 mM NaCl, 5 mM B-mercaptoethanol, 250 mM

imidazole

Dialysis buffer

50 mM Tris-HCI pH 7.5, 100 mM NacCl, 5 mM -mercaptoethanol

Final buffer

25 mM HEPES pH 7.5, 100 mM NaCl, 1 mM TCEP (tris(2-
carboxyethyl)phosphine)
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7.3 Biophysical and Biochemical Assays

7.3.1 Ligand-observed NMR Experiments

A Bruker 600 MHz AV-NEO instrument fitted with a 5 mm TCI-CryoProbe was
used for ligand-observed NMR experiments, with 3 mm NMR tubes (Bruker). The
"H NMR spectra were acquired at 298 K and were referenced to the internal
deuterated solvent (10% D20) in NMR buffer (25 mM HEPES pH 7.5, 100 mM
NaCl, 1 mM TCEP, 10% D20). The spectra were acquired according to in-house
experimental parameters and processed using Bruker Topspin 4.0.

7.3.1.1 Quantitative NMR Assay

Stock solution concentration of fragments was measured using quantitative 'H
NMR. Fragment stock solutions were prepared to a calculated concentration of
70 mM in DMSO-ds, then the concentration was measured using quantitative 'H
NMR, and the stock solutions were diluted to a final concentration of 50 mM in
DMSO-ds.

For each synthetic compound, solid fragment was weighed into a glass vial using
an accurate balance (weight accurate to 2 d.p.) and the volume of DMSO-ds
required for the preparation of a 70 mM stock solution was calculated, according
to equation 7.2 and equation 7.3. The calculated volume of DMSO-ds was added
to the solid fragment in a glass vial and the solution was well mixed using a Vortex

mixer.

Mass (g)

Equation 7.2:  Number of moles (mol) = Moleoular weight (g mol-D)

1) _ Number of moles (mol)

Equation 7.3: Concentration (mol L™
Volume (L)

Quantitative NMR samples were prepared: fragments were manually dispensed
into microcentrifuge tubes (10 uL x 70 mM DMSO-ds stock) followed by DMSO-
ds (170 uL), and the solutions were well mixed using a Vortex mixer. The solutions
were manually transferred from microcentrifuge tubes to 3 mm NMR tubes. The
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quantitative 'H NMR spectra were acquired using an in-house 1D pulse
sequence, processed using Bruker TopSpin and analysed using MestReNova
Quantitation software for data processing. The 'H NMR spectra were processed
(Auto Phase correction, Auto Baseline correction, then Multiplet analysis) prior to
using the Quantitation tool. Caffeine was used as an external standard to quantify
ligand 'H signals.

The concentration of fragment in the quantitative NMR samples, calculated using
MestReNova quantitation software, was multiplied by the dilution factor according
to equation 7.4, to obtain the measured concentration of fragment stock solutions.
The fragment stock solutions were then diluted with the appropriate volume of
DMSO-ds to obtain final fragment stock solution concentrations of 50 mM in
DMSO-ds.

Quantitative NMR solution] (mol L™1) x 180

Equation 7.4: [Stock solution] (mol L™1) =1 S

7.3.1.2 Kinetic Solubility NMR Assay

Kinetic solubility of fragments was measured using quantitative "H NMR. The
kinetic solubility of fragments was analysed at a final concentration of 1000 uM
with a final DMSO-ds concentration of 2% v/v in NMR buffer. Fragments were
manually dispensed into a 384 deep well plate (3.6 uL x 50 mM DMSO-ds stock)
followed by NMR buffer (176.4 L) using a multichannel pipette with mixing three
times. The kinetic solubility of caffeine was analysed at a final concentration of
200 pM with a final DMSO-ds concentration of 2% v/v in NMR buffer as a control
for this experiment. Caffeine was manually dispensed into a 384 deep well plate
(3.6 uL x 10 mM DMSO-ds stock) followed by NMR buffer (176.4 pL) using a
multichannel pipette with mixing three times. The plate was centrifuged (1 min,
1000 rpm, Eppendorf 5810R) and incubated for 20 h at rt. The plate was
centrifuged again (1 min, 1000 rpm, Eppendorf 5810R), then the solutions (165
uL) were transferred from the 384 deep well plate to 3 mm NMR tubes using a
Bruker SamplePro Tube liquid handling system. The quantitative '"H NMR spectra
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were acquired using an in-house 1D pulse sequence, processed using Bruker
TopSpin and analysed using MestReNova Quantitation software for automated
data processing. Caffeine was used as an external standard to quantify ligand 'H

signals.

7.3.1.3 Competitive Ligand-Observed NMR Assay

Fragments measured at 500 uM (1.8 uL x 50 mM DMSO-ds stock), fragments
measured at 200 pM (0.72 pL x 50 mM DMSO-ds stock), and fragments
measured at 50 yM (0.18 uL x 50 mM DMSO-ds stock) were manually dispensed
into Greiner 96 deep well plates in duplicate. NMR buffer only was added (180
uL) to ‘blank’ samples containing compound only using a multichannel pipette
with mixing three times. TNKS2 ARC4 (20 uM) in NMR buffer was added (180
uL) to ‘protein’ samples containing compound and TNKS2 ARC4 using a
multichannel pipette with mixing three times. The solutions were transferred to 3
mm NMR tubes using a Bruker SamplePro Tube liquid handling system. 'H
reference spectra were acquired for ‘compound only’ samples. T2 relaxation-
edited CPMG NMR spectra were acquired with a relaxation spin filter applied at
600 ms. The relative peak intensity difference (l) between ‘blank’ and ‘protein’
spectra for each 'H signal between 5.5 — 9.5 ppm was calculated by MestReNova
Screen software, according to equation 7.5. The average of the peak intensity
percentage difference (%) for each 'H signal was taken to determine the average
peak intensity reduction (%) in the presence of TNKS2 ARC4 protein.

Equation 7.5: I = (Iblank - Iprotein)

Iplank

WaterLOGSY NMR spectra were also acquired, the bulk water signal at 4.7 ppm
was inverted, and the spectra were processed using MestReNova Screen
software. The ‘compound only’ and ‘protein’ spectra between 5.5 — 9.5 ppm were
compared qualitatively to determine binding.

For competitive experiments, fragments measured at 500 yM (1.8 pL x 50 mM
DMSO-ds stock), fragments measured at 200 pM (0.72 uL x 50 mM DMSO-ds
stock), and fragments measured at 50 pM (0.18 uL x 50 mM DMSO-ds stock)
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were manually dispensed into Greiner 96 deep well plate in triplicate. TNKS2
ARC4 protein and 3BP2 16mer peptide in NMR buffer (20 uM protein + 200 uM
peptide) was added (180 pL) to ‘competitor’ samples containing compound,
TNKS2 ARC4 and 3BP2 16mer peptide using a multichannel pipette with mixing
three times. ‘Blank’ and ‘protein’ samples were prepared as discussed and 'H
reference, T2 relaxation-edited CPMG and waterLOGSY NMR spectra were
acquired and processed as previously. For T2 relaxation-edited CPMG specitra,
the relative peak intensity difference () between ‘blank’ and ‘competitor’ spectra
was calculated by MestReNova Screen software according to equation 7.6. The
average of the peak intensity percentage difference (%) for each 'H signal was
taken to determine the average peak intensity reduction (%) in the presence of
TNKS2 ARC4 protein and 3BP2 16mer peptide competitor.

| = (Iblank - Ieompetitor)

Equation 7.6:

Iplank

For waterLOGSY spectra, ‘blank’, ‘protein’ and ‘competitor’ spectra between 5.5

— 9.5 ppm were compared qualitatively to determine competitive binding.

7.3.2 'H->N HSQC Protein-Observed NMR Experiments

A Bruker 500 MHz instrument fitted with a 5 mm probe was used for protein-
observed NMR experiments, with 5 mm NMR tubes (Wilmad). 1D 'H and 2D 'H-
1SN HSQC spectra were acquired at 295 K and were referenced to the internal
deuterated solvent (10% D20) in NMR buffer (25 mM HEPES pH 7.5, 100 mM
NaCl, 1 mM TCEP, 10% D20). The 'H NMR spectrum was acquired using an in-
house 1D pulse sequence with 256 scans. The 'H-'"*N HSQC spectra were
acquired over 3 h, with 64 scans and a spectrum width of 16.00 ppm for 'H and

29.00 ppm for N, according to in-house experimental parameters.

1.3.3.1 Titration Sample Preparation

Separate fragment titration samples were prepared for each concentration point
to a final total volume of 500 pL, according to Table 7.5. NMR buffer (461.5 uL)
was added to the required volume of fragment stock solution (5 mM or 50 mM
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27747) was propagated to picked peaks for each individual 'H-'SN HSQC spectra
in the titration series.’ The chemical shift perturbation (A8), or average
Euclidean distance shifted (Ad), in ppm from the baseline spectra for each
backbone amide peak was calculated in CcpNmr from proton and nitrogen shifts,
weighting the different nuclei, according to equation 7.7.182. 201

Equation 7.7: AS = d= \/% [62 + (a - 6%)] where a = 0.14

Values of the average Euclidean distance shifted (d) against ligand concentration
(uM) were plotted in GraphPad Prism (v 8.0) for backbone amide peaks which
had shifted significantly compared with the mean CSP (Ad > average + 10).
Dissociation constants (Kad) for individual shifted residues were calculated by non-
linear regression analysis of chemical shift perturbation (Ad) against ligand
concentration (uM), fitting the curve using the Levenberg-Marquardt method to
equation 7.9 and the curve fit was analysed.'8

{([P]e+[L]e+ Ka)= v/ ([Ple+[L]e+ Kq)2=4([P]¢[L]r)

Equation 7.8: AS,ps = ASmax 21P]
t

_ 2
Equation 7.9: Y = A6,,0y {([L]e+ Kq) J([2L1t+ Ka)?—4[L]¢

The mean of individual dissociation constants for all shifted peaks with completely
calculated 95% profile likelihood confidence intervals (95% CI) and goodness of
fit (R?) greater than 0.90 (R? > 0.90) was taken to give the reported average Kgd
by NMR values. Shifted peaks with incompletely calculated 95% CI or R? < 0.90
were excluded in average dissociation constant calculations. The reported error
(x) was calculated as the standard deviation (SD) of the dissociation constants

from residues included in the average dissociation constant calculation.

7.3.3 Fluorescence Polarisation Assay

A BMG LABTECH PHERAstar FSX microplate reader fitted with a Cy5 optic

module was used for all fluorescence polarisation experiments.
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7.3.3.1 Cy5 probe titration

The Cy5-labellled fluorescent probe (Cys-(Cy5)-RSPPDGQS), purchased from
JPT peptide technologies, was dissolved in FP buffer (25 mM HEPES pH 7.5,
100 mM NacCl, 1 mM TCEP). The concentration was measured at 650 nm with a
molar extinction coefficient of 250,000 M' cm!, and the Cy5 probe solution was
diluted to 4 uM in FP buffer. Aliquots of Cy5 probe stock solution (4 uM) were
stored at -80 °C and thawed as required.

Cy5 probe was dispensed in a 2-fold 10-point titration series (0 — 25 nM final
concentrations) using an Echo acoustic liquid handler from a Cy5 probe stock
solution (4 uM) in FP buffer into Plus F ProxiPlates (384 wells, black). The wells
were backfilled to 1 uL with FP assay buffer (25 mM HEPES pH 7.5, 100 mM
NaCl, 1 mM TCEP, + 0.01% CHAPS). TNKS1 ARC4 protein stock solution (500
uM) was diluted to 10 uM in FP assay buffer (+ 0.01% CHAPS). To the Cy5 probe
titration wells was added either TNKS1 ARC4 in FP assay buffer (9 uL, 10 uM
protein) or FP assay buffer only (9 pL, 10 uM protein) in triplicate using a Tempest
microfluidic liquid dispenser. The plate was sealed, centrifuged for 1 min at 1000
x g and incubated in the dark for 2 h before plate reading. Readings were taken
with 50 flashes per well and fluorescence polarisation was calculated in
millipolarisation (mP) units. Raw data was exported to excel and analysed in
GraphPad Prism (v 9.3).

7.3.3.2 Direct binding FP assay with TNKS1 ARC4

TNKS1 ARC4 was dispensed in triplicate in a 2-fold 11-point titration series (0 —
25 uM final concentrations) using an Echo acoustic liquid handler from a TNKS1
ARC4 stock solution (100 uM) in FP buffer into Plus F ProxiPlates (384 wells,
black). The wells were backfilled to 2.6 uL with FP assay buffer (+ 0.01%
CHAPS). Cy5 probe stock solution (4 uM) was diluted to 5 nM in FP assay buffer
(+ 0.01% CHAPS) and added to the TNKS1 ARC4 titration wells (7.4 puL, 5 nM
Cy5 probe) using a Tempest microfluidic liquid dispenser. The plate was sealed,
centrifuged for 1 min at 1000 x g and incubated in the dark before plate reading
at2h,3h,4h,5h,and 24 h. Readings were taken with 50 flashes per well and
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fluorescence polarisation was calculated in millipolarisation (mP) units. Raw data
was exported to excel, and the mean of the technical triplicate values was
calculated at each TNKS1 ARC4 concentration. The mean FP values were
baseline corrected using the mean FP for no protein wells (5 nM Cy5 probe only)
to give baseline corrected mean FP (AFP) values. Data was analysed in
GraphPad Prism (v 9.3). Baseline corrected mean FP values (AFP) were plotted
against protein concentration and a non-linear regression analysis was

performed using a total one-site binding model to calculate Kq values.

7.3.3.3 Competitive FP assay with control peptides

3BP2 16mer positive and negative (G6R) control peptides were dispensed in
duplicate in a 3-fold 11-point titration series (0 — 935 puM final concentrations)
using an Echo acoustic liquid handler from peptide stock solutions (10 mM) in FP
buffer into Plus F ProxiPlates (384 wells, black). The wells were backfilled to 1 pL
with FP assay buffer (+ 0.01% CHAPS). High control and low control rows were
filled with 1 uL FP assay buffer only (+ 0.01% CHAPS). A solution of Cy5 probe
and TNKS1 ARC4 in FP assay buffer (+ 0.01% CHAPS) was prepared and added
to the peptide titration wells and high control wells (9 pL, 5 nM Cy5 probe and
7.25 uyM TNKS1 ARC4 final concentrations) using a Tempest microfluidic liquid
dispenser. A solution of Cy5 probe in FP assay buffer (+ 0.01% CHAPS) was
prepared and added to the low control wells (9 pL, 5 nM Cy5 probe final
concentration) using a Tempest microfluidic liquid dispenser. The plate was
sealed, centrifuged for 1 min at 1000 x g and incubated in the dark before plate
reading at 2 h. Readings were taken with 50 flashes per well and fluorescence
polarisation was calculated in millipolarisation (mP) units. Raw data was exported
to excel and analysed in GraphPad Prism (v 9.3). Concentrations were
transformed to log values and FP values were normalised using the maximum
and minimum FP values determined from the mean FP values of high and low
control rows respectively. The mean normalised FP values from technical
duplicates were plotted against log(concentration) and curves were fitted using a
non-linear regression, log(inhibitor) vs. response — variable slope (four
parameters) model.
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7.3.3.4 Competitive FP assay with fragment compounds and control peptides

3BP2 16mer positive and negative (G6R) control peptides were dispensed in
duplicate in a 3-fold 11-point titration series (0 — 935 puM final concentrations)
using an Echo acoustic liquid handler from peptide stock solutions (10 mM) in FP
buffer into Plus F ProxiPlates (384 wells, black). The wells were backfilled to
0.8 pL with FP assay buffer (+ 0.01% CHAPS). Compounds were dispensed in a
3-fold 11-point titration series (0 — 1000 uM final concentrations) using an Echo
acoustic liquid handler from compound stock solutions (50 mM) in DMSO-ds into
Plus F ProxiPlates (384 wells, black). The wells were backfilled to 0.2 pL with
DMSO. High control and low control rows were filled with 0.2 uL DMSO only.

A solution of Cy5 probe and TNKS1 ARC4 in FP assay buffer (+ 0.01% CHAPS)
was prepared and added to the peptide titration wells and high control wells (9
UL, 5 nM Cy5 probe and 7.25 pM TNKS1 ARC4 final concentrations) using a
Tempest microfluidic liquid dispenser. A solution of Cy5 probe in FP assay buffer
(+ 0.01% CHAPS) was prepared and added to the low control wells (9 uL, 5 nM
Cy5 probe final concentration) using a Tempest microfluidic liquid dispenser.
Finally, peptide titrations were backfilled with 0.2 yL DMSO, and compound
titrations along with high and low control wells were backfilled with 0.8 pL FP
assay buffer (+ 0.01% CHAPS).

The plate was sealed, centrifuged for 1 min at 1000 x g and incubated in the dark
before plate reading at 2 h. Readings were taken with 50 flashes per well and
fluorescence polarisation was calculated in millipolarisation (mP) units. Raw data
was exported to excel and analysed in GraphPad Prism (v 9.3). Concentrations
were transformed to log values and FP values were normalised using the
maximum and minimum FP values determined from the mean FP values of high
and low control rows respectively. The mean normalised FP values were plotted
against log(concentration) and curves were fitted using a non-linear regression,
log(inhibitor) vs. response — variable slope (four parameters) model. Control
peptides and compound CCT393128 (115) were tested in two independent
experiments. All other compounds were tested in one independent experiment.
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7.4 Computational Chemistry

7.41 MoKa Calculations

In silico physicochemical property predictions for compounds were calculated
using MoKa software in Vortex from Dotmatics: calculated logP and calculated
logD for fragments, and topological polar surface area for PROTACs. Compound
structures were uploaded as a structure-data file (SDF) and calculations were run

according to an in-house MoKa property prediction script.
7.4.2 Minimum Energy Conformations of Fragments

Minimum energy conformations of fragments were calculated using MOE
software (2018.01) available from CCG.'®® Fragment structures were imported
into MOE using an SDF file and energy minimisation was performed in the Energy
Minimize tool using the Amber10:EHT forcefield, R-field solvation model and

other default parameters.

7.4.3 Minimum Energy Conformations of Fragments based on CCT170746 (28)
bound to TNKS2 ARC4

A crystal structure of human TNKS2 ARC4 in complex with the 3BP2 TBM
peptide (PDB: 3TWR, chain D)¢' was accessed using MOE software (2018.01)
available from CCG.'% The protein was prepared using the QuickPrep panel in
MOE with default settings, including the Protonate3D function for addition of
hydrogens. The binding modes of fragment hit CCT170746 (28) from in silico
docking performed using GOLD software'® were opened in MOE. The Builder
tool was then used to add various substituents and fragment modifications to the
structure of 28 in each of the five binding modes (binding modes 1, 2, 3, 4 and
5). The conformation of each fragment analogue in each binding mode was then
minimised using the Minimize function in the Builder panel in the presence of
TNKS2 ARC4 with all atoms of the protein fixed.
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7.4.4 Fragment Docking into TNKS2 ARC4

In silico fragment docking was performed against a crystal structure of human
TNKS2 ARC4 in complex with the 3BP2 TBM peptide (PDB: 3TWR, chain D)®!
using MOE software (2018.01) available from CCG.'®® The protein was prepared
and hydrogens were added using the QuickPrep panel and Protonate 3D function
in MOE with default settings. Fragment structures were imported into MOE using
an SDF file and saved as a MOE database (MDB) file. The fragment structures
were processed and corrected for docking using the Wash panel within the MOE
Database Viewer Wash panel with protonation at pH 7.0. With the protein and
fragment structures prepared, fragment-protein docking was then performed
using the General function of the Dock panel in MOE (Figure 7.1). In the Dock
panel, the crystal structure of TNKS2 ARC4 was selected as the receptor and the
docking site was chosen as ‘selected residues’. The residues selected as the
docking site were those which showed significant CSPs (Ad > average + 10) upon
ligand titration. The ligand was imported as the prepared and washed MDB file.
The docking was performed using the default methods and scoring functions for
Placement and Refinement phases in MOE’s Dock algorithm. The docking was
performed using default methods: the Placement method was selected as
Triangle Matcher scored using London dG scoring which retained 30 poses, then
the Refinement method was selected as Rigid Receptor scored using GBVI/WSA
dG which retained the top five ligand-protein docking poses for visual inspection.
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Figure 7.1. The Dock panel in MOE used for ligand-protein docking.

7.4.5 Minimum Energy Conformations of Hybrid Fragment-Peptidomimetics
based on CCT393128 (115) and CCT394001 (144) bound to TNKS2
ARC4

A crystal structure of human TNKS2 ARC4 in complex with the 3BP2 TBM
peptide (PDB: 3TWR, chain D)% was accessed using MOE software (2018.01)
available from CCG.'® The protein was prepared using the QuickPrep panel in
MOE with default settings, including the Protonate3D function for addition of
hydrogen atoms. The binding mode of lead fragment CCT393128 (115) from in
silico docking against TNKS2 ARC4:3BP2 crystal structure performed using MOE
software was opened in MOE. The Builder tool was then used to delete the 3-
dimethylamino quinoxaline substituent of 115 and generate the structure of
CCT394001 (144) by addition of the 3-pyrrolidinyl substituent. The minimum
energy conformation of 144 was obtained using the Minimize function with default
parameters in the Builder panel in the presence of TNKS2 ARC4 with all atoms
of the protein fixed.
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Next, a crystal structure of human TNKS2 ARC4 in complex with the MCL1 TBM
peptide (PDB: 3TWU, chain A)%' was accessed using MOE software (2018.01)
available from CCG."% The protein was prepared using the QuickPrep panel in
MOE with default settings, including the Protonate3D function for addition of
hydrogen atoms. The binding mode of lead fragment 115 from in silico docking
against TNKS2 ARC4:3BP2 crystal structure performed using MOE, and the
binding mode of 144 from energy minimisation against TNKS2 ARC4:3BP2
crystal structure were opened in MOE. The Builder tool was then used to delete
the isoxazole motif of 115 and 144, and generate the chemical structures of
CCT395505 (118) and CCT395504 (159) by addition of glycine and glutamate
residues. The minimised conformations of 118 and 159 were then generated
using the Minimize function in the Builder panel in the presence of TNKS2 ARC4
with all atoms of the protein fixed.

7.4.6 Minimum Energy Conformations of XAV939-based ether-linked PROTACs

Protein-protein docking of a crystal structure of the TNKS2 catalytic domain in
complex with XAV939 (PDB: 3KR8)%2 and an in-house structure of CRBN in
complex with pomalidomide was performed in MOE. Docking pose 4 (p44) was
used for in silico modelling of XAV939-based ether-linked PROTACs with 3-PEG,
4-PEG, and 5-PEG linker lengths. The Builder panel was used to modify the
structures of XAV939 and pomalidomide and connect them with PEG linkers to
generate the structures of CCT400031 (190), CCT400030 (191) and CCT400029
(192). The minimum energy conformations of the three compounds were
obtained using the Minimize function in the Builder panel in the presence of
TNKS2 catalytic domain and CRBN with all atoms of the protein fixed.
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