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ABSTRACT: Tankyrases, an enzyme subfamily of human
poly(ADP-ribosyl)polymerases, are potential drug targets
especially against cancer. We have evaluated inhibition of
tankyrases by known PARP inhibitors and report five cocrystal
structures of the most potent compounds in complex with
human tankyrase 2. The inhibitors include the small general
PARP inhibitors Phenanthridinone, PJ-34, and TIQ-A as well
as the more advanced inhibitors EB-47 and rucaparib. The
compounds anchor to the nicotinamide subsite of tankyrase 2.

Inhibition %

Crystal structures reveal flexibility of the ligand binding site with implications for drug development against tankyrases and other
ADP-ribosyltransferases. EB-47 mimics the substrate NAD" and extends from the nicotinamide to the adenosine subsite. The
clinical ARTD1 inhibitor candidate rucaparib was the most potent tankyrase inhibitor identified (24 and 14 nM for tankyrases),
which indicates that inhibition of tankyrases would affect the cellular responses of this compound.
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oly(ADP-ribose)polymerase 1 (PARP-1/ARTD1) has

been a promising drug target especially since the discovery
of its role in DNA repair and the synthetic lethality of PARP
inhibitors in cancers deficient in DNA repair." Over the years
inhibitors for the enzyme with improved potency have been
identified and several are currently in clinical trials.” The
enzyme family, which contains 17 members in humans,
catalyzes ADP-ribosylation, a covalent post-translational protein
modification. Many of these enzymes play critical roles in
various cellular pathways, although in some cases their exact
roles remain to be elucidated. Tankyrases are members of the
human PARP superfamily also called Diphtheria toxin-like
ADP-ribosyltransferases (ARTDs). They contain a catalytic
ART domain in the C-terminus with an adjacent sterile alpha
motif responsible for the oligomerization of the enzyme.’ A
major part of tankyrases is formed by 24 ankyrin repeats that
recognize the target protein to be modified. Human tankyrase 1
(ARTDS/TNKS1/PARP-52) and tankyrase 2 (ARTDG6/
TNKS2/PARP-5b) are homologous with 82% sequence
identity, but ARTDS contains an additional N-terminal
histidine, proline, and serine rich region with an unknown
function. Tankyrases are involved in various cellular pathways,
such as telomere homeostasis, mitosis, GLUT4 vesicle
transport, and Wnt signaling, which make them possible targets
for therapy.*® Especially their role in Wnt signaling suggests
they could be used to treat cancers that have excessive
activation of the Wnt pathway.® The small molecules that
inhibit ARTDs and tankyrases bind to the catalytic ART
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domain, which is highly conserved between ARTDS and
ARTD6 with 89% sequence identity.

To evaluate tankyrases as potential drug targets we screened
a small library of PARP inhibitor like compounds against
tankyrases using an activity-based screening method.” This,
combined with X-ray crystallography, would potentially help to
characterize the structural features of potent tankyrase
inhibitors and thus provide new scaffolds that could be
optimized to specifically target tankyrases.

PARP inhibitors and close analogues were initially screened
against ARTDS at 10 uM concentration. The compounds were
selected from the literature and purchased from commercial
vendors. Of the 32 compounds tested, 14 showed over 50%
inhibition of the enzyme (Figure 1 and Table S1, Supporting
Information). However, compound 4 (Veliparib), which has a
single digit nanomolar affinity for ARTD1 and ARTD2, showed
only 33% inhibition at this concentration. In order to clearly
identify the most potent ARTDS inhibitors, the screen was
repeated at 500 nM concentration. Nine compounds still
showed more than 20% inhibition, and these were selected for
further characterization and structural analysis. All the
compounds have a motif similar to nicotinamide and therefore
would be expected to compete with the substrate (Figure 1).
Five of the compounds have already been described as
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Figure 1. Screening of PARP inhibitor compounds and the structures of the potent hit compounds. At 10 M many of the compounds inhibited
ARTDS, whereas a test at 500 nM identified 9 compounds that showed over 20% inhibition. Data shown are mean + SD.

tankyrase inhibitors and have also been characterized using
protein crystallography: 17 (PJ-34; ARTDS IC50 570 nM),*’
21 (Olaparib; ARTDS IC50 1500 nM),'*"" 23 (XAV939;
ARTDS5 IC50 11 nM),">"* 26 (IWR-1; ARTDS5 IC50 130
nM),"® and 32 (flavone; ARTDS 330 nM).”"* In this study, we
characterized the binding mode of the four additional
compounds using X-ray crystallography: 10 (EB-47),° 16
(phenanthridinone),'® 18 (TIQ-A),"” and 29 (rucaparib).'® As
17 (PJ-34) has also been reported to bind to a distinct
adenosine binding groove of the catalytic domain we included
this compound in further studies.”'?

From the five compounds two are phenanthridinones (16
and 17) and one, 18, resembles phenanthridinones in shape as
it also consists of 3 fused aromatic rings (Figure 1). Compound
29 also contains a three ring system, but the seven-membered
ring is not aromatic and the three rings are organized differently
with respect to the nicotinamide-like moiety. Compound 29
also has a (methylaminomethyl)phenyl substituent. Compound
10 was designed to mimic NAD", and it contains an adenosine
connected to the nicotinamide mimic with a long linker
replacing the ribose-diphosphate part of NAD* (Figure 1).'°

The measured ICy, values agree well with the ranking of the
compounds in the single data point screening (Table 1 and

Table 1. Potencies of the Characterized Compounds®

ARTD1
ARTDS IC, ARTD6 ICy, (from
compd (log ICsy + SEM) (log ICs, & SEM) literature)
EB-47 (10) 410 nM 45 nM 45 nM
(6.39 + 0.10) (7.35 + 0.04) (ICs)"*
phenanthridinone 110 nM 14 nM 300 nM
(16) (695 + 0.15) (7.86 + 0.05) (IC4)"®
PJ-34 (17) 1300 nM 219 nM 20 nM
(5.87 £ 0.12) (6.66 + 0.02) (ECqp)*?
TIQ-A (18) 200 nM 24 nM 450 nM
(6.70 + 0.09) (7.62 + 0.01) (IC4)"”
rucaparib (29) 25 nM 14 nM 14 nM
(7.60 + 0.14) (7.85 + 0.07) (K)'®

“The measurements were carried out three (10, 16, 18, and 29) or
four times (17), and dose response curves were fitted individually.

Figure 1). The small tricyclic compounds 16 and 18 show
potencies of 110 and 200 nM, respectively, whereas the
derivative of 16 with a substitution, 17, shows lower potency
(1300 nM) consistent with the values reported in the literature
(570—1000 nM).** Compound 10 is a large polar inhibitor
(calculated logP —2.55) that shows moderate potency against
ARTDS (410 nM). The most potent inhibitor, however, is the
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clinical candidate targeted against ARTD1, 29, which shows an
ICsy value of 25 nM making this one of the best scaffolds
among tankyrase inhibitors. Notably, these compounds are
even better ARTDG6 inhibitors (Table 1).

Both 16 and 18 bind in a similar fashion to the nicotinamide
subsite of the catalytic domain of ARTD6 (Figure 2a,b). Like

Figure 2. Crystal structures of (a) phenanthridinone (16), (b) TIQ-A
(18), (c) PJ-34 (17), and (d) rucaparib (29) bound to the ARTD6
catalytic fragment. The compounds are shown as ball-and-stick models
and the hydrogen bonds with the protein are shown as dashed lines.
The disordered D-loop in panels ¢ and d is shown as a thick dashed
line.

many ARTD inhibitors, they form a 7—7 stacking interaction
with Tyr1071 and make the typical hydrogen bonds at the end
of the nicotinamide pocket with Ser1068 and Gly1032. The
compounds also form hydrophobic interactions with Tyr1060
and Lys1067. In addition, the third aromatic C-rings of these
compounds form hydrophobic interactions with the Tyr1050
and Ile1075 that close the binding groove. The structures of 16
and 18 are very similar, and there are no significant differences
between the crystal structures of their protein complexes. The
small differences in the measured IC;, values may be caused by
more efficient hydrophobic interactions of the six membered C-
ring of phenanthridinone (Table 1 and Figure 2). The binding
pocket in tankyrases is more hydrophobic,9 and in particular,
Tyr1050 and Ile1075 are not conserved in ARTDI.

The binding site of 17 in the nicotinamide pocket is very
similar to that of 16 and 18, and it forms stacking interactions
and hydrogen bonds with ARTD6 similar to those of the other
compounds. Compound 17 is based on a phenanthridinone
scaffold and contains a long dimethylamino acetamide tail
attached to the C-ring (Figure 2). This tail causes opening of
the D-loop (Figure 2c). The D-loop is not resolved in the
observed electron density map, and therefore, it is apparently
flexible and does not form stable interactions with compound
17. The tail of 17 is also flexible and has diffuse electron
density. As Tyr1050 of the D-loop is moved out of the binding
pocket, Tyr1060 rotates 15 degrees toward compound 17 with
respect to the complex structure of 16. Compound 17 does not
bind as deeply into the pocket as 16 and 18 and the hydrogen
bond between the compound 17 amide and the carbonyl of
Gly1032 is longer (2.9 A vs 2.7 A). Previously a cocrystal
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structure of ARTDS with 17 was reported, with two molecules
of 17 bound to the catalytic domain: one to the nicotinamide
site and one to the adenosine binding subsite.® Despite the
opening of the D-loop upon soaking of the crystals, we
observed binding of only one molecule of 17 to the catalytic
domain of ARTD6.

Compound 29 is a large (323 Da) and optimized ARTD1
inhibitor containing a nicotinamide-like motif fused to a seven-
membered B-ring (Figure 1). The compound binds to the
nicotinamide pocket and forms the stacking interaction with
Tyr1071 and hydrogen bonds with Ser1068 and Gly1032
(Figure 2d). Like 17, 29 does not bind as deeply into the
pocket as 16 and 18 (distance to Glyl032 = 2.9 A). The
fluorine atom interacts with the hydrophobic part of the
catalytic Glul138 and with Alal062. The seven-membered
nonplanar B-ring does not make any distinct interactions within
the active site. The amide of the D-ring is hydrogen bonded to
a water molecule (Figure 2d), which is connected to a water
network. The (methylaminomethyl)phenyl substituent extends
from the nicotinamide site in the same direction as the tail of
17, and this causes large changes in the active site. The D-loop
opens up and becomes completely disordered in the crystal
structure. The bulky phenyl group also causes a change in the
conformation of Ile1075 and rotation of Tyr1060 (15 degrees)
and of Tyr1071 (30 degrees) with respect to the other complex
structures (Figure 2). This makes the Tyrl071 completely
parallel with the aromatic D-ring of the compound.

The binding of 17 and 29 cause disordering of the D-loop
(Figure 2c,d) lowering the potency of 17 in comparison to 16
and 18. In the case of 29, the additional interactions made by
the tricyclic core and the efficient stacking of the compound
with aromatic residues at the active site overcomes this, and the
compound shows remarkably good potency as a tankyrase
inhibitor. The D-loop is very dynamic and often adopts new
conformations in order to accommodate the inhibitors.'® As
compound 29 is a potent tankyrase inhibitor, it is possible that
some of the observed clinical effects could be due to tankyrase
inhibition esg)ecially in cases where f-catenin expression is
enhanced.””?

Compound 10 was designed to mimic NAD* and to bind to
the substrate NAD"* site of ARTD1."® The crystal structure of
10 in complex with ARTD6 shows that the compound binds to
the NAD* binding groove of ARTD6 and spans all the way
from the nicotinamide binding subsite to the adenosine subsite
of this cleft (Figure 3a). At the nicotinamide site the
isoindolinone moiety makes the typical hydrogen bonds to
Gly1032 and to Ser1068 (Figure 3a). The compound induces
opening of the D-loop, but in contrast to the complex
structures with 17 and 29, the D-loop is visible in the crystal
structures. Tyr1050, which plays a critical role in the binding of
16 and 18, moves out of the pocket and faces solvent. The
carbonyl of the linker region makes a water-mediated
interaction with the backbone of Tyr1060, but the rest of the
interactions made by the linker are hydrophobic. Ribose
hydroxyls are coordinated by residues that are conserved in
most of the ARTD enzymes: His1031 and Ser1033 (Figure 3a).
In addition, ribose interacts with Gly1032 via a water molecule.
The adenosine group of 10 binds between an a-helix and the
His1048 of the D-loop. It also forms hydrogen bonds with the
backbone atoms of Glyl1043 and Asp104S (Figure 3a).

There are no substrate NAD" bound structures available for
any of the human ARTD enzymes. As 10 somewhat resembles
NAD" (Figure 2), the crystal structure makes it possible to
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Figure 3. Binding of the dual site inhibitor EB-47 (10) and
comparison of the structure with the substrate NAD" binding mode
to Diphtheria toxin. (a) Binding mode of EB-47 to ARTD6. (b)
Comparison of superposed EB-47 with NAD" bound to Diphtheria
toxin (PDB code 1TOX). Superposition was done with selected atoms
in order to overlap adenosine and nicotinamide moieties. (c) NAD*
complex conformation observed in Diphtheria toxin (PDB code
1TOX). The disordered D-loop is shown as a dashed line.

analyze the potential substrate binding conformation. NAD*
bound to Diphtheria toxin crystals (PDB code 1TOX) can be
superposed with 10 bound to ARTD6 (Figure 3b). Overall the
conformation is similar but there are major differences
especially at the adenosine moiety, which has been rotated by
180 degrees in 10. This may therefore indicate that the binding
mode of NAD" in human ARTDs or in tankyrases could be
distinct from the toxin or that the rotation could be just a
property of the inhibitor.

The binding of 10 to the nicotinamide subsite closely
resembles the binding mode of NAD" observed in the crystal
structure, and the residues surrounding this site are mostly
conserved, such as a glycine that forms two of the hydrogen
bonds to the amide and the tyrosines lining the sides of the
pocket (Figure 3). The linker replacing a ribose and phosphate
parts of the substrate is 2 atoms shorter than in NAD", but
despite this, the region overlaps well with the substrate. Neither
NAD" nor 10 make specific interactions with the D-loop, and

this region is not even visible in the toxin structure (Figure
3c).22

21

The adenosine ribose of NAD" is coordinated by residues
conserved in tankyrases: His21, Thr23, and a water molecule
(Figure 3c). The adenosine forms two hydrogen bonds to the
backbone atoms at the delta of the binding groove. The
histidine that forms a 7—n stacking interaction with 10 in
ARTD6 is not present in the diphtheria toxin. Also other
recently discovered inhibitors form this stacking interac-
tion.!%*>** As the subsite is conserved in tankyrases, this
could indicate a unique binding mode of the substrate in
tankyrases although both orientations of the adenosine are
possible.

We have described a structural basis of the inhibition of
tankyrases by selected potent inhibitors. This could be utilized
in further development of inhibitor scaffolds. The complex
structure of ARTD6 with 10 gives indications of the binding
mode of the substrate and leaves the role of the D-loop in
substrate binding as a question to be studied in the future. This
analysis also relates to ARTD inhibitor development as the
clinical candidates against ARTD1 included in the analysis
showed different responses in the assay. Compound 4 was not a
potent inhibitor of tankyrase (ICs, > 10 uM), 28 (Iniparib) did
not show any inhibition, 21 showed some inhibition in
agreement with the reported ICs, value of 1500 nM, and 29
was identified as a very potent tankyrase inhibitor. It is evident
that the PARP inhibitor selectivity profile should be taken into
account when planning experiments. The results also indicate
that the different specificity of the tested clinical candidates
could affect the efficacy and cause varying side effects in clinical
studies.
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Supplementary Table 1 contains details of the compound
library. Supplementary Table 2 contains statistics of the
crystallographic data and refinement of the structures. This
material is available free of charge via the Internet at http://
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