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Structural Basis for the Interaction between Tankyrase-2 and a Potent Wnt-Signaling Inhibitor’
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We report two crystal structures of the PARP domain of human tankyrase-2 (TNKS2). Tankyrases are
involved in fundamental cellular processes such as telomere homeostasis and Wnt signaling. The
complex of TNKS2 with the potent inhibitor XA V939 provides insights into the molecular basis of the
strong interaction and suggests routes for further development of tankyrase inhibitors.

Introduction

Tankyrases (TNKS1 and TNKS2) belong to the poly ADP-
ribose polymerases (PARP?) family of proteins, comprising 17
proteins that all share a catalytic PARP domain.'* PARP pro-
teins act by mono- or poly-ADP-ribosylation of target proteins
to confer cellular signals (Supporting Information Figure S1).
PARPI1 and PARP2, the most well-characterized family mem-
bers, are key components in homologous recombination DNA
damage response. They have been pursued as cancer drug
targets for more than a decade,’ and PARP1/2 inhibitors have
shown promising results in clinical trials.*> Cellular functions of
many of the other PARP proteins remain to be identified.

Recently the tankyrases have gained increased attention as
potential drug targets. Tankyrases are positive regulators of telo-
mere elongation; they poly-ADP-ribosylate Telomeric repeat-
binding factor 1 (TRF1), thereby causing disruption of the
protein complex that protects telomeres, resulting in telomerase
access to telomere ends.®” Tankyrases also mark the S-catenin
destruction complex component axin for degradation, and
tankyrase inhibition antagonizes the Wnt signal transduction
pathway by stimulating p-catenin degradation.® Moreover,
tankyrase inhibition imposes selective lethality on BRCA
deficient cell lines.” Thus, inhibition of tankyrase activity is
appearing as a promising strategy for targeting cancer by diverse
mechanisms. The two highly homologous tankyrase isoforms in
human, TNKSI/PARP5a/ARTDS5’ and TNKS2/PARP5b/
ARTD6,'"!" share PARP catalytic domains (TNKS]'®! 1313
and TNKS27*7 110 that are 86% identical and 95% similar.
The residues lining the active site show a high degree of conser-
vation among all PARP family members. Detailed insights into
the structural basis of ligand recognition, as well as character-
ization of inhibitor crossreactivity, are therefore important to
understand and potentially minimize off-target effects. More-
over, isoform selective inhibitors will be key to elucidating the
biological functions of individual PARPs.

TPDB codes for the TNKS?2 structures are 3KR7 and 3K RS.
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“ Abbreviations: ITC, isothermal titration calorimetry; NAD™, nico-
tinamide adenine dinucleotide; PARP, poly ADP-ribose polymerase.
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In this study we report the first high resolution structure of a
tankyrase in complex with an inhibitor and describe the
structural basis for its selectivity for tankyrases over PARP1
and PARP2.

Results

2-(4~(Trifluoromethyl)phenyl)-7,8-dihydro-5 H-thiopyrano-
[4,3-d]pyrimidin-4-o0l (XAV939, 1, Figure la) was recently
identified as the first high potency inhibitor of TNKSI and
TNKS2, with 10- to 500-fold selectivity for the tankyrases
over PARP1 and -2.¥ We soaked 1 into crystals of the TNKS2
PARP-domain (residues 946—1162 supplemented with an
N-terminal hexahistidine tag) that had been obtained by an
in situ proteolysis crystallization strategy'> and determined
the structures of TNKS2 bound to 1 and ligand-free TNKS2
to atomic resolution (see Supporting Information for details).
The apo and inhibitor bound structures are highly similar,
with a backbone rmsd of 0.3 A. The inhibitor complex reveals
that 1 is anchored in the nicotinamide crevice of the NAD ™"
binding site by similar interactions as observed for other
PARP inhibitor complexes.'*!* The Tyr1071 side chain stacks
with the pyrimidine ring, and the Ser1068 hydroxyl and the
Gly1032 backbone oxygen and nitrogen hydrogen bond stack
with the pyrimidine nitrogen and pyrimidinol hydroxyl
(Figure 1b and Figure 1c). The sulfur atom in the thiopyrano
ring is within hydrogen bonding distance of the Phel061
backbone. The remaining interactions between 1 and the
protein have nonpolar character: The phenyl ring resides in
a cleft lined by the Tyr1050 and Tyr1071 side chains, and the
distal trifluoromethyl group of 1 makes nonpolar contacts
with the Pro1034, Phel1035, and Ile1075 side chains. Surface
rendering of the protein illustrates the tight fit of 1 in the
NAD™" binding pocket (Figure 1b). The in situ proteolysis
caused a nick in the loop between strands 6 and 7 (dotted line
in Figure 1d). This cleaved loop is located on the surface of the
protein at ~10 A distance from the active site. In TNKSI the
corresponding loop between strands 6 and 7 could be modeled
into the electron density and is involved in crystal packing.
Importantly, neither the active site nor the overall structure of
TNKS?2 is affected by loop cleavage, as demonstrated by the
ability of cleaved TNKS?2 to bind inhibitor and by the good
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Figure 1. (a) Molecular structures of 1 and 2. (b—e) Structure of the PARP domain of TNKS2 in complex with inhibitor 1. (b) Compound 1 binding
site and interactions between compound and protein. Electron density (2Fyps — Feaie) rendered at 1.50 is shown for the inhibitor. The D-loop of the
superimposed TNKS1 apo structure is shown in pink. (c) Surface representation of the protein, illustrating the fit of 1 in the NAD™ pocket. (d) Super-
position of TNKSI and TNKS?2, colored as in (b). (¢) PARP2 (in blue; PDB entry 3KJD) superimposed onto the 1-occupied ligand binding pocket of
TNKS2, illustrating the positioning of o-helix-5 of the regulatory domain near the NAD™ cleft opening, and conserved side chains in the nicotinamide

binding crevice.

superimposition with the TNKSI structure (backbone rmsd
of 0.9 A over 155 residues) (Figure 1d).

Discussion and Conclusions

The study by Huang et al. revealed tight binding of 1 to both
tankyrases with a slight preference for TNKS2 over TNKS1
(ICso of 4 and 11 nM), which was corroborated by binding of
Cy5-labeled 1to TNKS2 and TNKS 1 (Kgof 10 and 100 nM).®
We confirmed the high potency of 1 using isothermal titration
calorimetry (ITC) and determined Ky values of 8 nM for the
interaction with TNKS2 and 14 nM with TNKSI fitting to a
1:1 binding model (Figure 2 and Table 1). Superposition of the
TNKS2 structures with the TNKSI apo structure'” reveals
different conformations of the donor site loop (D-loop)
(Figure 1b and Figure 1d). Assuming similar binding modes
of 1 in both tankyrases, the D-loop conformation in the
TNKSI1 apo structure is incompatible with binding of 1:
Compound 1 would clash with the TNKS1-Tyr1203 side
chain, whereas the corresponding TNKS2-Tyr1050 is within
van der Waals distance of the phenyl moiety of the inhibitor
(Figure 1b and Figure 1d). Since 1 binds TNKSI1 with high
affinity (Figure 2 and ref 8), the D-loop must be flexible in
order to accommodate the inhibitor.

Binding of 1 to the tankyrases is enthalpically and entropi-
cally favorable, with a slightly stronger enthalpic contribution

to TNKS2 binding (Table 1). In the absence of a TNKS1—1
complex structure it is impossible to suggest a structural basis
for the small selectivity for TNKS2 over TNKSI. The active
sites are highly conserved, and the D-loop of TNKSI is
expected to adopt a similar conformation as in TNKS2 upon
inhibitor binding. More importantly 1 displays a pronounced
selectivity for the tankyrases over PARP1 (K4 = 0.62 uM for
PARPI; Figure 2 and Table 1). This corroborates the ~200-
fold selectivity over PARP1 and PARP2 observed in bio-
chemical experiments reported by Huang et al.® Our struc-
tures provide a basis for interpreting this finding. First,
the steric fit of 1 in the active site of TNKS2 is excellent
(Figure 1b). Second, 1 is anchored by the conserved polar
interactions discussed above, but most of interactions with the
protein are nonpolar. By contrast, the NAD™ binding pockets
of other PARPs are lined by more polar side chains, and polar
contacts dominate their interactions with inhibitors.'*!*!¢
Finally, the trifluoromethyl group of the inhibitor makes
nonpolar contacts with TNKS2 side chains near the pocket
opening, as described (Figure la). Superpositions suggest
similar interactions in the TNKS1—1 complex. For PARP1
and -2, by contrast, the trifluoromethyl group would sterically
clash with the regulatory domain, which would have to move
slightly to accommodate 1 in the conformation observed in
the TNKS2 complex (Figure le).
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Figure 2. Isothermal titration calorimetry of TNKS1, TNKS2, and PARPI1 with 1. Titration raw data are shown in the upper plots, and
integrated heat measurements are in the lower plots. Representative results and full data, including K4 values derived from all experiments, are

reported in Table 1.

Table 1. Calorimetric Properties of Compound 1 Binding to TNKSI,
TNKS2, and PARP1¢

K4, nM N AH, kcal/mol  AS, cal/mol
TNKSI1 14438 0.92 +0.01 —244+04 28+ 3
TNKS2 8+3 1.09 £ 0.08 —3.74+0.4 25+1
PARPI 620 + 130 1.35 £+ 0.09 —-9.34+0.1 26+0.5

“All values are reported as the mean + SD based on three experi-
ments. Ky values were obtained by fitting to a standard one-site binding
model.

The TNKS2—1 complex crystal structure suggests routes to
optimize tankyrase inhibitors based on the 1 scaffold: (i) 1-(4-
hydroxy-2-(4-(trifluoromethyl)phenyl)-7,8-dihydropyrido-
[4,3-d]pyrimidin-6(5 H)-yl)ethanone (LDW643, 2, Figure 1a) is
a close analogue of 1 that does not inhibit tankyrases.® Super-
imposing 2 onto 1 in our crystal structure suggests a steric clash
between the acyl moiety of 2 and Phe1061-Ala1062. We conclude
that addition of a bulky substituent at the position correspond-
ing to the sulfur of the thiopyrano ring is incompatible with
binding to tankyrases. (ii) Substitutions at the location of the tri-
fluoromethyl group could establish additional interactions, e.g.,
with the Alal049 carbonyl near the opening of the binding
crevice (Figure 1b and Supporting Information Figure S1). (iii)
The structure reveals a glycerol moiety bound in the vicinity of
the thiopyrano ring of the inhibitor (Supporting Information
Figure S1). This space is likely chemically accessible by substitu-
tions at the 7 and 8 positions of the thiopyrano moiety to esta-
blish polar interactions with, for example, the catalytic glutamate
(Glul1138). In summary, the present structures provide insights
into the structural basis for 1 interactions with tankyrases, which
will be important for further optimization of PARP inhibitors in
general and tankyrase inhibitors in particular.

Experimental Section

Detailed experimental procedures are given in the Supporting
Information. Briefly, all proteins were produced in Escherichia coli
and purified using Ni*"-chelating chromatography as gpreviously
described.® Crystals of chymotrypsin treated TNK S2%%¢ 1162 were
obtained in sitting drops at 4 °C in 0.1 M Tris-HCI, pH 8.5,

15—20% PEG3350, and 0.2 M lithium sulfate. Diffraction data

for ligand-free TNKS2 were collected at the Diamond synchrotron
radiation light source, beamline 103 (Oxfordshire, U.K.). The
structure was solved by molecular replacement using PDB entry
2rf5 as template. Crystal complexes with 1 were obtained by
incubating 1 with preformed crystals for 10 days at 4 °C. Diftraction
data for complex crystals were collected with Cu Ka radiation on
an X8 PROTEUM system (Bruker AXS). The structure was solved
by molecular replacement with the apo structure as template.
Details on data processing and refinement statistics are given in
the Supporting Information Table S1. Isothermal titration calo-
rimetry was performed at 25 °C with protein solutions at 5—10 uM
in 20 mM HEPES, pH 7.5, 300 mM NaCl, 2 mM TCEP using a
VP-ITC calorimeter (MicroCal, GE Healthcare Life Sciences).
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