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Small Molecule Microarray Based Discovery of PARP14 Inhibitors
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Abstract: Poly(ADP-ribose) polymerases (PARPs) are key
enzymes in a variety of cellular processes. Most small-molecule
PARP inhibitors developed to date have been against PARP1,
and suffer from poor selectivity. PARP14 has recently emerged
as a potential therapeutic target, but its inhibitor development
has trailed behind. Herein, we describe a small molecule
microarray-based strategy for high-throughput synthesis,
screening of > 1000 potential bidentate inhibitors of PARPs,
and the successful discovery of a potent PARP14 inhibitor H10
with > 20-fold selectivity over PARP1. Co-crystallization of
the PARP14/H10 complex indicated H10 bound to both the
nicotinamide and the adenine subsites. Further structure–
activity relationship studies identified important binding ele-
ments in the adenine subsite. In tumor cells, H10 was able to
chemically knockdown endogenous PARP14 activities.

Poly(ADP-ribose) polymerases, or PARPs, are ADP-ribo-
sylating enzymes that comprise at least 18 members in
humans.[1] During ribosylation, the enzymatically activated
PARP uses nicotinamide adenine dinucleotide (NAD+) as
a co-substrate to transfer ADP-ribose to its targets while
releasing nicotinamide as the metabolized product (Fig-
ure 1A). Amongst the PARP family members, most research
has thus far focused on PARP1, an enzyme that is critically
involved in DNA repair and participates in a variety of
cellular functions. Consequently, many potent PARP1 inhib-
itors, including some FDA-approved drugs (such as Olaparib
in Figure 1A), have been successfully developed.[2,3] The
other PARP family members, especially the mono(ADP-
ribosyl) transferases (m-ARTs), have remained poorly char-
acterized, in large part due to a lack of cell-permeable small
molecule inhibitors.[3] Emerging evidence suggests important
cellular functions for some of these enzymes. For instance
PARP14, an m-ART, was found to be associated with the
development of inflammatory diseases and various types of
cancer.[4, 5] In recognition of the urgent need to develop small
molecule inhibitors against PARP14 and other less-studied
PARPs,[3,6, 7] we report herein a small molecule microarray
(SMM)-based strategy suitable for high-throughput synthesis
and screening of potential bidentate inhibitors of PARPs, and

the successful discovery of a cell-permeable inhibitor, H10
(Figure 1B), that showed relatively potent in vitro inhibitory
activity against PARP14 (IC50 = 490 nm) with good selectivity
over other PARPs (� 24-fold over PARP1). A crystal
structure of the PARP14/H10 complex revealed that H10 is
the first bidentate inhibitor against an m-ART, binding to
both the nicotinamide and adenine subsites of PARP14.
Subsequent medicinal chemistry efforts provided valuable
structure–activity relationship (SAR) on H10 analogues
interacting with residues in the adenine-binding site of
PARP14. Lastly, in cellulo studies of selected inhibitors with
tumor cells indicated the compounds conferred moderate
cellular PARP14 knockdown activities.[4, 5]

Most known PARP inhibitors are structural mimics of the
nicotinamide moiety in NAD+ (Figure 1A), which inevitably
leads to poor selectivity amongst the PARP family members
due to their highly conserved NAD+-binding pockets.[3,8]

Olaparib, for instance, has been shown to display non-
selective binding against PARP1, 2, 3, and 4.[3] Deviating
from our previous strategy to develop PARP1-selective
inhibitors by targeting the BRCT (BRCA1 C-terminus)
domain, which is present only in PARP1 and PARP4,[9] our
new strategy aimed to explore possible secondary binding
sites in PARP14 and other PARPs, that is, the target-binding
site and/or the adenine-binding subsite located next to the
nicotinamide binding pocket (Figure 1A).[3] We reasoned
that, due to different functions (for example, mono- vs. poly-
ADP-ribosylation) as well as various targets modified by
PARPs, such binding sites (or subsites) might be structurally
distinct. A bidentate inhibitor capable of making contacts
with both the primary nicotinamide-binding site and a secon-
dary binding site, if tethered with a suitable linker, should
possess improved binding affinity and specificity for potential
targeting of individual PARP proteins. In fact, bidentate
inhibitors of kinases and phosphatases, which also possess
multiple binding pockets, are known.[10, 11] Recently reported
inhibitors of human tankyrases (TNKS1/2, a member of the
PARP subfamily), also showed binding to both the nicotina-
mide and adenine subsites.[12]

With the above considerations, we devised a strategy to
design, synthesize, and identify PARP bidentate inhibitors.
Previously, we and others used CuI-catalyzed azide–alkyne
cycloaddition (CuAAC) for the rapid synthesis and screening
of bidentate inhibitors against different enzymes.[13,14] While
this method is a step forward compared to traditional
compound synthesis/screening strategies, it is time-consum-
ing, resource-intensive, and often complicated by the risk of
compound impurities. Small molecule microarrays (SMMs)
are miniaturized assemblies of compounds immobilized
across a 2.5 � 7.5 cm glass slide, on which thousands of
protein–ligand interactions may be simultaneously mea-
sured.[15, 16] Over the years, by improving key aspects related
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to immobilization,[16b] on-chip quantitative binding measure-
ments, and dual-color fluorescence screening,[9, 16a,d] we have
successfully used this technology for rapid screening and
identification of small molecule inhibitors against a variety of
targets.[16] Inspired by recent work in which on-chip CuAAC
was used to assemble a carbohydrate-based compound
library,[17] our current study made use of a similar strategy
(Figure 1B,C); by using tetrazine (Tz)-trans-cyclooctene
(TCO) ligation to rapidly print 20 alkyne-containing trifunc-
tional compounds (W1 to W20 ; Table S1) into each well of
a 12-well glass slide, followed by CuAAC coupling with 56
different azides (A1 to A56 ; Table S2), an 1120-membered
SMM was rapidly generated with minimal compound con-
sumption. The Tz-TCO ligation was previously shown to
allow rapid and highly efficient compound immobilization in
a microarray.[16b] With the nearly quantitative yield of a typical
CuAAC coupling, we expected most if not all of the 1120
bidentate inhibitors to be successfully assembled on the
microarray. An additional advantage of this strategy was that
purification of immobilized compounds could be done
en masse by simple washes of the resulting microarray to
remove contaminating CuAAC reagents/copper catalysts, as
well as excessive azides, all of which are known to cause
severe interference during screening with compounds synthe-
sized from solution-phase CuAAC methods.[13, 14]

As shown in Figure 1B and Scheme S1, W1–20 were
synthesized from five different ligands known to bind to the
nicotinamide-binding pocket of PARP1 (WH-1 to WH-5),
and they were expected to bind well to other PARP proteins.
The Tz moiety was attached to these ligands through four
different linkers derived from aspartic/glutamic acids at-

tached to amine-containing terminal alkynes (L1 to L4).
These linkers were chosen on the basis of their flexibility,
length, and easy chemical access, so as to better exploit the
altered distances between the primary and secondary binding
pockets of different PARPs. The 56 different azides (A1–56)
were synthesized by using a previously published protocol,[18]

with common aliphatic/aromatic amines containing diverse
functional groups. We also included compounds derived from
known kinase inhibitors (Scheme S1); because many kinase
inhibitors are structural mimics of adenine, our chosen azides,
if properly tethered to the primary pocket-binding anchors
(WH-1 to WH-5), might preferentially fit into the secondary
pocket of different PARPs, resulting in an overall increase of
the bidentate inhibitor binding affinity and selectivity.

The successful immobilization of W1–20 to Tz-function-
alized slides followed by subsequent on-chip CuAAC with
azides was confirmed by spotting a tetrazine-containing dye
(TER-Tz) and coupling a control well on the spotted micro-
array with TER-N3 (Figure 2A). To construct the 1120-
membered SMM, a total of five 12-well spotted microarrays
were used, with each well coupled to one azide. The entire on-
chip CuAAC synthesis was completed in one overnight
reaction including post-SMM compound purification by
washing. With the SMM in hand, preliminary microarray
screenings were first carried out with 10 fluorescently labeled
recombinant PARP catalytic domain proteins (Figures 1C,
S1–S9). In total, > 10000 data points were generated in
a single screening experiment. Upon microarray data analysis,
we obtained high-quality bidentate-binding microarray
images against four of the PARPs (TNKS1, TNKS2,
PARP10, and PARP14). For the other six PARPs (PARP1,

Figure 1. A) Chemical structure of NAD+ and Olaparib (top). Bottom) Scheme showing a bidentate inhibitor upon binding to both the primary
and secondary pockets PARP14 with a suitable linker. B) Scheme showing our microarray-based discovery of PARP14 inhibitors. Trifunctional
compounds (W1–20) were spotted on TCO slides, followed by on-chip CuAAC with azides (A1–56) to generate the corresponding SMM containing
1120 bidentate PARP inhibitors. Subsequent SMM screening led to identification of a potent PARP14 inhibitor H10. C) Overall workflow of the
current study, including SMM screening, solution-phase resynthesis, and in vitro screening, X-ray studies of H10/PARP14 complex, structure-
based medicinal chemistry, and cell-based hit validation.
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2, 3, 4, 12, and 13), the S/N ratios of the fluorescent spots were
on average 5- to 10-fold lower, and were deemed unreliable
for subsequent screening/compound identification (Fig-
ure S3). They were therefore not pursued further. The next
several rounds of microarray screening involved: 1) rescreen-
ing of the 1120-membered SMM with the 4 selected PARPs
(Figures S3 and S4); 2) second-round screening with a 440-
membered focus microarray spotted with compounds deemed
as “positive binders” from the previous round (Figure S5);
and 3) third-round screening of selected compounds with
dual-color and concentration-dependent experiments (Figur-
es S6–8). Dual-color microarray screening, in which spotted
compounds were screened on the same slide with two
different fluorescently labeled protein targets (Cy3-labeled
PARP14 and a Cy5-labeled control), enabled rapid identifi-
cation of compounds having highly selective binding of one
protein over another.[16a] Concentration-dependent micro-
array experiments allowed all spotted compounds to be
simultaneously screened in a single platform with different
concentrations of a protein, thus providing semi-quantitative
binding data (apparent Kd) for rapid and accurate identifica-
tion of high-affinity ligands.[16d] A representative second-
round microarray image obtained from the 440-membered
focus SMM screened against Cy3-labeled PARP14 and its
corresponding histogram showing the relative fluorescence
intensity (RFU) of individual spots are shown in Figure 2A
and B, respectively. In Figure 2B, representative high-fluo-
rescence spots were colored and numbered (according to the
SI II decoding table). Microarray images of the correspond-
ing compounds rescreened in the third round are shown in
Figure 2C and D. Because we were particularly interested in

the discovery of potential PARP14 inhibitors, the dual-color
experiments were carried out with a 1:1 mixture of Cy3-
labeled PARP14 and another Cy5-labeled PARP protein
(PARP10, TNKS1, and TNKS2, respectively). Merged images
of the two resulting fluorescence channels (colored in green
and red, respectively, in Figure 2C) allowed immediate visual
identification of PARP14-selective ligands. For example,
spots derived from compound 587 appeared mostly green
across the various dual-color images, indicating it was
a putative PARP14-selective binder. Similarly, in concentra-
tion-dependent experiments (Figure 2D), the same com-
pound showed PARP14 dose-dependent binding profiles
with an apparent on-chip Kd of 76.96 nm, indicating it was
a high-affinity PARP14 ligand. In total, 20 putative PARP14
ligands were identified from three rounds of microarray
screenings (Table S3). In addition to compound 587, results
from four other compounds (166, 446, 588, 806) are shown in
Figure 2B/C/D. All 20 of the putative hits possessed either
high-binding affinity or selectivity toward PARP14, or both.
Interestingly, all contained the same 3-amino-benzamide
moiety (WH2), which was derived from a previously reported
but relatively weak PARP1 inhibitor.[19]

Our next-step screening efforts involved in vitro PARP
enzymatic assays to evaluate these 20 hits against several
PARP proteins (PARP1, PARP14, and TNKS1; Figures 2E,
S11, and S12). Because the tetrazine immobilization unit was
no longer required, the 20 hits derived from tetrazine-free
W1–W20 (renamed as H1 to H20 ; Table S3), containing
either a succinic or glutaric acid linker (to minimize molecular
weight and maximize flexibility of the linker), were resynthe-
sized. Structures of two examples, H10 and H5 (correspond-

Figure 2. A) Microarray image of the 440-membered SMM screened with fluorescently labeled PARP14. All of the compounds were spotted in
duplicate. Right) Images of spots showing successful immobilization of TER-Tz on TCO slides and on-chip CuAAC with TER-N3. B) Histogram
showing the relative fluorescence (RFU) of each compound from the SMM in (A). Red: Representative hits. See decoding table (SI_II) for IDs and
structures. C) Dual-color results of representative hits simultaneously screened with PARP14 (green) and another PARP (red; PARP10, TNKS1, or
TNKS2). D) Microarray images of spots from concentration-dependent SMM and a representative Kd curve. E) Data summarizing IC50 values
obtained from in vitro PARP assay against 5 resynthesized hits. F) Structures of two PARP14 inhibitors, H5 and AD3. G) SAR of the adenine-
binding site summarized from X-ray and medicinal chemistry studies.
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ing to compounds 587 and 166 in the microarray, respectively)
are shown in Figures 1B and 2F. H10 was found to inhibit
PARP14 activity with an IC50 value of 0.49� 0.07 mm in vitro,
which represents the most potent PARP14 inhibitor reported
to date.[6, 7,20] Equally important, it also possessed relatively
good selectivity over two other PARPs tested (24- and 18-fold
over PARP1 and TNKS1, respectively). H5, the next-best
PARP14 inhibitor identified (IC50 = 0.76� 0.06 mm), showed
a comparatively poorer selectivity over PARP1 (� 6-fold).

To determine the structural basis of PARP14 binding to
H10/H5, we next obtained X-ray structures to resolutions of
2.17 � (for H10) and 2.07 � (for H5), respectively. As shown
in Figure 3, the PARP14/H10 complex clearly showed the 3-

amino-benzamide moiety from H10 resided in the nicotina-
mide (NA)-binding pocket as expected, and the rest of the
molecule extended toward the adenine-binding site in a bind-
ing mode that was not observed previously.[3] The sulfonamide
and benzoic acid moiety at the distal end were found in the
adenine base-binding site of PARP14. Both the linker and
distal end made a number of polar interactions (notably, with
PARP14 side chains His1682, Thr1684, Ser1688, His1691, and
the peptide backbone of Asn1698) that could explain the
slightly improved potency and the significantly better selec-
tivity of the compound. Extending the central linker in H10
by one carbon (giving H15 ; Table S3) decreased both potency
and selectivity. Surprisingly, the second crystal structure
shows that H5 bound to PARP14 in a different fashion
(Figure S13); its distal phenyl group made hydrophobic
interactions with the Val1773 and Val1784 side chains in
a site around the small hydrophobic residue that characterizes
the mono-ADP-ribosyltransferases of the PARP family,
Leu1782.[3] This was an interesting observation because
binding at the subsite near the A-loop might provide
a means to accomplish truly selective inhibition even within
the mono-ADP-ribosyltransferases.[21] Notwithstanding, our
PARP14/H10 structure clearly showed that, by using the
bidentate strategy, selective PARP14 inhibitors could be
generated by engaging a 3-sulfonamide benzoic acid in the
adenine binding site.

Owing to incomplete density of the flexible D-loop in our
PARP14/H10 structure, this segment could not be completely
modeled. We wondered, by engaging the unresolved D-loop,

whether specific interactions might be introduced in the
linker region of H10 to improve its PARP14-binding affinity.
Medicinal chemistry efforts were thus carried out (Figure 2G,
Scheme S3, and Table S4). By first substituting the triazole-
containing linker in H10 with more flexible linkers containing
piperazine, ethylene glycol, or lysine, we found most of the
resulting inhibitors, except the lysine-containing H10 ana-
logue (18 in Scheme S3), had attenuated PARP14 inhibition.
This inhibitor was thus chosen for further SAR studies. We
focused on the adenine-binding subsite in which numerous
interactions between the 3-sulfonamide benzoic acid of H10
and PARP14 were observed (Figure 3). The NH in SO2NH
formed a hydrogen bond with Asn1698 of the protein, while
its O formed another hydrogen bond with His1691. In
addition, the benzoic acid group also formed several favor-
able interactions with the protein. A 22-membered
arylsulfonamide library based on H10 was thus synthesized
(named AD1 to AD22 ; Table S4) and tested for PARP14
inhibition (Figure S11C) with results summarized in Fig-
ure 2G. Most of the compounds except AD3 (Figure 2F)
showed attenuated inhibition. Nevertheless, SAR analysis
indicated, as predicted from the crystal structure, that while
large substituents in C1/C3 of the arylsulfonamide were not
tolerated, hydrogen bond-accepting C2 substituents might
improve ligand binding.

Finally, we evaluated whether H10 and AD3 could inhibit
endogenous PARP14 activities from tumor cells. Both com-
pounds showed good cell permeability (Table S6) and hydro-
lytic stability (Figure S15).[16c] Because the majority of poly(-
ADP-ribosyl)ation (PAR) activity in mammalian cells is from
PARP1, we first assessed whether our newly discovered
PARP14 inhibitors cross-inhibited endogenous PARP1 activ-
ity. We treated HepG2 cells (a liver cancer cell line) with H2O2

to induce DNA damage and oxidative stress leading to PAR
polymer formation (Figure 4A).[9] Addition of PARP1 inhib-
itors such as DPQ or Olaparib, but not H10 or AD3 (even at
25 mm), caused apparent inhibition of PAR formation, indi-
cating neither H10 nor AD3 inhibited endogenous PARP1
activities. It was previously reported that PARP14 promotes
tumor survival in multiple myeloma and hepatocellular
carcinoma by blocking the c-Jun N-terminal kinase
1 (JNK1)-mediated cell apoptosis.[4, 5] Genetic knockdown of
endogenous PARP14 expression could thus lead to cell death.
As shown in Figure 4B, we first confirmed siRNA knockdown
of PARP14 in HepG2 cells indeed caused activation of JNK1
phosphorylation and apparent formation of cleaved PARP1
(a hallmark of apoptosis). Treatment of the cells by H10 or
AD3 caused similar effects at as low as 10 mm, indicating that
both compounds were able to chemically knockdown endog-
enous PARP14 activities effectively. Subsequent caspase-3/7-
mediated cell apoptosis was confirmed by FACS, in vitro
caspase-3 enzymatic assay, and Western blotting analysis
(Figures 4 C and S17). Similar apoptosis was also detected in
compound-treated RPMI-8226 cells (a myeloma cell line).
Finally, we carried out combination drug treatment experi-
ments by treating the cells with H10/AD3 and another well-
known drug (doxorubicin (DOX) for HepG2 and dexame-
thasone (DEX) for RPMI-8226 cells, respectively). Both
DOX and DEX are anticancer agents. As shown in Fig-

Figure 3. Close-up view of the H10-binding site in the X-ray structure
of PARP14/H10 complex (PDB entry 5LYH). H10 and PARP14 are
shown in ball and sticks, and ribbons, respectively.
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ure 4D, both of the PARP14 inhibitors showed enhanced cell-
killing properties in the presence of DOX or DEX, respec-
tively, similar to what was observed from the corresponding
siRNA experiments, as well as previous reports.[4,5] All of
these lines of evidence thus confirmed H10 and AD3 are the
first-ever in situ-active PARP14 inhibitors capable of block-
ing endogenous PARP14 activities in both tumor cell lines.

In conclusion, by using on-chip CuAAC, we have
developed a small molecule microarray capable of rapid
synthesis and screening of potential PARP inhibitors. The
successful discovery of H10, a potent and selective PARP14
inhibitor that showed moderate inhibitory properties against
endogenous PARP14 in different tumor cells, indicates this
microarray-based strategy might be amenable for the future
discovery of selective inhibitors against other PARP proteins.
The X-ray structure of PARP14/H10 also unequivocally
established the bidentate binding mode of H10 for the first
time.

Coordinates and structure factors have been deposited in
the Protein Data Bank (PARP14-H5, PDB entry 5LXP;
PARP14-H10, PDB entry 5LYH).
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High-Throughput Screening

B. Peng, A.-G. Thorsell, T. Karlberg,
H. Sch�ler,* S. Q. Yao* &&&&—&&&&

Small Molecule Microarray Based
Discovery of PARP14 Inhibitors

“Spotting” the Hit : A small molecule
microarray was developed for miniatur-
ized on-chip synthesis and screening of
>1000 potential bidentate inhibitors
against poly(ADP-ribose) polymerases

(PARPs), which led to the successful
discovery of a potent PARP14 bidentate
inhibitor (IC50 = 0.49 mm) with >20-fold
selectivity over PARP1.
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