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Abstract: Poly(ADP-ribose)polymerase-1 (PARP1) is
a BRCT-containing enzyme (BRCT= BRCA1 C-terminus)
mainly involved in DNA repair and damage response and
a validated target for cancer treatment. Small-molecule inhib-
itors that target the PARP1 catalytic domain have been actively
pursued as anticancer drugs, but are potentially problematic
owing to a lack of selectivity. Compounds that are capable of
disrupting protein–protein interactions of PARP1 provide an
alternative by inhibiting its activities with improved selectivity
profiles. Herein, by establishing a high-throughput microplate-
based assay suitable for screening potential PPI inhibitors of
the PARP1 BRCT domain, we have discovered that (�)-
gossypol, a natural product with a number of known biological
activities, possesses novel PARP1 inhibitory activity both
in vitro and in cancer cells and presumably acts through
disruption of protein–protein interactions. As the first known
cell-permeable small-molecule PPI inhibitor of PAPR1, we
further established that (�)-gossypol was likely the causative
agent of PARP1 inhibition by promoting the formation of a 1:2
compound/PARP1 complex by reversible formation of a cova-
lent imine linkage.

Poly(ADP-ribose)polymerase-1, or PARP1, is a 113 kDa
nuclear protein mainly involved in the repair of single-
stranded breaks (SSBs) and double-stranded breaks (DSBs)

of DNA. It is also known to participate in a variety of cellular
functions, including transcriptional regulation, chromosome
stability, cell division, differentiation, and apoptosis.[1] PARP1
belongs to a family of at least 18 human proteins, most of
which share highly homologous catalytic domains.[2] As the
most actively pursued target for cancer treatment amongst
the PARP family, many small-molecule inhibitors against
PARP1 have been developed, some of which, including
Olaparib and BMN-673, are already in advanced stages of
clinical trials.[3] With the exception of some coumarins and
indoles, all known PARP1 inhibitors are nicotinamide ana-
logues that bind in the NAD+ binding pocket of the catalytic
domain (Figure 1)[3,4] and thus possess promiscuous inhibitory
activity. There is an urgent need to discover highly potent and
selective compounds that inhibit the enzymatic activity of
PARP1, but not those of other PARP proteins.[5]

In addition to the catalytic domain (containing HD and
ART subdomains; Figure 1a), five other domains are present
in PARP1: three zinc-binding domains (Zn1, Zn2, and Zn3)
and the WGR domain, which collectively participate in
binding to damaged DNA, and the BRCT (BRCA1
C-terminus) domain.[6] BRCT is a well-known phosphoryla-

Figure 1. a) Domain architecture of human PARP1. b) NMR structure
of the PARP1 BRCT domain (left; PDB ID: 2COK),[8] and X-ray structure
of a complex of the PARP1 catalytic domain with Olaparib (right; PDB
ID: 4HHY). c) Structure of (�)-gossypol (only the (�)-form is shown).
Bottom: (�)-Gossypol bound to the PARP1 BRCT domain. d) Repre-
sentative examples (Olaparib and DPQ) of PARP1 active-site inhib-
itors.
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tion reader domain, often found in proteins involved in DNA
repair and the cell cycle.[7] The PARP1 BRCT domain consists
of 90–100 amino acids with a central four-stranded b-sheet
and three a-helices packed along the opposite faces of the
sheet (Figure 1b, left).[8] It is a phosphoserine (pSer) binding
domain and mediates important protein–protein interactions
(PPIs) with a number of other proteins, such as XRCC1,
Hsp70, and OGG1.[1, 9] The formation of macromolecular
complexes between PARP1 and these proteins is crucial for
the efficient repair of damaged DNA and cell signaling.
Interestingly, PARP1 is one of only two presently known
BRCT-containing enzymes in the human PARP protein
family.[10] We previously showed that by targeting the PPI
interface, it is possible to develop small-molecule cell-
permeable inhibitors of phosphorylation readers, such as 14-
3-3 and BRCA1.[11] Such inhibitors are attractive leads for
drug discovery and generally possess better selectivity profiles
than active-site inhibitors.[12] The development of PPI inhib-
itors is, however, highly challenging.[13] Herein, by establish-
ing the first high-throughput assay suitable for screening
potential PPI inhibitors of the PARP1 BRCT domain, we
have discovered that (�)-gossypol, a natural product with
a number of previously reported biological activities (Fig-
ure 1c),[14] possesses potent and novel PARP1 inhibitory
activity through disruption of BRCT-mediated protein–pro-
tein interactions, both in vitro and in cancer cells. We further
established that the (�)-gossypol isomer was likely the
causative agent by promoting the formation of a 1:2 com-
pound/BRCT complex through reversible formation of cova-
lent imine linkages.

To discover small-molecule PPI inhibitors against the
PARP1 BRCT domain, we adopted the workflow shown in
Figure 2a. To the best of our knowledge, the consensus
phosphopeptide-binding sequence to PARP1 BRCT is not
known,[15] and no high-throughput screening (HTS) assay is
available to identify compounds capable of competing for
binding to this domain.[7] We therefore first determined the
most preferred pSer-containing heptapeptide that binds to

PARP1 BRCT by screening the fluorescently labeled
recombinant protein with a previously reported, 1000-
member universal phosphopeptide microarray (Step I).[16]

We determined the most preferred PARP1 BRCT domain
binding peptide as LRFpSVFF (Figure 2 b), which, aside from
the pSer residue, contains a P+3 Phe residue as the other major
binding determinant. Next, we further optimized this
sequence by constructing a 115-member positional scanning
(PS) heptapeptide microarray (Step II); all six residues in
LRFpSVFF (except pS) were individually substituted with
each of the 20 naturally occurring amino acids.[17] Position-
specific scoring matrix (PSSM) analysis of the microarray
screening results revealed an equally strong PARP1 BRCT
binding sequence, LRFpSRFF. Further isothermal titration
calorimetry (ITC) experiments indicate that both peptides
bound to the recombinant PARP1 BRCT domain with equal
affinities (Kd = 4.86� 0.21 mm), which is moderate but suffi-
cient for subsequent fluorescence polarization (FP) experi-
ments (Step III). To convert LRFpSVFF into a FP-compat-
ible PARP1 BRCT binding probe for HTS of PPI inhibitors,
we attached a fluorescent dye to the N-terminus of the
peptide (Figure 2d,e); the final peptide exhibited a good
protein-binding curve in a microplate-based FP assay with an
improved Kd value of 1.1� 0.11 mm. This thus represents the
first fluorescence-based, HT-ready microplate assay for the
screening of potential PPI inhibitors against PARP1. We next
carried out a small-scale screening assay by using a relatively
small compound library, which consisted of approximately
150 commercially available natural products and about 280 in-
house compounds. Many of the in-house compounds were
candidate hits identified in previous screening efforts against
other reader proteins.[11, 18] We optimized the FP assay in
a 384-well microplate format, which may be adopted for high-
throughputs screening with much larger compound libraries
in the future (Step III). Upon identification of candidate hits,
they were further validated by in vitro quantitative binding
assays (FP, thermal shifts, ITC) and in situ cell-based assays
(Step IV).

Figure 2. a) Workflow leading to the discovery of the first small-molecule cell-permeable PPI inhibitor of PARP1, (�)-gossypol. b) Image of the
1000-member universal phosphopeptide microarray screened against Cy5-labeled PARP1 BRCT protein. Right: PSSM graph representing the
averaged binding affinity across different positions for each amino acid.[16] The height of each letter represents the weighted contribution of that
residue to overall peptide binding. c) Image of the 115-member PS peptide microarray screened against Cy5-labeled PARP1 BRCT. Right: PSSM
graph. d) Structure of the FITC-labelled consensus peptide that binds to PARP1 BRCT and was used in the fluorescence polarization assay. e) FP
response curve, showing strong binding between the peptide and PARP1 BRCT (Kd = 1.1�0.11 mm). mP = millipolarization unit.
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From the FP screening results (Figure 3), several hits were
positively identified and taken further for quantitative in vitro
binding analysis. Representative results are shown in Fig-
ure 3b and c; to our pleasant surprise, the natural product
(�)-gossypol emerged as the most potent hit in competing for
binding to the PARP1 BRCT domain, with an apparent
IC50 value of 0.54� 0.06 mm (Kd = 4.11� 0.21 mm from ITC);
(�)-gossypol was at least ten times more potent than its
closest counterpart, 2-6. 2-6 is an in-house compound
previously shown to bind to 14-3-3 with moderate activity.[11a]

Interestingly, two other pSer-containing small molecules, 2-5
and 15 (see the Supporting Information, Section 2 for the
structures), which are previously identified potent PPI
inhibitors of 14-3-3 and BRCA1, respectively, showed no
appreciable binding towards PARP1 BRCT.[11] Further
attempts to structurally optimize 2-6 by making the corre-
sponding non-hydrolysable version, 2-6a, which contains an
a,a-difluoromethylenephosphoserine in place of pSer, and
the prodrug version, 2-6 b, which contains a pivaloxymethyl
(POM) group, failed; none of these three compounds showed
any acceptable cellular activities and were not pursued
further.

We first investigated whether (�)-gossypol competed with
cellular proteins for binding to PARP1 BRCT in a complex
proteome. In vitro pull-down experiments were performed by
using HeLa cell lysates with Ni-NTA bead-immobilized
(His)6-PARP1-BRCT fusion (Figure 4 a); pre-incubation of
the bead with (�)-gossypol showed that the compound
potently disrupted the interaction of the PARP1 BRCT

domain with two well known PARP1-interacting proteins,
Hsp70 and OGG1.[9b,c] In contrast, Olaparib, a potent PARP1
active-site inhibitor (IC50 = 3.8 nm),[19] showed no such effect
even at a high dosage (50 mm). Further evidence of PARP1
inhibition by (�)-gossypol by specific interaction with its
BRCT domain was gathered by using an in vitro enzymatic
assay with both full-length PARP1 (FL-PARP1) and the
catalytic domain of PARP1 (cat-PARP1), and ITC binding
experiments with the PARP1 BRCT domain (Figure 4 b and
Figure S4); results clearly show that unlike DPQ, (�)-
gossypol inhibited the enzymatic activity of FL-PARP1
(IC50 = 1.14� 0.09 mm) by binding exclusively to the enzyme�s
BRCT domain (Kd = 4.11� 0.21 mm). We next evaluated
whether these in vitro effects could be repeated in cancer
cells. Lysates from HeLa cells treated with (�)-gossypol were
immunoprecipitated with an anti-PARP1 antibody, followed
by SDS-PAGE and Western blotting (WB) analysis (Fig-
ure 4c). Dose-dependent inhibition of the PARP1/Hsp70
association was clearly detected, indicating that (�)-gossypol
blocked protein–protein interactions of PARP1 inside mam-
malian cells as well. To ascertain whether this led to direct
inhibition of the endogenous PARP1 activity, we evaluated
the poly(ADP-ribosyl)ation (PAR) formation in HeLa cells
under oxidative stress.[20] Compound-treated HeLa cells were
subjected to H2O2 for different periods of time, followed by
WB detection of PAR polymer formation (Figure 4d);
a significant decrease in PAR formation was observed in
both DPQ- and (�)-gossypol-treated cells. Similar effects
were observed in an imaging-based immunofluorescence
assay (Figure S16); a significantly smaller number of PAR-
positive nuclei were detected in cells knocked down by
siRNA of PARP1 or treated with (�)-gossypol or DPQ.
Recent studies showed that the combination treatment of
cancer cells with PARP1 inhibitors and other DNA alkylating
agents such as Temozolomide is highly effective in killing
tumor cells.[21] With the ability of (�)-gossypol to functionally
mimic the genetic knockdown of PARP1, we hypothesized
that synergistic inhibition of growth would be expected for
HeLa cells treated with both (�)-gossypol and Temozolo-
mide, and this was indeed the case (Figure 4e). Calculated
combination index (CI) values of < 1 at all tested inhibition
levels clearly indicate the synergy of these compounds.
Finally, siRNA knockdown of BRCA1 was previously
shown to render tumor cells hypersensitive to apoptosis in
response to PARP1 inhibition.[22] We observed similar effects
in BRCA knockdown HeLa cells treated with Olaparib or
(�)-gossypol (Figure 4 f); WB analysis, FACS (FACS = fluo-
rescence-activated cell sorting), and caspase-3 enzymatic
assays all indicated elevated apoptosis of drug-treated cells
by caspase-3 activation.

To elucidate which isomeric form of (�)-gossypol bound
to PARP1 BRCT, we carried out additional experiments with
(�)-gossypol (Figure 5). ITC and FP results showed that (�)-
gossypol/protein binding was marginally better (Kd = 3.11�
0.16 mm by ITC; 0.47� 0.06 mm by FP; Figure 4b and S7) than
that of the racemic mixture, and this preference was further
supported by docking experiments (Figure 1c and S7 a).
(+)-Gossypol did not fit as snugly into the PARP1 BRCT
domain as the (�)-isomer. (�)-Gossypol is a dialdehyde-

Figure 3. a) Heat map summarizing the screening results of the 384-
member small-molecule library (screening concentration: 20 mm)
against the PARP1 BRCT protein in an FP assay. See the Supporting
Information, Section 2 for compound IDs and structures. b) Structures
of selected hits and the corresponding apparent IC50 values. c) Con-
centration-dependent IC50 values determined by an FP assay (1 h
incubation).
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containing C2-symmetric compound, and in ITC experiments,
we consistently observed a 2:1 stoichiometry between the
protein and (�)-gossypol (Figure S7b), which was further
confirmed by chemical cross-linking experiments with
NaCNBH3. As shown in Figure 5b (left), upon incubation
with 0.5 equivalents of (�)-gossypol, a significant amount of
a PARP1 BRCT dimer was formed. Further evidence of (�)-
gossypol-promoted dimerization of PARP1 was provided by
successful cross-linking with both the full-length recombinant
protein (Figure 5b; right) and endogenous PARP1 in living
mammalian cells (Figure 5 c). We found that this cross-linking
reaction was both PARP1-BRCT- and (�)-gossypol-specific

(Figure S10); neither the cata-
lytic domain of PARP1 nor
glutaldehyde (a general dialde-
hyde cross-linker) were capable
of causing PARP1 dimeriza-
tion. We thus suggest that as
a novel small-molecule PPI
inhibitor of PARP1, (�)-gossy-
pol likely acts as a chemical
dimerizer of the protein by
promoting the reversible for-
mation of covalently bound
imines between its dialdehyde
and the residue(s) in the
PARP1-BRCT domain, leading
to inhibition of the PARP1
enzymatic activity (Figure 5a).
Attempts to solve the structure
of the PARP1 BRCT/(�)-gos-
sypol complex by X-ray crystal-
lography and protein NMR
spectroscopy failed owing to
the low solubility of (�)-gossy-
pol. We thus carried out site-
directed mutagenesis, LC-MS/
MS analysis, and docking
experiments to identify poten-
tial residues that participated in
the cross-linking. Docking
results showed that Lys438,
Lys441, and Lys447 in the
PARP1 BRCT domain were
near the (�)-gossypol binding
site (Figure 1 c). LC-MS/MS
studies of the PARP1 BRCT/
(�)-gossypol cross-linked prod-
uct showed 92% sequence cov-
erage, with the only missing
peptide bearing Lys438 and
Lys441 (Figure S12), indicating
that either or both residues
were modified by (�)-gossypol.
Chemical cross-linking results
showed that PARP1 BRCT
dimer formation was abolished
in the K438A and K441A
mutants, but not with the

K447A mutant (Figure 5 d). We thus conclude that both
Lys438 and Lys441 are key residues in PARP1, which directly
participate in (�)-gossypol binding or in inducing dimeriza-
tion. Finally, in a cellular thermal shift assay (CETSA),[23]

PARP1 was efficiently stabilized by both Olaparib and (�)-
gossypol in HeLa cells. This indicates that similar to Olaparib,
(�)-gossypol was also engaged in physical binding to endog-
enous PARP1 in intake cells (Figure 5 e).

In conclusion, we have successfully identified (�)-gossy-
pol as the first cell-permeable small-molecule PPI inhibitor of
PARP1. Further elucidation of its mechanism of action
indicates that (�)-gossypol was mostly likely the isomer that

Figure 4. a) In vitro competitive binding of (�)-gossypol with cellular proteins for the PARP1 BRCT
domain. HeLa cell lysates were used. b) (�)-Gossypol inhibits PARP1 activity by binding to its BRCT
domain. c) In situ immunoprecipitation (IP) experiment showing that (�)-gossypol competed for PARP1
binding to Hsp70 in HeLa cells. d) (�)-Gossypol inhibited PAR formation in HeLa cells exposed to H2O2

(500 mm) for different periods of time. DPQ (10 mm) was used as a positive control. e) XTT anti-
proliferation results of HeLa cells treated with different combinations of (�)-gossypol and Temozolomide.
Right: Corresponding CI plot. f) Apoptosis analysis of BRCA1 knockdown HeLa cells treated with Olaparib
or (�)-gossypol (25 mm each). Positive control: STS (staurosporine: 200 nm). Left: WB analysis. Right:
FACS/caspase-3 enzymatic activity analysis of the same cells. % apoptotic cells determined by FACS using
the Annexin-V kit. Rel%: Relative caspase-3 activity determined by Ac-DEVD-AMC. See the Supporting
Information for details.
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bound to the PARP1 BRCT domain, causing the protein to
dimerize and leading to subsequent inhibition of protein–
protein interactions and the overall PARP1 enzymatic
activity. Unlike previously reported PARP1 inhibitors,
which target the enzyme�s active site, the novel mechanism
of (�)-gossypol should open new opportunities for the
development of highly potent and specific PPI inhibitors
against PARP1.
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