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ABSTRACT: Replication protein A (RPA) is a ssDNA
binding protein that is essential for DNA replication and
repair. The initiation of the DNA damage response by RPA is
mediated by protein−protein interactions involving the N-
terminal domain of the 70 kDa subunit with partner proteins.
Inhibition of these interactions increases sensitivity toward
DNA damage and replication stress and may therefore be a
potential strategy for cancer drug discovery. Toward this end,
we have discovered two lead series of compounds, derived
from hits obtained from a fragment-based screen, that bind to RPA70N with low micromolar affinity and inhibit the binding of an
ATRIP-derived peptide to RPA. These compounds may offer a promising starting point for the discovery of clinically useful RPA
inhibitors.
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Replication protein A (RPA) is a heterotrimeric single-
stranded DNA (ssDNA) binding protein comprised of 70,

32, and 14 kDa subunits and is essential for eukaryotic DNA
replication, damage response, and repair.1,2 RPA binds to
ssDNA and protects it from degradation, while also functioning
as a scaffold upon which DNA processing proteins assemble to
initiate the response to DNA damage.3−8 ssDNA-binding is
mediated by four oligonucleotide−oligosaccharide-fold (OB-
fold) domains, which are present in the RPA70 and RPA32
subunits. The N-terminal OB-fold of the RPA70 subunit
(RPA70N) does not bind with high affinity to ssDNA, but
instead mediates binding to partner proteins involved in the
DNA damage response pathway, such as p53, Rad9, ATRIP,
and Mre11.5,6,9,10

Disruption of the protein−protein interactions of RPA70N
by mutation of either partner leads to decreased signaling
through ATR and increased sensitivity to DNA damage and
replication stress.5,11 Removal of the entire RPA protein
through the use of siRNA, however, is cytotoxic to cells, as
would be expected given the essential role of this protein in
DNA metabolism.12 We postulate that selective inhibition of
only the RPA70N protein−protein interactions may offer a
wider therapeutic window and a more targeted therapy. A small
molecule that binds to the RPA70N protein-binding cleft would
interfere with the interaction of RPA70N and its binding
partners and thus prevent the initiation of the DNA damage
response, while avoiding the deleterious effects of inhibiting
ssDNA binding. Such a small molecule inhibitor of RPA70N
may have therapeutic utility as a treatment for cancer in tumors

with high levels of replicative stress and may also potentiate the
action of a number of current therapeutics. Thus far, only a
limited number of RPA inhibitors have been reported. Turchi
and colleagues have identified dihydropyrazole 1 from a screen
of the National Cancer Institute (NCI) library and a ChemDiv
library (Figure 1).12,13 In vitro, dihydropyrazole 1 binds to a
DNA-binding domain of RPA and disrupts its interaction with
DNA.12,13 Oakley and colleagues screened 1500 compounds
from the NCI Diversity Set using an ELISA-type assay and have
described fumaropimaric acid (2; Figure 1), which was shown
to disrupt both RPA70N−Rad9 and RPA70N−p53 inter-
actions.11,14
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Figure 1. Compounds known to bind RPA.
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To identify an inhibitor of the protein−protein interactions
of RPA70N, our 15,000-member fragment library was screened
for binding to RPA70N using NMR. In this screen, over 150
fragment hits were identified with Kd values ranging from 600
μM to over 2000 μM and ligand efficiencies (LE) ranging from
0.15−0.32. Among the initial fragment hits, benzothiophene 3
(Kd = 627 μM, LE = 0.32) and tetrazole 4 (Kd = 1850 μM, LE
= 0.32) were chosen for further optimization. In an attempt to
produce rapid gains in binding affinity, we purchased more
complex, commercially available compounds that combined
features of these two fragment leads. As part of this effort, we
identified the two lead molecules 5 and 6 with improved Kd
values of 130 and 135 μM, respectively, but with reduced ligand
efficiencies (Figure 2).

To explore the SAR of compound 5, a synthetic strategy was
developed that allowed variation of substituents on the phenyl
ring at the 5-position of the triazole (Scheme 1). 2,4-
Dinitrobenzaldehyde is condensed with methyl thioglycolate
using microwave irradiation to form methyl 6-nitro-benzothio-
phene 9.15 Alternatively, 4-nitrocinnamic acid is refluxed in the
presence of thionyl chloride for 24 h.16 The addition of
methanol affords methyl 3-chloro-6-nitro-benzothiophene
carboxylate 10.17 The nitro group on benzothiophenes 9 and
10 is reduced using either 5% Pd/C or 5% Pt/C under a
hydrogen atmosphere to yield anilines 11 and 12, respectively.
With the 6-position aniline on the benzothiophene in place, the
2-thio-5-phenyltriazole is formed in a three-step one-pot

microwave cyclization sequence. Saponification of the ester
affords final compounds 13a−l and 14a−q.18
The synthesis of compound 6 analogues was accomplished

via a one-pot microwave cyclization and alkylation sequence
(Scheme 2).18 The mixed thiourea 16 is formed from the

appropriate substituted aniline and 1′,1′-thiocarbonyldiimida-
zole and the R2 aromatic group is then installed via reaction of
the mixed thiourea with a substituted hydrazide to form the
semicarbazide intermediate 17. The semicarbazide is cyclized
under basic conditions to the thiotriazole intermediate 18,
which is then alkylated to give compounds 19a−o.
Molecules were tested for their ability to bind RPA70N and

displace a FITC-labeled ATRIP-derived peptide using a
fluorescence polarization anisotropy (FPA) assay.19 Com-
pounds that inhibit peptide binding result in a dose-dependent
decrease in anisotropy, allowing for determination of IC50
values and calculation of Kd values. We have previously
reported the use of this assay to measure a Kd of 18.3 μM for
known compound 2.11,19 Compound 1 did not inhibit the
RPA70N-ATRIP interaction.
The first goal of the initial SAR was to evaluate the

importance of the 3-position chloro substitution of the
benzothiophene ring. On the basis of the poor binding (Kd >
250 μM) of compounds 13b−d as compared to compounds 5
and 14a−c, a chlorine at the 3-position appears important for
binding (Table 1). Bromo- or chloro-substitutions on the 3- or
4-position of the phenyl ring also had a favorable effect on the

Figure 2. Initial fragment hits and lead series.

Scheme 1. Synthesis of Analogues 13 and 14a

aReagents and Conditions: (a) methyl thioglycolate, TEA, DMSO μW irrad. 120 °C, 30 min, 33%; (b) SOCl2, reflux then MeOH, 62%; (c) H2 5%
Pd/C or 5% Pt/C, 1:1 EtOAc/MeOH, 90−98%; (d) i. TCDI, DMF, μW irrad. 60 °C, 10 min, ii. R-Ar−CONHNH2, μW irrad. 60 °C, 10 min, iii.
2M KOH, μW irrad. 120 °C, 30 min, 5−32%.

Scheme 2. Synthesis of Analogues 19a−oa

aReagents and Conditions: (a) TCDI, DMF, μW irrad. 85 °C, 20 min;
(b) R2-CONHNH2, μW irrad. 75 °C, 20 min; (c) 2M KOH, μW
irrad. 125 °C, 20 min; (d) bromoacetic acid, 125 °C, 20 min, 10−62%.
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binding affinity, as evidenced by compounds 13f−h, with Kd
values ranging from 49 to 78 μM. Similarly 3-chlorobenzo-
thiophene analogues 14e−g displayed even better affinities (Kd
between 42 and 58 μM).
Additional substitutions on the phenyl ring were explored to

further investigate the SAR. 3-Phenoxy analogues 13e and 14d
were found to display only moderate binding affinities (Kd
values of 104 and 63 μM, respectively) and sharply reduced
ligand efficiencies (0.17 and 0.18 versus 0.22 for 5). This was
taken as evidence that the 3-phenoxy substitutions were likely
too large for the binding pocket.
Replacement of the phenyl ring with a naphthyl moiety (14i)

was tolerated and gave a Kd of 43 μM; whereas replacement of
the phenyl ring with an indole was unacceptable (14j; Kd > 250
μM). Interestingly, replacing the phenyl ring with a cyclohexyl
ring (14k) produced one of our best compounds, with a Kd of
25 μM. On the basis of these results, we inferred that the
molecules were likely binding into a lipophilic pocket of
moderate size.

We next explored the effects of multiple substitutions of the
5-position phenyl ring of the triazole (Table 1), which was
quite effective based on the binding affinities of compounds
14l−q (Kd values 11−48 μM). A 3,4-disubstitution is generally
preferred, and halogen substituents are favored over methyl
groups. Indeed, the two compounds with the best binding
affinities, 14n and 14q (Kd = 11 μM), both contain two halogen
substituents in a 3,4-substituted pattern. Further evidence of
this preferred substitution pattern is exemplified by 13j (Kd =
12 μM), which retains good affinity even though it lacks the 3-
chloro substitution on the benzothiophene ring.
On the basis of the SAR of triazoles 13 and 14, the SAR of

triazole 6 was initially explored using either a 3-chloro or 4-
chloro substitution on the 1-position phenyl ring (Table 2).

Replacement of the 5-position benzothiophene ring system
with substituted phenyl rings was unsuccessful, as compounds
19a−e and 19g−h all possessed binding affinities greater than
250 μM. However, replacing the 5-position benzothiophene
with a fused bicyclic aromatic system was better tolerated, as
exemplified by 19f. As observed in the benzothiophene series,
employing a 3,4-dichloro substituted phenyl ring met with
better results than mono halogenated compounds. Although
analogues 19i−l, with substituted phenyl rings in the 5-position
of the triazole, exhibit Kd values below 250 μM, they still have
reduced affinities relative to the lead molecule. The best

Table 1. SAR of Benzothiophene Lead Series

compd X R Kd (μM)a

5 Cl H 130
13a H H >250
13b H 2-Me >250
13c H 3-Me >250
13d H 4-Me >250
13e H 3-phenoxy 104
13f H 3-Br 49
13g H 4-Br 71
13h H 4-Cl 78
13i H 4-F >250
13j H 3-Cl, 4-Br 12
13k H 3,5 diCl 35
13l H 3,4 diCl 22
14a Cl 2-Me 66
14b Cl 3-Me 83
14c Cl 4-Me 92
14d Cl 3-phenoxy 63
14e Cl 3-Br 58
14f Cl 4-Br 42
14g Cl 4-Cl 52
14h Cl 4-F 47
14i Cl 2-naphthylb 43
14j Cl indoleb >250
14k Cl cyclohexylb 25
14l Cl 2-Br, 3-Me 48
14m Cl 3-Me, 4-Br 31
14n Cl 3-Cl, 4-Br 11 (10)c

14o Cl 3-Br, 4-Cl 16
14p Cl 3,5 di Cl 15
14q Cl 3,4 di Cl 11 (17)c

aAverage Kd values (n = 2) calculated from IC50 measured in FPA
competition assay using Cheng−Prusoff equation. bThe entire phenyl
ring is replaced by the indicated ring system. cAverage Kd values using
RPA70NAB in FP assay.

Table 2. SAR of the Triazole Lead Series

aAverage Kd values (n = 2) calculated from IC50 measured in FPA
competition assay using Cheng−Prusoff equation.

ACS Medicinal Chemistry Letters Letter

dx.doi.org/10.1021/ml400032y | ACS Med. Chem. Lett. 2013, 4, 601−605603



compounds (19m−p) were obtained by utilizing the 3,4-
dichloro substituted 1-position phenyl ring in combination with
fused aromatic systems in the R2 position. The best example
was compound 19p (Kd =18 μM), with a 3-chloro-6-
methybenzothiophene in the R2 position.
It has been proposed that the presence of additional RPA

domains may influence the binding of compounds to
RPA70N.14 We examined the ability of exemplar compounds
14n and 14q to bind to and displace the ATRIP peptide from
RPA1−422, which contains RPA70N and the adjacent tandem
high affinity ssDNA-binding domains (RPA70NAB). No
differences in binding affinity were observed for either
compound in the presence of the additional domains (Kd =
10 and 17 μM, respectively; Table 1).
To assess the domain specificity and functional selectivity of

14q and 14n, the compounds were analyzed for their ability to
inhibit binding of full length heterotrimeric RPA to ssDNA
using an electrophoresis mobility shift assay (EMSA). Neither
14q nor 14n showed evidence of disrupting RPA−ssDNA
interactions at concentrations up to 100 μM (Supplementary
Figure 1), indicating that these compounds are specific for
inhibition of the RPA70N−ATRIP interaction.
Concurrent with the SAR efforts, we characterized the

binding modes of the two different lead series using X-ray
crystallography. Cocrystal structures of compounds 14h and 6
bound to RPA70N (Figure 3) were obtained with several
molecules in the asymmetric unit from compound soaked into
crystals of E7R RPA70N.20 This mutant protein crystallized in a
different space group than the WT protein, allowing the
binding cleft to be exposed and the structures of RPA70N/
ligand complexes to be obtained.
Examination of the cocrystal structure of compound 14h

(Figure 3A) reveals several key features of the binding mode.
The carboxylic acid in the 2-position of the benzothiophene is
positioned in between Arg31 and Thr34 and forms an
interaction with both residues. The 3-nitrogen of the triazole
ring of 14h makes a hydrogen bond with Asp89 on the back lip

of the binding pocket. This network of three hydrogen bonds is
responsible for positioning the 3-chlorobenzothiophene core
across the cleft of RPA70N so that it projects the phenyl ring at
the 5-position of the triazole ring into a hydrophobic pocket
that is created by Leu87 and Val93 on the side, the backbone of
Ser54, Ser55, and Phe56 at the bottom and Met57 in the front.
The small size and hydrophobic nature of the pocket makes
clear the preference for small lipophilic substitutions on the
phenyl ring that occupies this site.
As expected, triazole 6 binds to the basic cleft of RPA70N

quite differently from benzothiophene 14h (Figure 3B).
However, the compound still makes several of the same key
interactions. The thiomethyl linker allows the carboxylic acid
on the 2-position of the triazole to extend far enough to form a
hydrogen bond with Arg31, similar to the carboxylic acid of
14h. In addition, the phenyl ring occupies the hydrophobic
pocket formed by Ser54, Ser55, and Phe56 in a similar way to
the phenyl ring of compound 14h. This may explain the similar
SAR preferences between the two series. While the triazole of
compound 6 does not appear to make any polar contacts, the
benzene ring of the 3-chlorobenzothiophene does engage in
van der Waal interactions with Leu87, and the 3-chlorine may
interact with the sulfur of Met57.
Overlaying these cocrystal structures onto the previously

reported structure of a p53−RPA70N fusion protein reveals
certain similarities in the key binding features (Figure 3C,D).6

The phenyl ring of Phe54 of the p53-derived peptide occupies
the same hydrophobic pocket as the phenyl rings of both
compounds 14h and 6. Compound 14h does not appear to
overlay well with any other residues of p53. However, the 3-
chlorobenzothiophene of compound 6 fills a portion of the
space that is occupied by the side chains of Ile50 and Trp53 in
the p53 structure. The similarities in the binding modes of 6
and the p53 peptide suggest a possible strategy for improved
compounds. One might envision placing a substitution on the
4-position of the benzothiophene of 14h that incorporates the
indole of the Trp53 of the p53 peptide (Figure 3C).

Figure 3. (A) Cocrystal structure of 14h bound to RPA70N. (B) Cocrystal structure of 6 bound to RPA70N. (C) Cocrystal structure of 14h bound
to RPA70N overlaid with side chains of the RPA−p53 fusion protein. (D) Cocrystal structure of 6 bound to RPA70N overlaid with side chains of
the RPA−p53 fusion protein.
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In conclusion, we have discovered two lead series derived
from the hits obtained in a fragment-based screen. Compounds
within these series represent the most potent inhibitors of the
RPA70N−ATRIP protein−protein interaction reported to date,
with no detectable inhibition of RPA−ssDNA interactions. To
determine the molecular features that govern complex
formation, we have obtained cocrystal structures of the two
lead compounds, which help rationalize the SAR and provide
structural information for the design of future inhibitors.
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