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Abstract

Replication protein A (RPA), the major eukaryotic single-stranded DNA (ssDNA) binding protein,
is involved in nearly all cellular DNA transactions. The RPA N-terminal domain (RPA70N) is a
recruitment site for proteins involved in DNA damage response and repair. Selective inhibition of
these protein-protein interactions has the potential to inhibit the DNA damage response and
sensitize cancer cells to DNA-damaging agents without affecting other functions of RPA. To
discover a potent, selective inhibitor of the RPA70N protein-protein interactions to test this
hypothesis, we used NMR spectroscopy to identify fragment hits that bind to two adjacent sites in
the basic cleft of RPA70N. High-resolution X-ray crystal structures of RPA70N-ligand complexes
revealed how these fragments bind to RPA and guided the design of linked compounds that
simultaneously occupy both sites. We have synthesized linked molecules that bind to RPA70N
with submicromolar affinity and minimal disruption of RPA’s interaction with ssDNA.

INTRODUCTION

RPA is a heterotrimeric single stranded DNA (ssDNA)-binding protein complex composed
of 70, 32, and 14 kDa subunits that is essential for eukaryotic DNA replication, damage
response, and repair.1,2 When DNA lesions are encountered at a replication fork, an excess
of ssDNA is created that is rapidly coated by RPA.3 This event initiates signaling to recruit
and assemble DNA damage response proteins at DNA damage sites, activate checkpoint
pathways, and halt the cell cycle while DNA repair occurs.4–6 Checkpoint pathways are up-
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regulated in multiple cancer types that exhibit higher levels of replicative stress than normal
cells.6–8 In addition, DNA damage response and repair is stimulated in patients by treatment
with radiation and/or chemotherapeutic agents, which contributes to resistance to cancer
treatment.9 Correspondingly, there is a growing interest in the inhibition of checkpoint
pathways in patients undergoing these treatments.10–12

ATR (ATM and Rad3 related) kinase is a major regulator of the DNA damage response.
ATR is recruited to sites of DNA damage via the binding of its obligate co-factor ATRIP
(ATR Interacting Protein) to the N-terminal domain of the 70 kDa subunit of RPA
(RPA70N).5 Inhibition of the interaction of RPA70N with ATRIP inhibits this
recruitment.10,13 RPA70N utilizes a common basic cleft to bind ATRIP and a number of
other partner proteins, including RAD9, MRE11, and p53.10 Since these interactions are
important for mediating the DNA damage response, their inhibition may serve as a potential
target for new cancer therapies. However, because RPA also has critical scaffolding
functions, traditional knock-down strategies, such as RNAi, are not suitable for validation of
this hypothesis. Specific inhibition of RPA70N function with small molecule probes would
enable a further understanding and validation of the role of RPA70N-mediated signaling in
supporting cancer cell growth and mediating resistance to chemotherapeutics.

High throughput and virtual screening have previously been applied to identify small
molecules that bind to RPA and inhibit some of its biochemical activities. However, the
molecules discovered thus far exhibit relatively weak binding affinities to RPA70N.14–18

Traditional high throughput screening has met with relatively limited success for some
target classes.19 In contrast, fragment-based screening20,21 has shown promise for the
generation of small molecule inhibitors of protein-protein interactions.22–24 Using these
methods, our group has previously reported the discovery of compounds that bind to
RPA70N with affinities as low as 11 µM and X-ray crystal structures that reveal how they
bind to the protein.25

Here, we describe the discovery of a new class of potent submicromolar inhibitors of the
RPA70N/ATRIP interaction using a fragment screening and linking strategy (SAR by
NMR21). An NMR-based fragment screen identified low molecular weight compounds that
bind to two distinct sites in the basic cleft of RPA70N. High-resolution crystallography
revealed the binding modes of the fragments and suggested a strategy for fragment
optimization and linking. Medicinal chemistry was employed to improve an initial linked
molecule into a compound that binds to RPA70N with submicromolar affinity without
interfering with the interaction between RPA70 and ssDNA.

RESULTS

Identification of fragment hits and preliminary SAR

To identify small molecules that bind to RPA70N, we conducted an NMR-based screen of
our fragment library (Table 1). The 1H,15N HMQC NMR spectrum of RPA70N is well
resolved, and the chemical shift assignments are known.10,26 After exclusion of fragment
hits with unfavorable functionality and/or evidence of non-specific binding to the protein,
149 confirmed hits were identified, each of which caused significant chemical shift
differences (more than one amide signal line width) at a ligand concentration of 800 µM.
The observed hit rate of 1% is slightly lower than prior findings from screening targets
involved in protein-protein interactions, but confirms the ligandability of RPA70N.27,28

Upon the addition of fragments, NMR chemical shift perturbations were observed for
several residues within the basic cleft of RPA70N, including Ser55 (Figure 1A) and Thr60
(Figure 1B), which are located at opposite ends of the cleft. We observed that binding of

Frank et al. Page 2

J Med Chem. Author manuscript; available in PMC 2014 November 27.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



some fragments induced independent chemical shift changes for both residues, indicating
the likelihood of two different binding sites in the cleft. Indeed, fitting of the chemical shift
changes for Ser55 or Thr60 over the course of titrations indicated the binding location(s) of
the fragments and provided independent binding affinities for the two distinct sites. Binding
constants were obtained for the 81 compounds that demonstrated the largest changes in
chemical shift, and fragments were ranked based on their site-specific target affinities and
corresponding ligand efficiencies (LEs29,30). A summary of the results from this NMR-
based fragment screen is given in Table 1. Fragment hits were found to have binding
affinities ranging from 490 µM to >2000 µM, with corresponding LEs as high as 0.35. The
fragment hits were grouped into chemical series that share a number of structural
similarities. Representative examples of the fragment hits are shown in Figure 2. Distinct
structural preferences were found for some of the chemical series, an early indication of the
presence of SAR that may be exploited for the design of compounds with better binding
affinities.

A diverse set of compounds induced chemical shift changes of Ser55 in Site-1. One major
cluster of these fragments is a set of carboxylic acid-containing 5/6 fused bicyclic ring
systems. One of the most potent examples of this class (although not the most ligand
efficient) is the substituted indole 1. Also in this set is a previously reported
chlorobenzthiophene fragment hit.25 In general, halogen substitutions, particularly chlorine
atoms on the heterocyclic core, improve the binding affinity of these molecules. Another
notable group of hits that cause chemical shift perturbations of Ser55 is a large set of related
fragments that contain a 5-phenylfuran-2-carboxylic acid or related 5-phenylthiophene-2-
carboxylic acid motif, as exemplified by 2. Fragments in this series with the best affinities
possess meta-substituted phenyl rings and bind to RPA70N with affinities as low as 710 µM,
as determined by NMR-based titrations. General trends in this class of fragment hits include
higher binding affinities for furan-containing compounds versus thiophene-based
compounds and a requirement for a carboxylic acid for tight binding. While most of the
Site-1 fragment hits possess a carboxylic acid, as might be expected for a binding site
containing many basic residues, acid isosteres are also represented (e.g. phenyl tetrazole 3).
In general, however, the non-carboxylic acid containing compounds bind with weaker
affinity than the acids.

Much less overall diversity was observed among compounds that bind to Site-2. The SAR at
this site is dominated by a chemical motif in which a phenyl ring is bound to a five-
membered heterocycle with an attached carboxylic acid (Figure 2). Indeed, the fragments
with the best affinity and ligand efficiency at Site-2 fit into this chemotype. This motif is
exemplified by pyrazole 5, which binds selectively to Site-2. The phenyl furans, such as 2,
also fit this motif. In general, the binding affinity to Site-2 is improved by meta or para
substitutions on the phenyl ring. In particular, methyl and methoxy substitutions are optimal,
although halogens are tolerated as well. Selected compounds possess alternate ring systems,
such as napthylene and furan rings, in place of the phenyl moiety. Compound 6 represents a
rare example of a Site-2 fragment hit that does not have a carboxylic acid. Although some
series (for example, the phenyl pyrazoles) bind selectively to one site, many of the hits
identified in the screen bind to both sites. In general, these compounds bind to Site-1 more
strongly than Site-2 (e.g. fragment 2).

Using information from our fragment hits as a guide, we engaged in a program of focused
purchasing from commercial vendors. Our goal was to explore and expand on the initial
SAR, combine features from different fragment hits to produce new chemical series, and to
obtain binding affinity improvements. One result of this effort was the creation of a series of
recently described RPA70N inhibitors.25 A second result was the generation of a
diphenylpyrazole series (e.g. 4). Although the design of this series was based on the
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pyrazole-containing compounds that bind selectively to Site-2 (e.g. 5), compound 4 was
found to bind more tightly to Site-1, with a Kd of 580 µM. The molecule also induced
significant shifts of Thr60, but has a relatively weak Kd for this site (Figure 2).

Determination of binding modes from X-ray structures of RPA70N/ ligand complexes

We have already established that high resolution X-ray crystallographic analysis can be used
to determine structures of small molecules with RPA70N, taking advantage of a surface
engineered RPA70N E7R mutant.25,31 In total, co-crystal structures have been obtained for
12 fragment hits. As noted above, many of the fragment hits were determined by NMR to
bind to two sites in the basic cleft (Figure 3A), and X-ray crystallography verified this
finding.

Fragment hit 2 binds to Site-1 with a Kd of 710 µM and to Site-2 with a Kd of 1400 µM. The
crystal structure of the compound in complex with RPA70N revealed binding interactions in
both sites (Figure 3B). The halogen-substituted phenyl ring of 2 occupies a relatively small
Site-1 pocket, which is defined by residues Ile33, Arg31, Arg43, Ser55, Met57, Leu87,
Arg91 and Val93. This pocket is mainly hydrophobic, with positively charged residues
situated near its rim. In addition to hydrophobic packing interactions, the 2-furan carboxylic
acid forms salt bridges and/or hydrogen bonding interactions with Arg31 and Arg43.
Compound 2 also binds to Site-2 and lays flat across a hydrophobic surface of the cleft in a
region that is devoid of significant pockets for fragment insertion. In this binding pose, the
phenyl ring points toward Site-1, while the 2-furan carboxylic acid forms interactions with
the sidechains of Arg41 and Thr60 as well as an extended series of crystallographic water
molecules.

Compound 4 was also observed to bind in both sites (Figure 3C). However, the binding pose
at Site-2 had less well-defined electron density compared to Site-1, possibly reflecting the
weak binding affinity shown for this site in the NMR titrations (>2000 µM). In Site-1, the
pyrazole 1-phenyl ring occupies the hydrophobic pocket, while the pyrazole carboxylic acid
engages in polar contacts with Arg 31 and Arg 43 in a fashion similar to compound 2. The
5-phenyl ring of the molecule extends down the basic cleft, above Met 57, pointed directly
toward Site-2.

To guide a fragment linking strategy, we also obtained a crystal structure of RPA70N in a
ternary complex with compounds 2 and 4 (Figure 3D). As anticipated, compound 4, which
displays better binding affinity to Site-1, occupies this site in a mode similar to its pose
when binding alone. Likewise, fragment 2 was found to bind to Site-2 in a manner identical
to that described above, except for the position of the chlorine atom. In the ternary structure,
a distance of 4.9 Å was observed between the closest heavy atoms in each of the molecules,
suggesting that linking the two compounds should be possible.

Construction, optimization and characterization of linked compounds

Examination of the crystal structure of the ternary complex (Figure 3D) revealed that the
distance between the 4-position of the phenyl ring of fragment 2 and the 4-position of the 5-
pyrazole phenyl ring of compound 4 represents the closest approach of the molecules. Based
on this structural information, we designed a short, flexible, two-atom ether-based linker to
connect the molecules at these positions (Figure 4). Due to chemical tractability
considerations, we chose not to incorporate the chlorine atom of 2 for an initial fragment
linking attempt. Compound 7 was synthesized using the methods shown in Scheme 1. The
methoxy of the known pyrazole 9 was deprotected using BBr3 to give phenol 10. In parallel,
the commercially available 11 was brominated using NBS and subsequently used in a simple
base-mediated alkylation to afford the ether-linked compound.
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The linked compound displays an NMR-derived binding affinity of 26 µM, a dramatic
improvement over the individual fragments. This compound was also assessed in an ATRIP-
based FPA assay.32 A comparable binding affinity of 20 µM was calculated39,40 from IC50s
determined from changes in anisotropy as a result of displacement of a labeled peptide
probe. While the linked compound produced a >20-fold increase in affinity with respect to
the starting fragments, it failed to achieve the potency predicted by the product of the
binding affinities of the two fragments33 (580 µM for 4 × 1870 µM for the des Cl version of
2 = 1.0 µM).

Examination of an X-ray crystal structure of 7 in complex with RPA70N suggested the
possible structural reasons for the suboptimal binding affinity (Figure 5A). While the
molecule maintained many of the interactions between the individual fragment molecules
and the protein, the 5-position phenyl ring of the pyrazole ring was shifted with respect to
the binding position of the original fragment (Figure 5C). To improve the binding
characteristics of the linked molecule, we used a structure-guided optimization approach to
exploit unused space in the basic cleft, particularly in the Site-1 hydrophobic pocket, while
maintaining key electrostatic contacts. We also modified the linker, with the intention of
adding rigidity, optimizing the linking geometry, and introducing additional interactions in
the center of the cleft. These efforts ultimately resulted in lead compound 8 (Figure 4). The
synthesis of this elaborated compound hinges upon an amide coupling using amine 16 and
acid 19. Amine 19 was synthesized in two steps beginning with the condensation of
hydrazine 13 and dioxobutanoate 14. This was followed by a Raney nickel mediated
reduction of the cyano moiety to give 16 as a methyl ester. The acid coupling partner 19 was
formed from the palladium mediated coupling of bromide 17 and furan 18 and then used in
an EDC driven amide bond formation reaction. After saponification of 20, 22 was generated
in 20% yield. Alternately, the crude amide was converted to the corresponding thioamide 21
by the action of Lawesson’s reagent. Saponification of both esters gave the final compound
8.

The optimized molecule 8, which binds to RPA70N with an FPA-derived Kd of 190 nM and
has a ligand efficiency of 0.23, features a longer three atom linker and the incorporation of
the chlorine atom from the original fragment 2. Importantly, the two chlorine atoms added to
the pyrazole N-phenyl ring recapitulate the optimized Site-1 interactions previously reported
for a different series of RPA70N inhibitors25 (Figure 5B). The X-ray crystal structure of 8 in
complex with RPA70N confirms that the chlorine substitutions lead to a more fully occupied
Site-1 (Figure 5B and 5D).i In addition, the phenyl furan chlorine fills in space above
Met57, and the sulfur from the thioamide linker occupies a small lipophilic space under
Leu87. The placement of this sulfur atom was critical, as small variations, including amide
variants and alternate positioning of the thioamide within the linker led to significant
decreases in binding affinity. For example, the corresponding amide 22 displayed a binding
affinity of 2.9 µM and a correspondingly reduced LE of 0.18. These three changes result in
significant additional hydrophobic contacts within the basic cleft of RPA70N, as well as
potentially superior binding geometry, and led to a corresponding improvement in binding
affinity and ligand efficiency for compound 8 relative to compound 7.

The basic cleft of RPA70N is one of four OB-fold domains present in RPA70. The other
three bind to ssDNA, with the A and B domains constituting the primary high affinity
element of the DNA-binding core.1 These domains have the potential to influence binding of
the compounds to the N-terminal domain through competitive binding or allosteric effects.14

To address this, we tested the binding of compound 8 to RPA70NAB, a protein construct
which contains RPA70N and the adjacent tandem ssDNA-binding domains A and B.
Compound 8 binds to RPA70NAB with an FPA-derived Kd of 0.29 µM, similar to its
affinity to RPA70N alone, indicating that the presence of additional A and B domains of
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RPA have a negligible effect on compound binding to the N-terminal domain and they do
not compete significantly with RPA70N for compound 8 (Figure 6).

Our goal is to disrupt the signaling function of RPA70N while leaving the ssDNA-binding
functions of RPA intact. To test the functional selectivity of our compounds, we examined
the ability of compound 8 to displace a labeled ssDNA probe from the high affinity RPA70
A and B domains. RPA70AB and RPA70NAB, which bind ssDNA with a average Kd of 25
and 10 nM, respectively, were used in an FPA-based competition assay similar to that used
above for investigating the displacement of ATRIP from RPA70N (Figure 6). We observed
that compound 8 displaced the ssDNA probe only at concentrations 10- to 20-fold higher
than that required for the displacement of ATRIP from RPA70N. Indeed, the FPA-derived
binding constants from these assays demonstrate that 8 binds more weakly to the ssDNA-
binding OB folds of RPA70AB (average Kd = 5.2 µM) or RPA70NAB (average Kd = 2.3
µM) than it does to the RPA70N domain (average Kd = 0.19 µM). Thus, compound 8
exhibits selectivity for binding to the RPA70N domain compared with the ssDNA-binding
OB-folds of RPA.

CONCLUSIONS

Protein-protein interactions represent a number of potentially important points of
intervention for cancer therapeutics. However, the inhibition of these interactions with small
molecules to create drugs or chemical probes remains a difficult endeavor. Based on its
involvement in the initiation of critical DNA damage response pathways, RPA is one such
target. We have discovered a potent inhibitor of RPA70N-mediated protein-protein
interactions using NMR-based fragment screening and a structure-guided linking strategy.
The best compound binds to RPA70N with submicromolar affinity and displaces a peptide
derived from an endogenous RPA binding partner. In addition, the compound does not
substantially perturb the binding of RPA to ssDNA at concentrations needed for inhibition
of RPA70N protein-protein interactions. Hence, this series of compounds serves as a lead
for generating small molecule probes of selective RPA70N inhibition. The discovery of
small molecule probes inhibiting the protein-protein interactions mediated by RPA70N
would enable experiments to investigate the role of RPA in cancer biology and may provide
a viable foundation for a cancer drug discovery program that targets RPA70N.

EXPERIMENTAL DETAILS

RPA70N Expression and Purification

RPA70N (RPA1–120 and the E7R mutant) were produced as described previously with
minor modifications.31,32 Briefly, protein was expressed in BL21-DE3 cells (New England
Biolabs) and purified using a Ni Sepharose column (GE Healthcare). Following His tag
cleavage and a re-pass over a Ni column to remove the cleaved (His)6 tag, RPA70N was
obtained at greater than 95% purity as judged by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS–PAGE) analysis. 15N-labeled RPA70N for NMR studies was
produced as described, using M9 medium containing 0.5 g of 15NH4Cl/L as the sole
nitrogen source during growth. RPA70AB and RPA70NAB were produced as described
previously.34

Fragment Library

Our fragment library consists of a diverse collection of ~15,000 molecules assembled from
the commercial collections of a number of vendors and further supplemented with novel
compounds synthesized in-house. Compounds were purchased if they passed criteria related
to the commonly used “Rule of 3”.35 Compounds were removed from consideration if they
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possessed a molecular weight greater than 250, a cLogP greater than 3.0, more than three
hydrogen bond donors or acceptors, and less than four rotatable bonds. Some allowance for
exceptions to this rule was made for compounds that represented preferred structures for
protein-protein interaction binders.36 In addition, compounds were required to pass a filter
designed to remove fragments containing reactive intermediates and functional groups that
were either considered unstable, promiscuous, or poorly soluble.37 All fragments were
prepared as 200 mM d6-DMSO stock solutions and plated as 12-compound mixtures (20
mM final concentration per molecule) in Matrix 96-well plates.

NMR Spectroscopy

All NMR studies were performed on Bruker Advance III 500 MHz or 600 MHz NMR
spectrometers equipped with 5 mm single axis z gradient, inverse cryogenic probes and
automatic sample changing systems (Bruker Sample Jet). The fragment library was screened
at a temperature of 298 K by recording band-selective, optimized flip angle short
transient, 1H,15N heteronuclear multiple-quantum coherence (SOFAST-HMQC)38 and one-
dimensional proton-observed spectra. 1D NMR spectra were used to inspect the integrity
and behavior of the fragments. Degraded and insoluble compounds, as well as aggregation-
mediated binders, were removed from consideration as hits. For all 2D experiments, 1024
data points were recorded in the direct proton, 96 points in the indirect nitrogen dimension
and a longitudinal recycle delay of 200 ms was applied. Fully deuterated DMSO was used as
a lock signal. The concentration of uniformly 15N-labeled RPA70N was 40 µM, and the
fragment concentrations were 800 µM. In total, 14,976 fragments were tested for their
binding affinity to RPA70N on the basis of chemical shift perturbations in 2D-HMQC
spectra. Mixture hits were subsequently deconvoluted to identify the individual fragments
with detectable RPA70N affinity. For titration studies, the protein concentration of 40 µM
was kept constant, and the ligand concentration was stepwise increased from 40 µM up to
1200 µM (6-point titrations). 1H and 15N backbone NMR assignments for RPA70N have
been reported elsewhere.10,26 NMR screening and titration data were analyzed with the
programs Topspin 2.1 (Bruker AG, Germany) and an in-house software package that applies
the expressions of Wang39,40 for curve fitting.

X-ray Crystallography

Crystals of the E7R mutant of RPA70N were grown as described previously.31 X-ray
diffraction data were collected at sector 21 (Life Sciences Collaborative Access Team, LS-
CAT) of the Advanced Photon Source (Argonne, Illinois). All data were processed by
HKL-2000.41 E7R crystallized in space group P212121 and contained one molecule in the
asymmetric unit. Initial phases were obtained by molecular replacement with PHASER42

using the structure of the free protein (4IPC) as a search model. Iterative cycles of model
building and refinement were performed using COOT43 and PHENIX.44 The structures of
compounds bound to E7R are deposited in the Protein Data Bank under accession codes
4LWC, 4LUV, 4LWI, 4LUZ, and 4LUO. The programs Pymol (Schrödinger, USA) and
MOE (Chemical Computing Group Inc., Canada) were used to visualize and analyze the
structures.

Organic Synthesis

All NMR spectra for compound characterization were recorded on a Varian Inova 400 (400
MHz NMR spectrometer) located in the small molecule NMR facility at Vanderbilt
University. 1H chemical shifts (δ) are reported in ppm values downfield from TMS as the
internal standard. Data are reported as follows: chemical shift, multiplicity, coupling
constants (Hz), and integration. Apparent splitting patterns are designated as s (singlet), d
(doublet), t (triplet), q (quartet), m (multiplet), and br (broad). 13C chemical shifts are
reported in δ values in ppm. Low-resolution mass spectra were obtained on an Agilent 1200
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LCMS with electrospray ionization. High-resolution mass spectra were recorded on a
Waters Qtof API-US plus Acquity system. Analytical thin layer chromatography was
performed on 250 mM silica gel 60 F254 plates. Analytical HPLC was performed on an
Agilent 1200 analytical LCMS with UV detection at 214 nm and 254 nm along with ELSD
detection. Flash column chromatography was performed on silica gel (230–400 mesh,
Merck) or using automated silica gel chromatography (Isco, Inc. 100sg Combiflash).

5-(4-Hydroxyphenyl)-1-(m-tolyl)-1H-pyrazole-3-carboxylic acid (10)

To a flask containing pyrazole 9 (1.0 g, 2.97 mmol, 1 equivalent) under an argon atmosphere
was added anhydrous DCM (50 mL) and the mixture was cooled to 0°C. To this was added
BBr3 (14.9 mL, 1.0M in DCM, 5 equivalent.) and the reaction was stirred for 2 hours. Once
determined complete by LCMS, the reaction was quenched with 100 mL of H2O,
concentrated, and washed 2× with 200 mL Et2O to give 0.54 g (62%) of 10, >98% pure by
LC analysis at 214 nm. 1H-NMR (400 MHz, d6-DMSO): δ 7.28 (m, 3H), 7.06 (d, J = 8.0
Hz, 2H), 7.01 (d, J = 8.0 Hz, 1H), 6.92 (s, 1H), 6.72 (d, J = 8.0 Hz, 2H), 2.32 (s, 3H); 13C
NMR (100 MHz, d6-DMSO): δ 163.5, 158.2, 144.8, 144.5, 139.8, 139.2, 130.3, 129.4,
129.2, 126.3, 123.0, 120.1, 115.8, 109.1, 21.2; HRMS [M + H+] calcd for C17H15N2O3
295.1083; found: 295.1082.

5-(4-(Bromomethyl)phenyl)furan-2-carboxylic acid (12)

To a flask containing furan 11 (1.0 g, 4.9 mmol, 1 equivalent) was added CCl4 (100 mL),
AIBN (80 mg, 4.9 mmol, 0.1 equivalent), NBS (0.92 g, 5.4 mmol, 1.1 equivalent.) and the
reaction mixture was heated to reflux for 48h. Once reaction determined to be complete by
LCMS, reaction was concentrated to half volume and solid product was collected by
filtration to afford 1.2 g (87%) of 12, >98% pure by LC analysis at 214 nm. 1H-NMR (400
MHz, d6-DMSO): δ 7.81 (d, J = 8.0 Hz, 2H), 7.56 (d, J = 8.0 Hz, 2H), 7.33 (d, J = 4.0 Hz,
1H), 7.18 (d, J = 4.0 Hz, 1H), 4.76 (s, 2H). 13C NMR (100 MHz, d6-DMSO): δ 178.7,
143.2, 138.9, 130.5, 129.2, 125.0, 120.3, 108.7, 34.4. MS (ESI) m/z = 280.1 [M + H+].

5-(4-((4-(5-Carboxyfuran-2-yl)benzyl)oxy)phenyl)-1-(m-tolyl)-1H-pyrazole-3-carboxylic acid
(7)

To a flask containing pyrazole 10 (100 mg, 0.34 mmol, 1 equivalent.) was added DMF (2
mL), and K2CO3 (93 mg, 0.6 8mmol, 2 equivalent). To this was added furan 12 (105 mg,
0.34 mmol, 1 equivalent) and the reaction was allowed to stir overnight. Once determined
complete by LCMS, the reaction was quenched with 50 mL of 1N HCl and extracted 3×
with 50 mL of DCM. The organic layer was dried with MgSO4, filtered, concentrated and
purified via HPLC to give 42 mg (25%) of 7, >98% pure by LC analysis at 214 nm. 1H-
NMR (400 MHz, d6-DMSO): δ 9.78 (br s, 1H), 7.85 (d, J = 8.0 Hz, 2H), 7.58 (d, J = 8.0 Hz,
2H), 7.33 (d, J = 2.0 Hz, 1H), 7.26 (m, 3H), 7.16 (d, J = 2.0 Hz, 1H), 7.05 (m, 4H), 6.72 (d,
J = 8.0 Hz, 2H), 5.40 (s, 2H), 2.31 (s, 3H); 13C NMR (100 MHz, d6-DMSO): d 161.9, 159.6,
158.3, 156.3, 145.1, 144.6, 143.2, 139.7, 139.3, 137.2, 130.4, 129.4, 129.3, 129.2, 126.4,
124.9, 123.1, 120.3, 119.9, 115.8, 109.2, 108.6, 65.8, 49.0, 21.1; HRMS [M + H+] calcd for
C29H23N2O6 495.1556; found: 495.1562.

Ethyl 5-(4-cyanophenyl)-1-(3,4-dichlorophenyl)-1H-pyrazole-3-carboxylate (15)

To a microwave vial containing ketone 14 (1.0 g, 0.0041 mol, 1 equivalent) and hydrazine
13 (0.96 g, 0.0045 mol, 1.1 equivalent) was added ethanol (10 mL), and the reaction was
heated to 120°C for 30 min. The reaction mixture was concentrated and then purified by
flash chromatography to give 1.2 g (76%) of 15, >98% pure by LC analysis at 214 nm. 1H-
NMR (400 MHz, d6-DMSO): δ 7.89 (d, J = 8.4 Hz, 2H), 7.79 (d, J = 2.4 Hz, 1H), 7.72 (d, J
= 8.8 Hz, 1H), 7.52 (d, J = 8.4 Hz, 2H), 7.30 (m, 2H), 4.35 (q, J = 7.2, 16.0 Hz, 2H), 1.32 (t,
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J = 7.2 Hz, 3H); 13C NMR (100 MHz, d6-DMSO): δ 161.6, 151.2, 144.6, 143.4, 138.8,
133.3, 133.0, 132.2, 131.6, 130.0, 128.1, 126.3, 113.3, 112.9, 111.4, 61.2, 14.6; MS (ESI) m/
z = 386.0 [M + H+].

Methyl 5-(4-(aminomethyl)phenyl)-1-(3,4-dichlorophenyl)-1H-pyrazole-3-carboxylate (16)

To a flask containing nitrile 15 (1.6 g, 0.0041 mol, 1 equivalent), purged 3 times with argon,
was added 50 mL of 2M NH3 in MeOH. To this was added a catalytic amount of Raney
Nickel and then the reaction was put under an atmosphere of hydrogen and stirred for 2
hours. Once determined complete by LCMS the reaction was filtered through a pad of celite,
washed 3 times with 100 mL MeOH and concentrated to give 1.1 g (71%) of 16, >98% pure
by LC analysis at 214 nm. 1H-NMR (400 MHz, d6-DMSO): δ 7.75 (d, J = 4.0 Hz, 1H), 7.72
(d, J = 8.8 Hz, 1H), 7.36 (d J = 8.0 Hz, 2H), 7.26 (m, 3H), 7.13 (s, 1H), 3.87 (s, 3H), 3.74 (s,
2H), 3.05 (br s, 2H); 13C NMR (100 MHz, d6-DMSO): δ 162.2, 145.5, 145.2, 144.1, 139.2,
132.0, 131.7, 131.4, 128.9, 127.9, 127.8, 126.7, 126.1, 110.2, 52.3, 45.4; MS (ESI) m/z =
390.1 [M + H+].

2-Chloro-4-(5-(methoxycarbonyl)furan-2-yl)benzoic acid (19)

According to the method of Fu and Doucet,45 to a microwave vial containing bromide 17
(0.5 g, 0.0021 mol, 1 equivalent), furan 18 (1.07 g, 0.0085 mol, 4 equivalent), potassium
acetate (0.834 g, 0.0085 mol, 4 equivalent), and palladium acetate (50 mg, cat.) was added
DMA (5 mL), and the reaction flask was heated to 100°C for 30 min in a microwave reactor.
Once determined complete by LCMS the reaction mixture was quenched with 100 mL of
1M aqueous HCl, diluted with 200 mL DCM and extracted 2× with 200 mL DCM, dried
with MgSO4, filtered and concentrated. The crude reaction mixture was purified by flash
chromatography to give 0.24 g (41%) of 19, >98% pure by LC analysis at 214 nm. 1H-NMR
(400 MHz, d6-DMSO): δ 7.97 (d, J = 1.6 Hz, 1H), 7.92 (d, J = 8.4 Hz, 1H), 7.84 (dd, J =
1.6, 8.4 Hz, 1H), 7.46 (d, J = 3.6 Hz, 1H), 7.43 (d, J = 3.6 Hz, 1H) 3.86 (s, 3H); 13C NMR
(100 MHz, d6-DMSO): δ 166.5, 158.5, 154.4, 144.4, 133.2, 133.0, 132.4, 131.2, 126.5,
123.2, 120.8, 111.2, 52.4; MS (ESI) m/z = 281.0 [M + H+].

5-(4-((4-(5-Carboxyfuran-2-yl)-2-chlorophenylthioamido)methyl)phenyl)-1-(3,4-
dichlorophenyl)-1H-pyrazole-3-carboxylic acid (8)

To a flask containing amine 16 (47 mg, 0.125 mmol, 1 equivalent.), acid 19 (35 mg, 0.125
mmol, 1 equivalent), HOBt (17 mg, 0.125 mmol, 1 equivalent) and EDC (36 mg, 0.186
mmol, 1.5 equivalent.) was added DMF (1.8 mL) and DIEA (0.2 mL) and the mixture was
allowed to stir overnight. Once determined complete by LCMS, the reaction was quenched
with 20 mL H2O, extracted with 20 mL DCM, washed 2× with 20 mL DCM, dried with
MgSO4, filtered and concentrated. The crude reaction mixture containing amide 20 was used
without further purification.

To a microwave vial containing crude amide 20 (40 mg, 0.0625 mmol, 1 equivalent) was
added Lawesson’s Reagent (51 mg, 0.125 mmol, 2 equivalent.) and anhydrous THF (1.0
mL). The reaction was heated in a microwave reactor at 140 °C for 30 min. until the reaction
was determined complete by LCMS. The reaction was quenched with 20 mL H2O, extracted
with 20 mL DCM, washed 2× with 20 mL DCM, dried with MgSO4, filtered, and
concentrated. The crude reaction mixture containing thioamide 21 was used without further
purification.

To a microwave vial containing crude thioamide 21 (45 mg, 0.069 mmol, 1 equivalent) was
added 2M LiOH (0.2 mL) and THF (0.8 mL) and the reaction was heated at 120 °C for 10
min. Once determined complete by LCMS, the reaction was quenched with 20 mL H2O,
extracted with 20 mL DCM, washed 2× with 20 mL DCM, dried with MgSO4, filtered, and
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concentrated. The crude reaction mixture was purified via HPLC to give 12 mg (28%) of 8,
>98% pure by LC analysis at 214 nm. 1H-NMR (400 MHz, d6-DMSO): δ 11.08 (br s, 1H),
7.90 (d, J = 1.6 Hz, 1H), 7.87 (d, J = 6.8 Hz, 1H), 7.78 (d, J = 6.8 Hz, 1H), 7.78 (d, J = 2.4
Hz, 1H), 7.70 (d, J = 8.8 Hz, 2H), 7.50 (d, J = 8.8 Hz, 2H), 7.32 (m, 3H), 7.26 (dd, J = 8.4,
2.2 Hz, 2H), 4.97 (d, J = 5.6 Hz, 2H); 13C NMR (100 MHz, d6-DMSO): δ 195.9, 163.2,
159.5, 154.4, 145.4, 145.2, 144.7, 142.4, 139.3, 138.1, 133.4, 132.7, 132.5, 132.0, 131.6,
131.4, 130.9, 130.0, 129.2, 128.5, 128.0, 127.9, 125.2, 123.1, 115.6, 114.6, 110.1, 55.9; MS
(ESI) m/z = 626.0 [M + H+]. HRMS [M + Na+] calcd for C29H18N3O5SNa 647.9930; found:
647.9933.

5-(4-((4-(5-Carboxyfuran-2-yl)-2-chlorobenzamido)methyl)phenyl)-1-(3,4-
dichlorophenyl)-1H-pyrazole-3-carboxylic acid (22)

Crude 20 (100 mg, 0.160 mmol, 1 equivalent), prepared in the same manner as above, was
dissolved in 3 mL of THF and 2M LiOH (1 mL) and stirred 2 hours at rt. Once complete, the
reaction was partitioned between 10 mL of H2O and 10 mL of DCM. The mixture was
acidified with 1M HCl until pH = 3, the layers were separated, and the water layer was
washed 2× with 10 mL of DCM. The organic layer was dried with MgSO4, filtered, and
concentrated. The crude material was purified on reverse phase HPLC to give 20 mg (20%)
of 22, >98% pure by LC analysis at 214nm. 1H-NMR (400 MHz, d6-DMSO): δ 9.09 (t, J =
6.0 Hz, 1H), 7.94 (d, J = 1.4 Hz, 1H), 7.81 (dd, J = 1.4 Hz, 8.0 hz, 1H), 7.75 (d, J = 2.4 Hz,
1H), 7.71 (d, J = 8.6 Hz, 1H), 7.59 (d, J = 8.6 Hz, 1H), 7.32 (m, 7H), 7.08 (s, 1H), 4.48 (d, J
= 5.8 Hz, 2H), 3.75 (br s, 2H); 13C NMR (100 MHz, d6-DMSO): δ 166.0, 162.8, 159.1,
153.9, 145.0, 144.9, 144.4, 140.1, 138.9, 136.4, 131.6, 131.3, 131.2, 131.0, 130.9, 128.8,
127.5, 127.4, 127.1, 125.7, 125.0, 122.7, 119.8, 110.0, 42.1; MS (ESI) m/z = 610.0 [M +
H+].

Fluorescence Polarization Anisotropy (FPA) Assays

FPA competition assays were conducted as previously described with minor
modifications.25,32 Briefly, the Kd of the labeled probe for each protein construct was
determined; all assays were conducted using a protein concentration equal to this measured
Kd. Therefore, competition for binding to RPA70N was measured using either the FITC-
ATRIP peptide (50 nM FITC-Ahx-DFTADDLEELDTLAS-NH2 with 6 µM RPA70N) or
the FITC-ATRIP2 peptide (25 nM FITC-Ahx-DFTADDLEEWFAL-NH2 with 350 nM
RPA70N). Binding to RPA70NAB was measured using 200 nM RPA70NAB and 25 nM
FITC-ATRIP2. Competition experiments using ssDNA were conducted as previously
described46 using 10 nM FITC-ssDNA with either 25 nM RPA70AB or 10 nM RPA70NAB.
Compounds were diluted in a 10-point, 3-fold serial dilution scheme in DMSO for a final
concentration range of 500 – 0.025 µM. Compounds were added to assay buffer (50 mM
HEPES, 75 mM NaCl, 5 mM DTT, pH 7.5) containing FITC-labeled probe and appropriate
RPA70 protein in a final reaction volume of 50 µL containing 5% DMSO. Anisotropy was
measured and plotted against compound concentration using a 4-parameter logistic fit to
generate an IC50; this value was converted to Kd, as described.32, 39,40
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Overlay of RPA70N 1H,15N correlation spectra in the absence (black) and presence (red) of
fragment hits. A. Perturbation of Ser55 (S55) reflects binding of a ligand to Site-1 of
RPA70N. B. Perturbation of Thr60 (T60) is observed when a fragment binds to Site-2.
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Figure 2.
Selected hits and analogs identified by NMR-based screening. Kds are listed and ligand
efficiencies are in parentheses. Compounds that bind selectively to Site-1 or Site-2 are
shown as well as compounds that bind to both sites.
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Figure 3.
X-ray crystal structures of RPA70N in complex with small molecule hits. Key water
molecules are represented by red spheres. Hydrogen bonds are represented by black dashed
lines. Amino acids used as reports in the NMR-based screen for binding to Site-1 (S55) and
Site-2 (T60) are colored in magenta. Residues within 3Å of the binding sites are colored in
blue. (A) Surface depiction of the basic cleft with Site-1 (S55) and Site-2 (S60) labeled.
Fragment 2 (B) and compound 4 (C) bind to both sites. (D) Both compounds can
simultaneously occupy the basic cleft as illustrated in the ternary crystallography complex.
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Figure 4.
Overview of the linking strategy and subsequent optimization to design high affinity
RPA70N inhibitors. NMR titrations were used to measure weakly bound fragments, while
an FPA assay was employed to measure the affinity of the linked compounds. LEs are in
parentheses.
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Figure 5.
X-ray co-crystal structures of linked molecules in complex with RPA70N. Key water
molecules are represented by red spheres. Hydrogen bonds are represented by black dashed
lines. Amino acids used as reports in the NMR-based screen for binding to Site-1 (S55) and
Site-2 (T60) are colored in magenta. Residues within 3Å of the binding sites are colored in
blue. (A) Compound 7 and (B) compound 8 when bound to RPA70N. (C) Compound 7 and
(D) compound 8 overlain with fragment 2 and compound 4.
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Figure 6.
Compound 8 binds to RPA70N with 10- to 20-fold selectivity over other OB-fold domains.
Compound was tested for the ability to displace FITC-ATRIP2 from RPA70N (light red) or
RPA70NAB (red). Similarly, compound was examined for displacement of FITC-ssDNA
from RPA70AB (light blue) or RPA70NAB (blue). Anisotropy values were normalized to %
of control for each set of assay conditions to allow for visualization on the same graph. FPA-
derived IC50 and Kd values for the displacement of the indicated probe by 8 are indicated.
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Scheme 1.
Synthesis of linked compound 7.a
aReagents and Conditions: a) BBr3, DCM, 0 °C, 62%; b) NBS, AIBN, CCl4, reflux, 87%; c)
K2CO3, DMF, 25%.
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Scheme 2.
Synthesis of linked compounds 8a and 22.a
aReagents and Conditions: a) EtOH, 120 °C, 30 min, µwave, 76%; b) 2 M NH3 in MeOH,
cat. Raney nickel, 71 %; c) Pd(OAc)2, KOAc, DMA 100 °C, 30 min, µwave, 41%, d) EDC,
HOBt, DIPEA, DMF, rt, 12h; e) Lawesson's reagent, THF, 140 °C, 30 min, µwave; f) 2M
LiOH, THF, 120 °C, 10 min, µwave, 20% (two steps) for 22, 28 % (three steps) for 8.
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Table 1

Summary of the NMR-based fragment screen against RPA70N.

Total number of screened fragments 14,976

Number of confirmed hits 149

Hit rate 1%

Fragments that bind to both sites 81

Fragments that bind exclusively to Site-1 52

Kd range for Site-1a 630–5000 µM

Best ligand efficiency (LE) at Site-1b 0.35

Fragments that bind exclusively to Site-2 16

Kd range for Site-2a 490–5000 µM

Best ligand efficiency (LE) at Site-2b 0.28

a
Site-1 and Site-2 binding was determined based on the observed chemical shift changes of Ser55 and Thr60 signals, respectively, as observed in

heteronuclear correlation NMR spectra.

b
Ligand efficiencies (LE) were calculated according to the equation LE = (1.4 × pKd / N) where N is the number of non-hydrogen atoms.30
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