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Recent advancements in the discovery of protein-
protein interaction inhibitors of replication protein At

James D. Patrone,? Alex G. Waterson® and Stephen W. Fesik*?<d

Due to the relatively high rate of DNA damage that can occur during cell cycle progression, the DNA dam-
age response (DDR) pathway is critical for the survival of eukaryotic cells. Replication protein A (RPA) is an
essential cell cycle checkpoint protein that mediates the initiation of the DDR by binding to single-stranded
DNA (ssDNA) and recruiting response partners via protein-protein interactions (PPIs). This important role of
RPA in initiating the DDR and cell survival has led to interest within the scientific community to investigate
RPA as a potential cancer drug discovery target. To this end, RPA inhibitors have been explored via a variety
of methods. This review summarizes the structure and function of RPA and highlights recent efforts to dis-
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Introduction

Since its initial purification and characterization in 1988 by
Wold and Kelly, replication protein A (RPA) has been exten-
sively studied to elucidate both its structure and function.
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cover inhibitors of RPA-protein interactions.

From these studies, the critical role of RPA as both an initia-
tor and regulator of the DNA damage response (DDR) has be-
come increasingly clear. RPA has also been shown to play a
role in other crucial processes, including DNA replication,
telomere maintenance, and checkpoint activation. The piv-
otal role of RPA in the response to genomic stress and DNA
damage has led many researchers to investigate the role of
RPA in cancer. In the past several years, research on RPA has
involved the investigation of the role of the protein as a cell
checkpoint regulator and initiator of the DDR response as
well as the influence of RPA and its effector proteins on cell
survival. Specifically, inhibiting RPA from initiating the DDR
is an intriguing possible target for drug discovery and a
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possible new approach for cancer therapy. One strategy for
inhibiting RPA-mediated activation of the DDR is to interfere
with its ability to interact with other proteins. The discovery
and optimization of protein-protein interaction (PPI) inhibi-
tors mediated by RPA has become a rich and interesting
field, utilizing in silico methods, high throughput screening
(HTS) campaigns, fragment-based drug discovery (FBDD),
and structure-based methods.

RPA structure and function

RPA is a heterotrimeric ssDNA-binding protein composed of
70, 32, and 14 kDa subunits, and is essential for eukaryotic
DNA replication, damage response and repair (Fig. 1)."* The
RPA70 subunit is comprised of four domains (A, B, C, and
N). Each of these domains contains an oligonucleotide/
oligosaccharide binding (OB) fold. The OB fold is formed
from a series of beta strands that, in turn, form beta-barrels.
RPA70A (amino acids 181-290) and RPA70B (amino acids
301-422) are high affinity DNA binding domains and are re-
sponsible for anchoring the binding of RPA to ssDNA.>”
RPA70C (amino acids 436-616) also contains an OB fold that
binds to ssDNA, but with much lower affinity.*”” RPA70N is
the N-terminal domain of the RPA70 subunit (amino acids 1-
110)® and is attached to RPA70A by a flexible 70 amino acid
residue linker. This domain also contains an OB fold, but
does not bind ssDNA with high affinity. The RPA32 subunit
consists of an OB fold (D domain), which helps RPA bind
ssDNA, several phosphorylation sites that help regulate DNA
metabolism, and a domain that interacts with proteins.**°>°
The RPA14 subunit also contains an OB fold. It does not bind
ssDNA, but is instead important to the stability of the
heterotrimer.”*

Through the interactions of the A, B, C, and D domains of
RPA with DNA, RPA serves a protective function, preventing
formation of aberrant DNA structures at replication
foci.”'>?>72* RPA also interacts with a wide range of DNA pro-
cessing  proteins  through its 70N and  32C
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Fig. 1 Multi-domain structure of RPA. RPA70 (gold) is comprised of
OB-fold-containing high affinity ssDNA binding domains and the
RPA70N domain that mediates several PPls. RPA32 (maroon) and
RPA14 (orange) also contain OB-folds.

domains.>*">?>?%25727 RPA70N utilizes a shallow basic cleft
that binds the acidic helices of various protein binding part-
ners, such as p53, Rad9, ATRIP, and Mre11.”® Thus, RPA
functions as a scaffold upon which DNA processing proteins
assemble and initiate the DDR pathway in both the G1/S and
G2/M cell cycle checkpoints (Fig. 1).%%23242930

Disruption of the protein-protein interactions of RPA70N
by mutation of either RPA or its binding partners leads to de-
creased signalling through ATR and increased sensitivity to
DNA damage and replication stress.***' Removal of the en-
tire RPA protein through the use of siRNA, however, is cyto-
toxic to cells, as would be expected given the essential role of
this protein in DNA metabolism.** Blocking the function of
RPA might be accomplished by either disrupting the ssDNA
interactions of RPA70A-D or by blocking the ability of the
70N subunit to recruit DNA processing proteins. Affecting the
ability of RPA to bind ssDNA may be expected to present a cy-
totoxic phenotype similar to the results of siRNA knockouts
and may not allow a suitable therapeutic window. Despite
this possible liability, Turchi and colleagues have identified
several interesting inhibitors of RPA-ssDNA binding thus
far.32734

Alternatively, one can envision an inhibitor that would
bind only the RPA70N protein-binding domain and block its
interaction with DNA processing proteins. Such an inhibitor
would allow RPA to bind ssDNA while selectively and simulta-
neously inhibiting several critical DNA damage response
pathways, such as those involving ATR, p53, and Rad9. This
should present a different phenotype from the full protein
knockout, since, ideally, the protective ssDNA binding and
other functions of RPA would not be affected. Indeed, it has
become well-known that RNA-mediated silencing of a protein
and genetic loss-of-function experiments can exhibit different
effects than pharmacologically inhibiting the function of a
protein with a small molecule.?® In this scenario, one may be
able to achieve a therapeutic window, as initiation of the
DDR in cancer cells would be inhibited. As cancer cells are
undergoing higher replication stress than normal cells, this
inhibition would thus be cytotoxic.

A molecule that binds to the basic cleft of RPA70N should
interrupt pathways mediated by the interaction of this do-
main, but not affect those mediated by RPA32C.** An

This journal is © The Royal Society of Chemistry 2017
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important point to also consider is that a putative RPA inhib-
itor might exert differential effects on the different pathways
downstream of RPA70N, due to the possibility for different
potencies or kinetics of interrupting the interaction of RPA
and its various effectors. Thus, a selective RPA PPI inhibitor
may be useful for dissecting the specific contributions of in-
dividual RPA binding proteins to the biological function of
the protein, or an analysis of specific toxicities that may be
associated with the various downstream pathways.

One also has to consider the fact that a small molecule
that blocks the interaction of RPA70N with all of its effector
molecules may display a significant effect on several diverse
biological processes. This may lead to expansion of the possi-
ble therapeutic utility of an RPA70N binder, or may lead to
unacceptable toxicities. Ultimately, then, the discovery of
RPA70N inhibitors would enable significant advancements in
the field, while also presenting a possible therapeutic oppor-
tunity. The hypothesis of selective RPA-mediated PPI inhibi-
tion as a means to a therapeutic window has driven recent re-
search on RPA inhibitors.

It should be noted that, while the discovery of PPI inhibi-
tors of RPA70N might be a very attractive approach for poten-
tial therapeutic agents, it is potentially a difficult endeavour,
since the basic cleft of RPA70N is rather shallow and exhibits
significant flexibility.>* Further, the binding cleft of RPA con-
tains three arginine residues (R31, R41, and R43) that all play
a role in binding to the relatively conserved acidic helices
present in all of RPA70N's binding partners. Thus, the identi-
fication of a small molecule that is capable of binding in a
potent and selective manner to the fluid basic binding cleft
of RPA may not be a trivial task.

High throughput screening
Fumaroprimaric acid

In 2011, Oakley and colleagues described the first inhibitor
of the PPI between RPA70N and RAD9.*! In the study, a
plate-based ELISA-like HTS assay was developed to assess the
disruption of the interaction between a RPA70/ssDNA-biotin
complex and GST-Rad9. This optimized assay was used to
screen the 1500 compound NCI Diversity Set II at a single
concentration. 44 molecules were identified that inhibited at
least 50% of the RPA/Rad9 interaction at 200 pM. These mol-
ecules were then screened in an electrophoretic mobility shift
assay (EMSA) for the unwanted ability to disrupt RPA binding
to ssDNA. In the EMSA, 14 compounds were triaged due to
their ability to displace >20% of RPA from labeled ssDNA at
200 uM. The 30 selective inhibitors were retested in two sepa-
rate assays to reconfirm their activity. Four compounds, in-
cluding NSC15520, fumaropimaric acid (1, Fig. 2), were con-
firmed as strong inhibitors of the RPA-Rad9 PPI.

To further characterize fumaropimaric acid, the GST-Rad9
used in the HTS assay was replaced with a GST-fused p53
18mer (GST-p53). Compound 1 was shown to also inhibit the
RPA-p53 PPI with an ICs, of 10 uM. It was also shown that 1
inhibits the ability of RPA to bind to double stranded DNA

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Structure of fumaropimaric acid and its predicted binding
mode to RPA70N.

(dsDNA) at concentrations below 100 uM. Since the RPA70N
domain is essential for RPA binding to dsDNA, this finding
further supports tri-acid 1 as a selective inhibitor of
RPA70N.>***7 In silico docking was used to gain structural in-
sight into the binding mode of fumaropimaric acid. Using
the Autodock Vina software suite, compound 1 and a virtually
constructed Rad9 peptide, containing its acidic helix, were
docked into a large section of RPA70N containing the basic
cleft.*® From this model, it was evident that inhibitor 1 binds
to the basic cleft and interacts with R41 in a similar fashion
as the Rad9 peptide, which is to be expected, based upon the
essential role of R41 in Rad9 binding to RPA70N (Fig. 2).>*

In later studies, it was shown that tri-acid 1 inhibits the
binding of GST-p53 to RPA70N with an affinity of 9.0 uM.*
Seven structurally related analogs were also tested; only two
analogs showed any ability to inhibit GST-p53 binding to
RPA70N. The analogs were not selective for inhibiting the
PPIs of RPA versus its ability to bind ssDNA and thus were
not studied further. By measuring the tryptophan quenching
of RPA residues, based upon the conformational changes in-
duced upon compound 1 binding to RPA, the affinity of in-
hibitor 1 was determined to be 29 uM using full-length
heterotrimeric RPA. RPA70N mutational studies revealed that
an R41E, R43E double mutant impaired the ability of the
compound to cause a conformational change, and thus
quench tryptophan fluorescence, by approximately 10-fold
(Kq = 230 uM), further supporting the importance of these
two basic residues in the binding of molecules to RPA70N.

The identification of fumaropimaric acid was significant,
as it was the first PPI inhibitor of the RPA70N-Rad9 interac-
tion, demonstrating that, despite the challenging nature of
this protein, the discovery of small molecule inhibitors of the
RPA PPIs was indeed possible.

HAMNO

Similarly, using the previously described HTS assay, the Oak-
ley laboratory identified HAMNO (Fig. 3) as a RPA PPI inhibi-
tor."® HAMNO is unique in that it is neutral at pH 7, unlike
compound 1, which has three carboxylic acids and is there-
fore trianionic at physiological pH. After the initial discovery,
HAMNO was investigated using in silico methods to predict
its binding mode (Fig. 3).*® From this study, the site of
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Fig. 3 Structure of HAMNO and its predicted binding mode to
RPA70N.

highest predicted affinity was at the end of the basic cleft,
interacting with R43, a residue previously shown to be impor-
tant in the PPIs of RPA.** HAMNO was shown to disrupt the
binding of RPA to dsDNA at 100 puM, but not to interfere with
RPA-ssDNA binding at 200 uM. These data show HAMNO is
selective for RPA70N over RPA domains A-D at the micromo-
lar levels and is thus most likely a selective PPI inhibitor.

A molecule that inhibits the PPIs of RPA with ATRIP and
Rad9 should inhibit the recruitment of the proteins ulti-
mately responsible for ATR activation, leading to impaired
ATR signalling and increased replication stress.*’™** To assess
whether HAMNO was inducing replication stress by
inhibiting the RPA PPIs, UMSCC38 cells were exposed to
HAMNO. A dose dependent increase in pan-nuclear y-H2AX
staining was observed, and it was further shown that 20 uM
HAMNO caused an increase in H2AX phosphorylation in both
UMSCC38 and UMSCC11B cancer cell lines, but not in non-
cancerous OK4 cells. A comparison of the pan-nuclear
y-H2AX staining between the effects of 20 uM and 50 pM
HAMNO showed the ratio of pan-nuclear y-H2AX positive
cells to negative cells was 6-8 fold larger in UMSCC38 cells
versus OK4 cells. Taken together, these experiments show
HAMNO causes increased replication stress that leads to ab-
errant signalling in the ATR pathway.

Exposure to HAMNO alone at low micromolar concentra-
tions inhibited both UMSCC38 and UMSCC11B cells from
forming colonies. UMSCC38 cells were also exposed to 20 pM
etoposide, a topoisomerase 2 inhibitor, and HAMNO in com-
bination, resulting in greater inhibition of colony formation
versus treatment with HAMNO alone. The molecule was fur-
ther evaluated in a xenograft study, which showed that treat-
ment of tumor-bearing mice with 1 mg kg™ of HAMNO
slowed UMSCC11B tumor progression. Treatment of either
UMSCC38 or UMSCC11B tumors in mice with a combination
of etoposide (10 mg kg™) and HAMNO (2 mg kg™) also
showed a slowing of tumor progression.

HAMNO represents the first PPI inhibitor of RPA70N that
has shown an effect both in cells and an in vivo tumor model,
as a single agent and in a synergistic combination with
etoposide. Based upon these results, and the fact HAMNO is
well tolerated in mice at concentrations that affect tumor
progression, Oakley and colleagues are currently researching
various derivatives of HAMNO to identify a more potent
RPA70N inhibitor.
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Anthranilic acid based inhibitors

Fesik and colleagues also conducted a HTS screen to identify
compounds that bound to RPA, using 90000 compounds
from the Vanderbilt HTS collection and a competition-based
fluorescence polarization anisotropy (FPA) assay.**** The ini-
tial screen was conducted at a single concentration of 30 uM.
From this screen, 674 compounds were shown to displace
>10% of the fluorescently labelled, peptide-based probe.
These initial hit molecules were filtered for fluorescence
interference, chemical reactivity, and drug-likeness.*” Of the
remaining 90 compounds, 52 compounds were determined
to possess a Ky value <100 uM. Based on its combination of
modular synthesis, ligand efficiency, and potency, anthranilic
acid 3 was chosen for further optimization (Fig. 4).

In an effort to optimize inhibitor 3, a multipronged SAR
campaign was undertaken using the crystal structure of 3 in
complex with RPA70N for guidance (Fig. 5). Initially, the R,
substituents on the right phenyl ring were varied and replace-
ment of the phenyl with other aromatic and nonaromatic
ring systems was explored. It was determined the best sub-
stituents were 4-Br, 3-Cl, and 3,4-diCl. Holding the R; substit-
uent as a 3,4-diCl, the R, and R; substituents were varied in-
dependently. The culmination of this work was compound 4
(Kq = 0.81 uM) containing a 3,4-diCl substitution for Ry, a
4-Br substitution for R,, and a 3-methyl substitution on Rj
(Fig. 4).

Compound 4 was progressed further to assess its selectiv-
ity and potential for cellular studies. A fluorescence-based
DNA binding assay showed that the ability of neither
RPA70AB nor RPA70NAB to bind to ssDNA was affected by
the presence of 4. To determine if inhibitor 4 was appropriate
to take further into cellular studies both its protein binding
and cellular permeability were determined. While the protein
binding of 4 was high at 99.8% bound, the compound was

Ky: 0.81 uM
LE:0.27

Fig. 4 Identification and optimization of anthranilic acid inhibitors.
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Fig. 5 Co-crystal structures of fragment-based inhibitors and HTS in-
hibitors in complex with RPA70N. A: Compound 4 in complex with
RPA70N (5E7N). B: An analog of compound 9 in complex with RPA70N
(413H). C: Compound 14 in complex with RPA70N (400A). D: Overlay
of co-crystal structures of compound 4, an analog of compound 9,
and compound 14 in complex with RPA70N.

cell penetrant, with a Py, of 29.2 x 10 ems ' (Caco-2). Due
to its potency and permeability, compound 4 is currently be-
ing evaluated in cellular studies.

Fragment-based screening
Chlorobenzothiophene inhibitors

The Fesik laboratory also identified compounds that bind to
RPA70N by screening a 14976 membered fragment library
against N labeled RPA70N using HSQC NMR.***” 149 con-
firmed fragment hits (1% hit rate) were identified from the
screen by monitoring compound-induced shifts in serine 55
(S55) and threonine 60 (T60), two amino acids on either end
of the binding cleft. These 149 hits were subdivided into two
categories, based upon the HSQC shifts of either S55 or T60,
and the presumption that independent shifts in these resi-
dues were indicative of two distinct binding sites, site-1 and
site-2, respectively. The fragment hits displayed affinities
ranging from 600 uM to 2 mM, based on titration of the
NMR shifts, and corresponding ligand efficiencies ranging
from 0.15 to 0.26.

Without available guidance from a co-crystal structure, an
initial merging strategy led to the identification of two lead
molecules 7 and 8 (Fig. 6) with improved affinities of 130
and 135 uM, respectively, but with reduced ligand efficien-
cies. An SAR campaign based on these two leads was under-
taken to further improve the binding affinities. Analogs were
assessed for their ability to inhibit the interaction of RPA70N
and a FITC-labeled ATRIP-derived peptide (FITC-ATRIP) in
the previously described FPA assay. This campaign resulted
in the identification of compounds 9 and 10 (Fig. 6), which
had affinities of 10 uM and 18 uM, respectively. To assess the
domain selectivity of 9 and 10, the compounds were analyzed
for their ability to inhibit binding of RPA to ssDNA using
EMSA. Neither compound showed evidence of disruption of
RPA-ssDNA interactions at concentrations up to 100 pM, in-

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Identification and optimization of chlorobenzothiophene
inhibitors.

dicating that these compounds are specific for inhibition of
the RPA70N-ATRIP interaction.

The binding modes of the two different lead series were
characterized using X-ray crystallography. Co-crystal struc-
tures of compound 8 and an analog of 9 bound to RPA70N
were obtained from compound soaks into crystals of E7R
RPA70N (Fig. 5).*® The E7R RPA70N was designed to elimi-
nate E7 on the N terminus of WT RPA70N from binding to
and occluding the basic cleft of an adjacent RPA70N in the
crystal lattice, thus allowing for the molecules to bind to the
exposed binding cleft and the structures of RPA70N/ligand
complexes to be obtained.*® The co-crystal structures show
several common features of the binding modes of these mol-
ecules. A carboxylic acid in each molecule has an interaction
with R31 and a 3,4 di-chloro-substituted phenyl ring of each
inhibitor is oriented into the hydrophobic site-1 that also ac-
commodates the phenylalanine of p53.>* The aromatic ring
of the inhibitors also appears to make a cation-pi interaction
with R43 of RPA70N.

These molecules were the first reported PPI inhibitors of
RPA70N and ATRIP and the first PPI inhibitors of RPA70N
discovered using fragment-based techniques.

Pyrazole inhibitors

In a related effort, Fesik and colleagues used an optimized
diphenyl pyrazole 11, derived from a phenyl pyrazole frag-
ment hit, and a phenyl furan acid fragment hit 12 in a
fragment-linking approach (Fig. 7).*”*° A ternary structure of

Med. Chem. Commun., 2017, 8, 259-267 | 263
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Fig. 7 Identification and optimization of pyrazole inhiitors.

E7R RPA70N bound to two fragments (11 and 12) revealed
that the two fragments bound in site-1 and site-2, respec-
tively, with a distance of 4.9 A between them. Based upon
this information, compounds 11 and 12 were linked using a
short flexible linker to create 13, which had an affinity of 20
uM. While this linked compound showed marked improve-
ment over the individual fragments, its affinity was far less
than the predicted 1 uM (580 uM for 11 x 1870 uM for 12 =
1.0 uM).

Theorizing that a sub-optimal linker was at least partially
responsible for the reduced affinity, a structure-based optimi-
zation campaign was undertaken to improve 13. A library of
linked compounds was generated with the aim of exploiting
unused hydrophobic space in the basic cleft, particularly the
site-1 pocket, maintaining the key electrostatic interactions,
and optimizing the geometry and length of the linker. This
study produced 14 with an FPA-derived affinity of 0.19 uM. A
co-crystal structure of 14 bound to RPA70N was obtained and
used to rationalize the gains in potency (Fig. 5). The 3,4-
dichlorine substitutions on the N-phenyl ring of the pyrazole
bound in site-1 recapitulated previous SAR observations. The
chlorine atom from the original fragment hit was incorpo-
rated onto the phenyl ring adjacent to the furan. An impor-
tant improvement to the linker region was the sulfur atom in
the thioamide, which was found to occupy a small lipophilic
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space under L87, providing a 15-fold improvement in affinity
compared to the corresponding amide analog.

The binding affinity of inhibitor 14 to other RPA con-
structs was measured to determine the effects of additional
RPA domains on binding to RPA70N and to assess relative se-
lectivity other OB-folds of RPA. An FP competition assay
using RPA70NAB demonstrated that the affinity of compound
14 to the N-terminal domain of RPA was minimally affected
by the presence of the high affinity ssDNA binding OB-folds
of RPA70 A and B (affinity 0.29 uM versus 0.19 uM to RPA70N
alone). The selectivity of 14 was established based on an FP
displacement assay using RPA70NAB and a FITC-labeled
ssDNA probe. Under these conditions, inhibitor 14 exhibited
15-fold selectivity for disrupting the ATRIP-RPA70N interac-
tion over ssDNA displacement.

Linked inhibitor 14 shows the power of FBDD for generat-
ing potent molecules from relatively weak starting points for
difficult target proteins. This compound represents the first
submicromolar in vitro inhibitor of RPA70N and the most po-
tent RPA70N inhibitor identified to date. Further optimiza-
tion of the physiochemical properties of the molecule, specif-
ically its dianionic nature, will have to be addressed moving
forward to improve the utility of the molecule in a cellular
context.

Stapled helix peptides

The Fesik laboratory also developed a PPI inhibitor using a
stapled helix peptide approach based on a sequence from
ATRIP, an endogenous RPA binding partner.’® Starting with
the 15 amino acid ATRIP-derived peptide (Fig. 8) that had
been the basis of the fluorescent probe employed in the FP
assay used to evaluate small molecule inhibitors, an alanine
scan was conducted to identify key residues mediating the
binding of the probe to RPA70N. The alanine scan revealed
that D1, F2, T3, D6, L7, D11, and L13 were important resi-
dues for binding to RPA70N, with the peptide losing 2-5 fold
affinity when any of these were replaced with an alanine. Res-
idue F2 proved to be critical for binding, as replacement of

Compound Amino Acid Sequence Kd (uM) Charge

ATRIP Ac-DFTADDLEELDTLAS-NH, 29 -6

FiTC- FITC-DFTADDLEELDTLAS-NH, 6.4 -7

ATRIP
15 Ac-DFTADDLEELFTLAS-NH, 22 -5
16 Ac-DFTADDLEEWDTLAS-NH, 138 -6
17 Ac-DFTADDLEEWFTLAS-NH, 2.7 -5
18 Ac-DFTADDLEEWFALAS-NH, 1.2 -5
19 FITC-DFTADDLEEWFALAS-NH, 0.48 -6
20 FITC-NFTAANLEAWFALAS-NH, 21+2 -2
21 FITC-DFTADDLEEWFAL---NH, 0.33 -6
22 FITC-DFTADDLEEWZAL---NH, 0.022 -6
23 FITC-DFTAXDLEXWFAL---NH, 0.57 -4
24 FITC-NFTAXDLEXWFAL---NH, 1.5 -3
25 FITC-NFTAXDLEXWZAL---NH, 0.048 -3
26 FITC-NFTAXNLEXWZAL---NH, 0.042 -2

Fig. 8 Optimization of stapled helix peptides.

This journal is © The Royal Society of Chemistry 2017
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this residue led to a 50-fold reduction in affinity. Interest-
ingly, two of the mutations to the ATRIP peptide, ESA and
T12A, led to minor improvements in binding. Surprisingly,
replacement of D5 and E8, both of which are conserved in
multiple endogenous binding partners, resulted in no loss of
affinity.

To improve the affinity of the peptide, the researchers
turned to the sequence of another RPA binding partner, p53.
The p53 sequence features a hydrophobic cluster (WF) not
found in ATRIP. The single point mutated peptides 15 and 16
(L1oW and D11F), each containing only one of these hydro-
phobic residues, did not provide added affinity. However,
inserting both hydrophobic residues simultaneously (peptide
17) resulted in a 10-fold improvement in potency. Based
upon the SAR from the alanine scan, residue 12 was mutated
to alanine; peptide 18, with this WFA motif, showed a further
2-fold improvement. A FITC moiety was attached to this se-
quence (peptide 19) to enable direct binding measurements
to RPA70N. The fluorophore produced a further 3-fold in-
crease in binding affinity to RPA70N (K4 = 0.48 uM). The ra-
tionale for the improvement in binding affinity from the
FITC is not well understood, but had been documented
previously.*®

Optimization of the physiochemical properties of the pep-
tide was undertaken due to its highly charged state (overall
charge of -6) being a liability for cell penetration. Strategic
replacement of the glutamic and aspartic acid residues was
investigated to mitigate the overall negative charge. The study
resulted in FITC-labeled peptide 20 with a -2 charge, but
with a 44-fold reduction in affinity relative to 19 (Kq = 21
uM). While the N-terminal residues had been shown to be
necessary from the alanine scan, deletion of two residues
from the C-terminus had no effect on the potency (peptide
21).

To further improve the affinity of the peptide to RPA70N,
a new and unique strategy, incorporating both an unnatural
amino acid and a hydrocarbon staple, was employed. Based
upon previous SAR from fragment-based small molecule cam-
paigns, substitution of a phenyl ring with a 34-
dichlorophenyl resulted in an improved binding affinity.
Based on these observations, an unnatural amino acid
containing a phenylalanine with a dichloro substitution (Z)
was incorporated into the peptide and led to a >100-fold im-
provement in affinity.*>*>** A co-crystal structure of peptide
22 bound to RPA70N revealed that the 3,4-dichlorophenyl ring
of peptide 22 bound in a similar fashion to the 3,4-
dichlorophenyl moiety of the previously characterized small
molecule inhibitors of RPA (Fig. 9). A hydrocarbon staple is a
known method for improving properties of helical peptides,
including increased potency, protease resistance, and cell
penetration.”>>® Incorporating a hydrocarbon staple and a
FITC label into an optimized peptide containing the F11Z
substitution resulted in peptide 26, which displayed a 500-
fold boost in affinity (K4 = 0.042 uM, with a net charge of -2).

The domain specificity and selectivity of stapled helix pep-
tide 26 was further evaluated. An EMSA experiment demon-

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Co-crystal structure of peptide 22 bound to RPA7ON (4NB3).

strated that increasing concentrations of peptide showed no
change in the percent of full-length RPA bound to ssDNA. To
assess cell penetration, U20S cells were incubated with the
peptide for 24 hours, fixed, and visualized using confocal
microscopy for direct observation of the FITC.

The labeled peptide was observed in the cell in a pattern
consistent with entry through endocytosis, along with diffuse
cytosolic staining and fluorescence in the nucleus.

The selective and potent peptide 26 was the end result of
a combination of traditional peptide optimization, a new
method for incorporating unnatural amino acids based upon
small molecule SAR, and stapled helix peptide technology.
This molecule demonstrates a non-traditional route to the
discovery of cellular probes and a promising and distinctive
starting point for further studies.

Conclusions

RPA is the essential ssDNA binding protein in eukaryotes that
is responsible for binding to ssDNA and recruiting a multi-
tude of binding partners to initiate the DDR pathway in re-
sponse to DNA damage. This crucial role as a hub for the
DDR has garnered the attention of the scientific community,
which has led to research focusing on the discovery and opti-
mization of inhibitors of RPA PPIs. Despite the difficulty of
targeting the PPIs of RPA, due to its promiscuity in binding
partners and the nature of its binding cleft, the Oakley and
Fesik laboratories have pioneered the research in this field.
The Oakley Laboratory was responsible for identifying the
first RPA PPI inhibitor and the first RPA PPI inhibitor to ex-
hibit activity in a mouse model. Importantly, this molecule
did not display broad spectrum toxicities, suggesting the pos-
sibility for the existence of a therapeutic window, despite the
possible effects from the inhibition of the interaction of RPA
with several possible effectors. Meanwhile, the Fesik Labora-
tory has contributed the first submicromolar inhibitor of
PPIs mediated by RPA, and, using an innovative technology,
the first stapled helix peptide inhibitor of RPA. These

Med. Chem. Commun., 2017, 8, 259-267 | 265


http://dx.doi.org/10.1039/c6md00460a

Published on 04 November 2016. Downloaded by RSC Internal on 31/05/2018 11:38:41.

Review

molecules will allow researchers to continue to probe the out-
comes and consequences of selective RPA inhibition in cells
and animal models, which will lead to continued interest
and research in the selective inhibition of RPA-mediated PPIs
as a potential cancer therapy.

Acknowledgements

We would like to thank Dr. Gregory Oakley for graciously pro-
viding the predicted binding modes of fumaropimaric acid
and HAMNO.

Notes and references

1

10

11

12

13

14

15

16

17

18

19

20

M. S. Wold and T. Kelly, Proc. Natl. Acad. Sci. U. S. A.,
1988, 85, 2523-2527.

M. S. Wold, Annu. Rev. Biochem., 1997, 66, 61-92.

A. Bochkarev, E. Bochkareva, L. Frappier and A. M. Edwards,
EMBO J., 1999, 18, 4498-4504.

C. Iftode and J. A. Borowiec, Biochemistry, 2000, 39,
11970-11981.

C. S. Kim, B. F. Paulus and M. S. Wold, Biochemistry,
1994, 33, 14197-14206.

S. J. Brill and S. Bastin-Shanower, Mol. Cell. Biol., 1998, 18,
7225-7234.

D. Philipova, J. R. Mullen, H. S. Maniar, J. Lu, C. Gu and
S. J. Brill, Genes Dev., 1996, 10, 2222-2233.

G. W. Daughdrill, J. Ackerman, N. G. Isern, M. V. Botuyan,
C. Arrowsmith, M. S. Wold and D. F. Lowry, Nucleic Acids
Res., 2001, 29, 3270-3276.

S. L. Ali, J. S. Shin, S. H. Bae, B. Kim and B. S. Choi, Int. J.
Biochem. Cell Biol., 2010, 42, 1210-1215.

A. Ciccia, A. L. Bredemeyer, M. E. Sowa, M. E. Terret, P. V.
Jallepalli, J. W. Harper and S. J. Elledge, Genes Dev.,
2009, 23, 2415-2425.

C. E. Bansbach, R. Betous, C. A. Lovejoy, G. G. Glick and D.
Cortez, Genes Dev., 2009, 23, 2405-2414.

G. Mer, A. Bochkarev, R. Gupta, E. Bochkareva, L. Frappier, C. J.
Ingles, A. M. Edwards and W. J. Chazin, Cell, 2000, 103, 449-456.
W. D. Block, Y. Yu and S. P. Lees-Miller, Nucleic Acids Res.,
2004, 32, 997-1005.

G. G. Oakley, S. M. Patrick, J. Yao, M. P. Carty, J. J. Turchi
and K. Dixon, Biochemistry, 2003, 42, 3255-3264.

S. M. Barr, C. G. Leung, E. E. Chang and K. A. Cimprich,
Curr. Biol., 2003, 13, 1047-1051.

H. Wang, J. Guan, H. Wang, A. R. Perrault, Y. Wang and G.
Iliakis, Cancer Res., 2001, 61, 8554-8563.

G. G. Oakley, L. I. Loberg, J. Yao, M. A. Risinger, R. L.
Yunker, M. Zernik-Kobak, K. K. Khanna, M. F. Lavin, M. P.
Carty and K. Dixon, Mol. Biol. Cell, 2001, 12, 1199-1213.

R. G. Shao, C. X. Cao, H. Zhang, K. W. Kohn, M. S. Wold
and Y. Pommier, EMBO J., 1999, 18, 1397-1406.

F. Fang and J. W. Newport, J. Cell Sci., 1993, 106(Pt 3),
983-994.

S. Din, S. J. Brill, M. P. Fairman and B. Stillman, Genes Dev.,
1990, 4, 968-977.

266 | Med. Chem. Commun., 2017, 8, 259-267

21

22

23

24

25

26

27

28

29

30

31

32
33

34

35

36

37

38

39

40

41

42

43

44

View Article Online

MedChemComm

E. Bochkareva, S. Korolev, S. P. Lees-Miller and A.
Bochkarev, EMBO J., 2002, 21, 1855-1863.

R. M. Brosh, D. K. Orren, J. O. Nehlin, P. H. Ravn, M. K.
Kenny, A. Machwe and V. A. Bohr, J. Biol. Chem., 1999, 274,
18341-18350.

E. Bochkareva, L. Kaustov, A. Ayed, G. S. Yi, Y. Lu, A. Pineda-
Lucena, J. C. C. Liao, A. L. Okorokov, J. Milner, C. H.
Arrowsmith and A. Bochkarev, Proc. Natl. Acad. Sci. U. S. A.,
2005, 102, 15412-15417.

X. Xu, S. Vaithiyalingam, G. G. Glick, D. A. Mordes, W. ]J.
Chazin and D. Cortez, Mol. Cell. Biol., 2008, 28, 7345-7353.
Y. Namiki and L. Zou, Proc. Natl Acad. Sci. U. S. A.,
2006, 103, 580-585.

E. Fanning, V. Klimovich and A. R. Nager, Nucleic Acids Res.,
2006, 34, 4126-4137.

G. W. Daughdrill, G. W. Buchko, M. V. Botuyan, C.
Arrowsmith, M. S. Wold, M. A. Kennedy and D. F. Lowry,
Nucleic Acids Res., 2003, 31, 4176-4183.

D. M. Jacobs, A. S. Lipton, N. G. Isern, G. W. Daughdrill,
D. F. Lowry, X. Gomes and M. S. Wold, J. Biomol. NMR,
1999, 14, 321-331.

K. A. Braun, Y. Lao, Z. G. He, C. J. Ingles and M. S. Wold,
Biochemistry, 1997, 36, 8443-8454.

H. L. Ball, J. S. Myers and D. Cortez, Mol. Biol. Cell, 2005, 16,
2372-2381.

J. G. Glanzer, S. Q. Liu and G. G. Oakley, Bioorg. Med. Chem.,
2011, 19, 2589-2595.

S. C. Shuck and J. J. Turchi, Cancer Res., 2010, 70, 3189-3198.
A. K. Mishra, S. S. Dormi, A. M. Turchi, D. S. Woods and ]J. J.
Turchi, Biochem. Pharmacol., 2015, 93, 25-33.

T. M. Neher, D. Bodenmiller, R. W. Fitch, S. L. Jalal and J. J.
Turchi, Mol. Cancer Ther., 2011, 10, 1796-1806.

W. A. Weiss, S. S. Taylor and K. M. Shokat, Nat. Chem. Biol.,
2007, 3, 739-744.

Y. Lao, C. G. Lee and M. S. Wold, Biochemistry, 1999, 38,
3974-3984.

C. Iftode and ]J. A. Borowiec, Nucleic Acids Res., 1998, 26,
5636-5643.

O. Trott and A. ]J. Olson, J. Comput. Chem., 2010, 31,
455-461.

J. G. Glanzer, K. A. Carnes, P. Soto, S. Liu, L. J. Parkhurst
and G. G. Oakley, Nucleic Acids Res., 2013, 41, 2047-2059.

J. G. Glanzer, S. Liu, L. Wang, A. Mosel, A. Peng and G. G.
Oakley, Cancer Res., 2014, 74, 5165-5172.

S. Liu, S. O. Opiyo, K. Manthey, J. G. Glanzer, A. K. Ashley,
C. Amerin, K. Troksa, M. Shrivastav, J. A. Nickoloff and G. G.
Oakley, Nucleic Acids Res., 2012, 40, 10780-10794.

L. I. Toledo, M. Murga, R. Zur, R. Soria, A. Rodriguez, S.
Martinez, J. Oyarzabal, J. Pastor, J. R. Bischoff and O.
Fernandez-Capetillo, Nat. Struct. Mol. Biol., 2011, 18,
721-727.

I. M. Ward and ]. Chen, J. Biol
47759-47762.

J. D. Patrone, N. F. Pelz, B. S. Bates, E. M. Souza-Fagundes,
B. Vangamudi, D. V. Camper, A. G. Kuznetsov, C. F.
Browning, M. D. Feldkamp, A. O. Frank, B. A. Gilston, E. T.

Chem., 2001, 276,

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c6md00460a

Published on 04 November 2016. Downloaded by RSC Internal on 31/05/2018 11:38:41.

MedChemComm

45

Olejniczak, O. W. Rossanese, A. G. Waterson, W. J. Chazin
and S. W. Fesik, ChemMedChem, 2016, 11, 893-899.

E. M. Souza-Fagundes, A. O. Frank, M. D. Feldkamp, D. C.
Dorset, W. J. Chazin, O. W. Rossanese, E. T. Olejniczak and
S. W. Fesik, Anal. Biochem., 2012, 421, 742-749.

46 ]. D. Patrone, J. P. Kennedy, A. O. Frank, M. D. Feldkamp, B.

47

48

Vangamudi, N. F. Pelz, O. W. Rossanese, A. G. Waterson,
W. J. Chazin and S. W. Fesik, ACS Med. Chem. Lett., 2013, 4,
36-40.

A. O. Frank, M. D. Feldkamp, J. P. Kennedy, A. G. Waterson,
N. F. Pelz, J. D. Patrone, B. Vangamudi, D. V. Camper, O. W.
Rossanese, W. J. Chazin and S. W. Fesik, J. Med. Chem.,
2013, 56, 9242-9250.

M. D. Feldkamp, A. O. Frank, ]J. P. Kennedy, J. D. Patrone, B.
Vangamudi, A. G. Waterson, S. W. Fesik and W. ]J. Chazin,
Biochemistry, 2013, 52, 6515-6524.

This journal is © The Royal Society of Chemistry 2017

49

50

51

52

53

View Article Online

Review

A. G. Waterson, J. P. Kennedy, J. D. Patrone, N. F. Pelz, M. D.
Feldkamp, A. O. Frank, B. Vangamudi, E. M. Souza-
Fagundes, O. W. Rossanese, W. J. Chazin and S. W. Fesik,
ACS Med. Chem. Lett., 2015, 6, 140-145.

A. O. Frank, B. Vangamudi, M. D. Feldkamp, E. M. Souza-
Fagundes, J. W. Luzwick, D. Cortez, E. T. Olejniczak, A. G.
Waterson, O. W. Rossanese, W. J. Chazin and S. W. Fesik,
J. Med. Chem., 2014, 57, 2455-2461.

A. O. Frank, M. D. Feldkamp, ]J. P. Kennedy, A. G. Waterson,
N. F. Pelz, J. D. Patrone, B. Vangamudi, D. V. Camper, O. W.
Rossanese, W. J. Chazin and S. W. Fesik, J. Med. Chem.,
2013, 56, 9242-9250.

L. D. Walensky and G. H. Bird, J. Med. Chem., 2014, 57,
6275-6288.

G. L. Verdine and G. ]. Hilinski, Methods Enzymol.,
2012, 503, 3-33.

Med. Chem. Commun., 2017, 8, 259-267 | 267


http://dx.doi.org/10.1039/c6md00460a

	crossmark: 


