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ABSTRACT

RAD52 protein is a coveted target for anticancer
drug discovery. Similar to poly-ADP-ribose poly-
merase (PARP) inhibitors, pharmacological inhibi-
tion of RAD52 is synthetically lethal with defects
in genome caretakers BRCA1 and BRCA2 (~25% of
breast and ovarian cancers). Emerging structure ac-
tivity relationships for RAD52 are complex, making
it challenging to transform previously identified dis-
ruptors of the RAD52—-ssDNA interaction into drug-
like leads using traditional medicinal chemistry ap-
proaches. Using pharmacophoric informatics on the
RAD52 complexation by epigallocatechin (EGC), and
the Enamine in silico REAL database, we identi-
fied six distinct chemical scaffolds that occupy the
same physical space on RAD52 as EGC. All six
were RADS52 inhibitors (IC59 ~23-1200 M) with two
of the compounds (256 and Z99) selectively killing
BRCA-mutant cells and inhibiting cellular activities
of RAD52 at micromolar inhibitor concentrations.
While Z56 had no effect on the ssDNA-binding protein
RPA and was toxic to BRCA-mutant cells only, Z99 in-
hibited both proteins and displayed toxicity towards
BRCA-complemented cells. Optimization of the Z99
scaffold resulted in a set of more powerful and se-
lective inhibitors (ICs¢9 ~1.3—8 nM), which were only
toxic to BRCA-mutant cells. RAD52 complexation by
Z56, Z99 and its more specific derivatives provide a
roadmap for next generation of cancer therapeutics.
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INTRODUCTION

Human DNA repair protein RADS52 (1,2), and more specif-
ically the RAD52-ssDNA interaction, is an attractive tar-
get for the development of small molecule therapeutics spe-
cific to cancers displaying BRCAness phenotype, as well
as ATM (ataxia—telangiectasia mutated) deficient cancers
(3-10). While RADS52 pharmacological inhibition is selec-
tively toxic to cells carrying biallelic mutations in BRCAI,
BRCA2 and PALB?2 (8,11-13), and to cells deficient in ATM
serine/threonine kinase (10), its inactivation due to muta-
tions is well tolerated ((14-16) and LOEUF score of 0.64 at
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gnomAD database). This situation is unique among DNA
repair and genome maintenance proteins that share syn-
thetic lethality with BRCA deficiency but whose mutations
are much more rare (see (3) for review). RADS52, however,
is a challenging target, as it does not possess any bona fide
enzymatic activities, and the nature of its synthetic relation-
ship with BRCAness and ATM deficiency is only beginning
to emerge. Instead, many of RADS2’s cellular functions de-
pend on its capacity to bind ssDNA, single-stranded fea-
tures of complex DNA substrates, or ssDNA bound by
Replication Protein A (RPA), the main ssDNA binding pro-
tein in eukaryotic cells (3,17,18).

Efficient pharmacological targeting of protein-DNA in-
teractions with small molecules presents a formidable chal-
lenge due to the nature of DNA binding sites on pro-
teins. This has been met in recent years by advancements in
computer-aided drug discovery, which yielded drug candi-
dates that directly disrupt protein-nucleic acid interactions
of several transcription factors (19,20). In contrast to tran-
scription factors, however, RADS2 binds ssDNA and dis-
plays no sequence specificity. The narrow continuous bind-
ing cavity of the RAD52-ssDNA binding site spans the cir-
cumference of the protein oligomeric ring (21-25). An ef-
fective and specific inhibitor of the RADS52-ssDNA inter-
action would require the ability to outcompete multivalent
RADS52-ssDNA interactions, while at the same time dis-
playing specificity for RADS2 over the multitude of cellular
ssDNA binding proteins which include RPA, RADS51, and
BRCA2 among many. The RAD52-ssDNA binding groove
offers a repetitive pattern of potential small molecule bind-
ing pockets with reasonable druggability scores, though
their nature is quite distinct from the typical enzyme active
sites and small ligand binding pockets on receptors (8).

Previously, in Hengel et al. (8), we identified a variety
of small molecule natural products in a small HTS screen
of the MicroSource Spectrum library. In a parallel in sil-
ico, structure-based analysis we built a predictive phar-
macophoric model of RADS2 inhibition. This structural
model was highly successful in identifying novel natural
products that bind to RADS2 and inhibit its interaction
with ssDNA, which provided a valuable proof of concept.
An important aspect of that study was that epigallochate-
chin (EGC) had a desirable selectivity, in that it competed
with ssDNA binding to RADS2, but not to RPA. It was
also selectively toxic to BRCA2-depleted cells confirming
that pharmacological inhibition of RAD52-ssDNA inter-
action can perform the same function as RADS2 depletion.
Selectivity for RADS2 over RPA was a unique property
of EGC among compounds identified in our initial HTS
screen and subsequent round of in silico natural products
screening. Our structural models indicated that EGC binds
to a distinct hot spot within the RAD52-DNA binding
groove, suggesting that future scaffold hopping into drug-
like space should primarily focus on this region. The ap-
proach taken in the current study is a multi-tiered workflow
that uses Enamine’s REAL database of theoretical drug-
like compounds (described in more detail below; Figure
1A). The workflow first employs shape selectivity (based
on the shape of the bound form of EGC, using the stress
tested MD-based model from (8). Docking of the com-
pounds to the EGC local hot spot is then followed by ei-

ther the use of classic scoring functions or a Protein—Ligand
Interaction Fingerprints (PLIFs) based on the RADS52-
EGC complex from (8), as an alternative ligand scoring ap-
proach. Both the scoring function and PLIF approaches
yielded synthetically tractable novel drug-like inhibitors of
RADS2, some of which possessed the desired selectivity to-
wards RADS52 over RPA in vitro, as well as selective toxi-
city towards BRCA1 and BRCA2-mutant cells. Addition-
ally, we used one of the lead compounds, Z99, as the basis
for a much larger search of REAL chemical space, consist-
ing of 31 billion of novel compounds, in order to identify
synthetically tractable heavier derivatives, which were syn-
thesized and purified and found to have augmented affin-
ity for RADS2. Importantly, although these Z99 derivatives
had enhanced inhibition of RADS52 most of these scaffold
expansion compounds had the same or reduced RPA in-
hibition compared to the parent Z99 compound. Because
of this selectivity they were non-toxic to BRCA-proficient
cells, while killing BRCA-deficient cells. These studies show
a tremendous structural traction in the design of selec-
tive inhibitors that act via disruption of RADS52-ssDNA
complexation, and highlight the feasibility of small drug-
like molecules to selectively disrupt protein-nucleic acid
interactions. Notably, our advancement in developing in-
hibitors of such a challenging target as RADS52 is rooted in
a new workflow we have developed for using and narrowing
down the ultra-large virtual chemical space of favourable
chemotypes.

MATERIALS AND METHODS

Docking and scoring by (i) molecular mechanics (MM) and
generalized born (GB)/surface area (SA) (MMGB/SA) and
(ii) PLIF (Protein—Ligand Interaction Fingerprints

Virtual screening of REAL (drug-like) chemical space to
identify RADS2 inhibitors that have affinity to the EGC-
hot spot: The first phase of this computational workflow to
identify drug-like small molecules that bind to the EGC-
hot spot of RADS2 involved a shape-similarity screen-
ing, using the bound EGC-RADS52 complex from Hen-
gel et al. (8), against the Enamine’s REAL chemical space;
REadily AccessibLe through parallel synthesis using in-
stock building blocks with pre-validated chemical reactiv-
ity (26,27). The concept is that these are drug-like com-
pounds that are built using well-established chemical reac-
tions, in order to achieve high retrosynthetic scores, and
consists of ~ 5.5 billion enumerated novel compounds that
are constructed from 284 thousand building blocks. Our
shape-based screening began with a representative 3 mil-
lion REAL database, from which 500K compounds were
selected for shape similarity with the bound form of EGC.
This screening yielded ~ 7.7 thousand compounds, which
were next used in docking into the EGC hot spot. The hot
spot was defined in a 5 A boundary around the EGC from
Hengel et al. (8).

Docking was performed using the docking utility of
MOE 2016, as described in Hengel ez al. (8). Briefly, classical
docking, using the Triangle Matcher approach and scoring
using either, the London dG scoring function (an empirical
scoring function which attempts to approximate the bind-
ing energy of the docked ligand) in MOE 2016 (Chemical



Computing Group, 2016), followed by force field
(MMFF94x (28))-based ligand refinement and finally
rescoring using an MM /GBSA-based approach (which is
described in more detail below), or scoring by employing
Protein—Ligand Interaction Fingerprints (PLIF) applica-
tion in MOE 2016, based on the contacts and placement of
EGC using the hybrid MD-docking approach described in
(8,29). In the scoring function approach, the top 30 poses
for each docked and scored (London dG scoring function)
were subjected to energy minimization with a rigid RADS2
receptor using the MMFF94x force field, followed by
rescoring (in order to estimate the AG of binding) of each
distinct pose with the MM/GBSA methodology (30),
which includes an implicit solvation energy calculation
and captures changes in the solvent exposed surface area
of the pose, which is a highly parameterized version of
the popular MM /PBSA and MM/GBSA methodologies
(31,32). In the PLIF approach, the scoring was entirely
based on the similarity to the EGC-RADS52 complex. For
both scoring methods, van der Waals surface overlap with
the EGC complex was assessed in the top 500 hits as well.
The top three compounds from each method were then
submitted to Enamine for attempted synthesis, and were
successfully synthesized to high purity (Supplementary
Table S1).

Scaffold expansion of RADS2 inhibitor Z99 by a search of
REAL chemical space using InfiniSee

The program InfiniSee (BiosolvelT, version 2.4.0) is de-
signed to use a fragment buildup scheme to very rapidly
search defined chemical spaces (e.g. REAL space) against
a query compound. This approach allows a much more ex-
panded search of REAL space ~3.2 x 10'° virtual products;
based on 165 Enamine reactions, 100 526 in-stock reagents,
and 182 381 selected building blocks) than originally con-
ceived in the REAL database, as described above, allowing
one to assess billions of compounds for their fingerprint
similarity to the query. We employed InfiniSee to identify
slightly heavier (~15%) and with >97% chemical similar-
ity to Z99. Six compounds resulting from this search were
submitted to Enamine for attempted synthesis, which was
achieved at a high purity (see QC in Supplementary Infor-
mation section). These compounds were also docked into
the EGC pocket, using the protocol described above.

Evaluation of the compound-RPA complexes

In order to assess how various Z99 derivatives, as well
as EGC and EGCG bind to RPA, the compounds were
docked into the DNA binding pocket of PDB 1JMC (33).
AutoDock VINA (34) was employed within the YASARA
environment (35). Ligands and the receptor were prepared
for docking as described in (8). Each minimized pose of
each ligand was docked with 16 runs each to the receptor
using AutoDock VINA.

Materials

The HPLC purified 30-nucleotide poly(dT) ssDNA, flu-
orescently labelled with Cy3 and Cy5 dies at the 3’ and
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5" termini, respectively (Cy3-dT30-Cy5), and all oligonu-
cleotides were purchased from the Integrated DNA Tech-
nologies (Coralville, IA, USA). All chemicals were reagent
grade (Sigma-Aldrich, St. Louis, MO). The sources of the
antibodies are indicated with their respective experimental
procedures below.

Compound nomenclature and properties

The compounds full identification numbers from the Enam-
ine REAL database are shown in Table 1, Table 2, and
Figures 1 and 6. For simplicity, the initial six compounds
are referred to by their first two or three numbers yield-
ing the unique identifiers within our set of compounds,
while the compounds with the expanded Z99 scaffold
are referred to as Z58 followed by the last two numbers
in their respective designations. All compounds identified
through in silico screening of the Enamine REAL Database
(=90% purity) were synthesized by Enamine Ltd (Kyiv,
Ukraine). Compounds were used without further purifica-
tion. Identity of these compounds was confirmed by lig-
uid chromatography-mass spectrometry (LC-MS). High-
resolution LC-MS was performed using a Q Exactive Orbi-
trap Mass Spectrometer (ThermoFisher). Ten microliter of
diluted sample (1 ng/ul) was injected onto a Waters Acquity
UPLC BEH CI18 column (130 A, 1.7 pm, 2.1 mm x 100
mm) using a mobile phase of 0.1% formic acid in water (A)
and 0.1% formic acid in acetonitrile (B) at a flow rate of 300
pl/min with the following linear gradient A/B (v/v): 95/5
to 5/95 from 0-17 min. Mass detection was carried out in
full scan mode with polarity switching over mass range of
70-1000 Da. Data acquisition and analysis were performed
using Xcalibur software (ThermoFisher). Molecular ions
(M—) or negative ions ((M—H]—) were detected for all com-
pounds in negative ion mode. Positive ions ((M+H]+) were
detected for compounds 799, 756, Z16, Z134, and Z58-54,
72,83, 87, 62. Compound information and LC-MS results,
including retention time (RT) and relative abundances (%)
of ions, are included in the Supplementary Table S1.

Proteins

We used a QuikChange Lightning site-directed mutagenesis
kit (Agilent) to introduce K152A/R153A (for RADS52 IB
mutant) and K102A/K133A/K169A/R173A (for RADS2
OB mutant) mutations in the RAD52 coding sequence
of pET15b-6HIS-RADS2 plasmid. The following primer
pairs were used; lower case, underlined letters represent
mutation  sites: GTTGACCTCAACAATGGCgcgTT
CTACGTGGGAGTCTG and CAGACTCCCACG
TAGAAcgcGCCATTGTTGAGGTCAAC (K102A),
GTTAGTGAGGGCCTCgcgTCCAAGGCTTTATC
TTTGG and CCAAAGATAAAGCCTTGGAcgcGA
GGCCCTCACTAAC  (K133A), GGAGGCGGTG
ACAGACGGGCTGaagegaGCCCTCAGGAGTTT
TGGGAATGC and GCATTCCCAAAACTCCTG
AGGGCtgecgcCAGCCCGTCTGTCACCGCCTCC
(K152A/R153A), and GCACTTGGAAACTGTATTCT
GGACgcaGACTACCTGgcaTCACTAAATAAGCTTC
CACGCCAG and CTGGCGTGGAAGCTTATTTAGT
GAtgcCAGGTAGTCtgecGTCCAGAATACAGTTTCC
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AAGTGC (K169A/R173A). The presence of mutations
was confirmed by Sanger sequencing (University of Iowa
Institute of Human Genetics). The 6xHis-tagged human
RADS2 proteins (wild type and mutants) and untagged
human RPA were expressed and purified as previously de-
scribed (8,21,36). RPA and RADS2 protein concentrations
were determined by measuring absorbance at 280 nm using
extinction coefficients of 88 830 M~! cm~! and 40 470 M~!
cm~!, respectively.

Cell lines

EUFA423F cells that are derived from a Fanconi anemia
patient with complementation group D1 and have biallelic
mutations (7691 insAT and 9900 insA) in BRCAZ2 that re-
sult in two different truncated forms of BRCA2 (37) and
its counterpart complemented with expression vector for
full-length BRCA2 (EUFA HA) were a generous gift from
Dr Simon Powell (Molecular Biology Program, Radiation
Oncology, Sloan-Kettering Cancer Center, New York, NY).
Capan 1 (generous gift from Dr Simon Powell) cells are de-
rived from a human pancreatic carcinoma and exhibit loss
of heterozygosity with respect to the BRCA2 gene. One copy
of the BRCA2 gene is lost and the remaining copy has a
6174delT mutation. This mutation disrupts BRC repeats 7
and 8 and causes a frameshift that introduces a stop codon
which prematurely truncates the protein (38,39). This is a
pathogenic mutation with several independent origins in
both Jewish Ashkenazi and non-Jewish populations (40).
MDA-MB 436 (generous gift from Dr. Carola Neumann,
University of Pittsburgh) is a triple negative breast cancer
cell line derived from a 51-year-old patient. It contains a
BRCAI 5396 + 1G > A mutation in the splice donor site
for exon 20 that results in a protein with truncated BRCT
domain, accompanied by the loss of the second BRCAI
allele (41). EUFA423F, Capan-1 and MDA-MB 436 have
been previously shown to depend on RADS2 for viability
(6,11,13). MCF10a (generous gift from Dr Kris DeMali,
University of lowa) is a non-tumorigenic, breast epithelial
cell line isolated from the mammary gland of a 36-year-old
female with fibrocystic disease, and are spontaneously im-
mortalized without defined factors (42).

MRC5SV40 cells were a gift from Dr. Patricia Kan-
nouche (CNRS, Institute de Recherches sur le Cancer Gus-
tave Roussy, Villejuif, France). The stable cell lines express-
ing the shRADS2 cassette were generated from MRC5SV40
and were described (43). Media for each cell line is summa-
rized in Supplementary Table S2.

FRET-based DNA binding and inhibition assays

FRET-based assays that monitor the RADS52-ssDNA,
RPA-ssDNA and RAD52-RPA-ssDNA binding were car-
ried out as previously described (8,21,44) using Cary Eclipse
Spectrofluorimeter (Agilent) at 25°C, in Smm quartz cu-
vettes, and in buffer containing 30 mM Tris-acetate (pH 7.5)
and ImM DTT. Cy3 dye was excited at 530 nm and its emis-
sion was monitored at 565 nm. Emission of Cy5 acceptor
fluorophore excited through the energy transfer from Cy3
donor is monitored at 660 nm simultaneously with emis-
sion of Cy3 dye. Both the excitation and the emission slits

were set to 10 nm. All experiments were carried out using 1
nM (molecules) Cy3—-dT30-Cy5 ssDNA. The optimal con-
centrations of the RADS2 (6 nM) and RPA (1 nM) pro-
teins were selected by titrating the respective protein into
1 nM Cy3-dT30-Cy5 solution, and chosen based on the
largest separation of the FRET values corresponding to the
protein-bound and free DNA.

The inhibition of the RAD52-ssDNA, RPA-ssDNA and
RADS52-RPA-ssDNA complexes was evaluated by titrat-
ing each compound to the respective complex, measuring
Cy3 and Cys5 fluorescence, and calculating FRET as previ-
ously described (8).

Spectral properties of many of our compounds over-
lapped with the Cy3 and Cy5 fluorescence. To correct the
calculated FRET values for the compound signal, the flu-
orogenic compounds were titrated into buffer and into so-
lution of 1 nM Cy3-dT30-Cy5. For all tested compounds,
the change in the signal in the Cy3 and Cy5 channels
with and without Cy3/Cy5-labeled DNA present was the
same. We therefore concluded that the compounds do not
change the ssDNA conformation and are unlikely to inter-
act with ssDNA. To account for the dye fluorescence, for
each compound concentration, we have subtracted the ap-
parent change in FRET of the ssDNA in the presence of the
compound from the respective FRET signal of the RADS52-
ssDNA, RPA-ssDNA or RAD52-ssDNA-RPA complex
at the same inhibitor concentration. The ICsy values were
calculated by fitting the corrected FRET data to the four
parameter dose response model using GraphPad Prism. All
data are shown as an average for at least three independent
experiments & standard deviation. The ICs, values are pre-
sented with their respective fitting errors.

Intrinsic protein fluorescence was used to evaluate di-
rect interactions between compounds and RADS52. Fluo-
rescence was measured using Cary Eclipse Spectrofluorime-
ter (Agilent) at 25°C, in 150 w1l quartz cuvettes, and in buffer
containing 30 mM Tris-Acetate pH 7.5, 100 mM KCI, | mM
DTT. Tyrosine fluorescence in RADS2 was excited at 280
nm and emission spectra were recorded between 300 and
400 nm. All spectra were collected in triplicates after ad-
dition of the indicated concentration of the compound or
equivalent amount of DMSO. The spectra were plotted us-
ing GraphPad Prism.

Mass photometry experiments were performed using
the Refeyn TwoMP mass photometry instrument (Refeyn
Ltd, Oxford, UK) in buffer containing 20 mM Tris (pH 7.4),
100mM KCI, and 1mM DTT. Cover slides were cleaned by
sequential washing with miliQ water and 100% isopropanol
twice and then with miliQ water and subsequently dried
under an air stream. Silicon buffer gaskets were rinsed se-
quentially with miliQ water, isopropanol and miliQ water,
dried at room temperature. Dried silicon gaskets were at-
tached to the glass slide by applying a mild pressure and
mounted on a Refeyn TwoMP mass photometer. Molecu-
lar weight calibrations were performed using two protein
oligomer solutions, B-amylase (56, 112 and 224 kDa) and
Thyroglobulin (670 kDa). In each experiment, 400nM of
RADS52 was incubated with 200 wM of respective inhibitor
for 45 min at room temperature. The protein-inhibitor
solution was then diluted 4 times into the buffer-filled gas-



ket yielding final concentration of 100 nM RADS52 and 50
M inhibitor. Individual molecular weights collected from
3000 frames (59.9 s) were binned in 5 kDa bins and plotted
as frequency histograms. GraphPad Prism was used to fit
the molecular weight distributions to multiple Gaussians.

Cell proliferation assay

Selective toxicity of the compounds towards human
BRCAT1 and BRCA2 deficient cells was tested in MDA-MB
436 (BRCA1 deficient), EUFA423F (BRCA2 deficient), its
complement EUFA423F HA (BRCA2 complemented), Ca-
panl (BRCA2 deficient), and MCF10a (BRCA positive)
cells using CellTiter-Glo®) Luminescent Cell Viability As-
say (Promega, Madison, WI). The cell lines were main-
tained in media summarized in Supplementary Table S2.
EUFA423F HA cells were routinely supplemented with
G418 (IBI Science, Dubuque, IA) in order to maintain the
BRCAZ2 expression plasmid. Cell lines were seeded in sterile
tissue culture treated, white opaque 384-well plates (Perkin
Elmer Inc., Waltham, MA; 2500-5000 cells/well) or 96-
well plates (10 000 cells/well) and allowed to adhere for
24 h. Compounds dissolved in DMSO were added in the
concentration range of 0-100 wM. Controls were treated
with equivalent DMSO volumes. The cells were treated with
compounds for 72 h (to ensure that all cells experienced at
least two S-phases). Post treatment, the cells were washed,
treated with the CellTiter-Glo®) reagent, and the plate was
analysed as using a Gen5 (ver2.1) luminosity plate reader.
The luminescence that reports on ATP generation by the
surviving cells was normalized for the DMSO treated con-
trol as 100%. The normalized luminescence (average + stan-
dard deviation for at least three independent measurements
obtained with different cell passages) was plotted in Graph-
Pad Prism as a function of compound concentration.

Clonogenic survival

Cells were seeded in a 96-well plate. Compounds dissolved
in DMSO were added to final concentrations of 0 and
100 wM for Z56 and 799, and 0, 10 wM for Z58-54, Z.58-
62, 758-69, 758-72, 758-83 and Z58-87. The cells were
treated with compounds for 72 h. Posttreatment, cell cul-
tures were harvested by collecting all non-adherent cells in
the well, trypsinization of all adherent cells, combining, pel-
leting and then resuspending in fresh media. Cultures were
subsequently counted using a hemocytometer. Cells (200
cells for EUFA423F, EUFA423F HA, 1000 cells for Capanl
and 500 cells for MCF10a) were plated in a 60 mm plate and
colonies were allowed to grow until the colony sizes reached
at least 50 cells. For each treatment and cell line, the cells
were plated in triplicate. After expanding the colonies, cul-
tures were fixed with a solution of 70% ethanol and crystal
violet for clonogenic survival analysis. Pictures of individual
wells were taken using GelCount (Version 1.3.0.4) by Ox-
ford Optronix (Abingdon, UK). The number of surviving
colonies following treatment are presented as a percentage
of number of colonies in the experiment where the cells were
treated with DMSO only.
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In situ proximity ligation assay (PLA)

In situ PLA (DuoLink, Merck) was performed accord-
ing to the manufacturer’s instructions. To detect parental
ssDNA-RADS2 interaction, cells were labelled with 50 uM
IdU for 20 h, released in fresh DMEM for 2 h and then
treated as indicated. After treatment, cells were permeabi-
lized with 0.5% Triton X-100 for 10 min at 4°C, fixed with
3% formaldehyde /2% sucrose solution for 10 min, and then
blocked in 3% BSA/PBS for 15min. After washing with
PBS, cells were incubated with the two relevant primary
antibodies. The primary antibodies used were: rabbit poly-
clonal anti-RADS52 (Aviva 1:150), and an anti-IdU (mouse
monoclonal anti-BrdU/IdU; clone b44 Becton Dickinson,
1:10). In control experiments, parallel samples were probed
with each primary antibody alone. Samples were incubated
with secondary antibodies conjugated with PLA probes
MINUS and PLUS (DuoLink, Merck). Incubation with
primary and secondary antibodies was accomplished in
a humidified chamber for 1h at 37°C. PLA probes MI-
NUS and PLUS were ligated using two connecting oligonu-
cleotides to produce a template for rolling-cycle and hy-
bridisation with TRITC-labelled oligonucleotide. Samples
were mounted in Prolong Gold anti-fade reagent with
DAPI to counterstain nuclei. Images were acquired ran-
domly using Eclipse 80i Nikon Fluorescence Microscope,
equipped with a Virtual Confocal (ViCo) system.

Neutral comet assay

Slides were dipped into 1% agarose in PBS and left to dry.
After treatments cells were resuspended in cold PBS and
kept on ice to inhibit DSBs repair. Aliquots of cell suspen-
sions were mixed with low melting point agarose solution
(0.5% LMPA in PBS) at 37°C and pipetted onto agarose-
covered surface of the slide. Agarose-embedded cells were
lysed by submerging slides in lysis solution (30 mM EDTA,
0.1% sodium dodecyl sulphate (SDS)) and incubated at 4°C,
1 h in the dark. After lysis, slides were washed in Tris Bo-
rate EDTA (TBE) 1X running buffer (Tris 90 mM; boric
acid 90mM; EDTA 4 mM) for 1 min. Electrophoresis was
performed for 20 min in TBE 1x buffer at 1 V/cm. Slides
were subsequently washed in distilled water and finally de-
hydrated in ice-cold methanol. Nuclei were stained with
GelRed (1:1000) and visualised using fluorescence.

Detection of ssDNA by native IdU assay

To detect nascent sSSDNA, cells were labelled for 20 min with
100 wM IdU (Sigma-Aldrich), immediately prior to the
indicated treatments. For immunofluorescence, cells were
washed with PBS, permeabilized with 0.5% Triton X-100 for
10 min at 4°C and fixed in 3% PFA /2% sucrose. Fixed cells
were then incubated with mouse anti-IdU antibody (Becton
Dickinson) for 1h at 37°C in 1% BSA/PBS, followed by
species-specific fluorescein-conjugated secondary antibod-
ies (Alexa Fluor 488 Goat Anti-Mouse IgG (H + L), highly
cross-adsorbed—Life Technologies). Slides were analysed
with Eclipse 80i Nikon Fluorescence Microscope, equipped
with a Virtual Confocal (ViCo) system. For each sample,
at least 100 nuclei were examined and pictures were taken
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at 40x. Quantification of fluorescence intensity was carried
out using the ImagelJ software.

RESULTS

In silico campaign targeting the EGC binding pocket of
RADS2 oligomeric ring yielded six synthetic small molecule
inhibitors disrupting the RADS2-ssDNA interaction

Our goal was to exploit our predictive models about
RADS2-EGC complexation, based on (8,29), in order to
identify drug-like compounds that have affinity for the EGC
hot spot within the RADS52 primary DNA binding site. Fig-
ure 1A summarizes the total workflow, which starts with
the 3 million drug-like compounds representing diversity
of scaffolds found in the Enamine REAL Database. MOE
shape screening application was used to select REAL com-
pounds from a randomly selected 500K subset database
with a 90% similarity to that of the EGC from the EGC—
RADS2 complex (8). This shape screening yielded ~7.7
thousand compounds, which were used as input for dock-
ing simulations into the hot spot occupied by EGC, us-
ing the MOE docking utility (see Materials and Methods
for details). Due to the many false positives that can oc-
cur with classic scoring functions, we elected to also capi-
talize on our confidence in the RADS52-EGC complex to
employ an alternative approach which uses PLIF in order
to determine how similar a drug-like ligand’s complexation
is compared to that of EGC. For both methods the Van der
Waals surface overlap was examined for the top 500 com-
pounds (i.e. for both scoring function-based ranking and
for PLIF-based ranking), and the top 3 compounds from
each approach were selected for synthesis and purification.
Figure 1B shows overlap between EGC (green) and repre-
sentatives of both PLIF (Z99, orange) and scoring function
(756, gold) bound to RADS2 (grey). Chemical structures of
all six selected compounds are shown in Figure 1C; the QC
data are shown in Supplementary Table S1, and ligand maps
for representative compounds vis-a-vis EGC are shown in
Figure 2.

Both in silico strategies, docking and PLIF, identified com-
pounds that disrupt the RAD52-ssDNA and RADS2-RPA-
ssDNA complexes in vitro

Six compounds with distinct chemical scaffolds were tested
for their ability to disrupt the RADS52-ssDNA interac-
tion using a Forster resonance energy transfer (FRET)
based assay, which has been previously used to character-
ize the RADS2 inhibitors (8). Upon binding to ssDNA,
RADS52 and RPA change the ssDNA geometry in a very
specific manner. While in a stoichiometric complex with
RADS52, the ssDNA is wrapped around the oligomeric
protein ring (8,21,44). In contrast, RPA extends the ss-
DNA to nearly counter length (44,45). In our binding as-
says, FRET between the two fluorescent dyes (FRET donor
Cy3 and FRET acceptor Cy5) conjugated at the ends of a
synthetic DNA substrate Cy3—-dT30-CyS5, reports on the
ssDNA conformation and therefore on the state of the
protein—ssDNA complexes (44,46). We have selected exper-
imental conditions (see Materials and Methods for details)
that allow for the best discrimination between free ssDNA

(FRET =~ 0.49), RADS52-bound ssDNA (FRET ~ 0.82),
RPA-bound ssDNA (FRET = 0.35), and RADS52 bound
to the RPA-ssDNA complex (FRET ~ 0.62) (Figure 3A,
B, and Supplementary Figure S1). All six compounds iden-
tified through the in silico workflow were able to disrupt the
RADS2-ssDNA complexes with ICs values in the mid to
high micromolar range (Table 1, Supplementary Figure S1,
blue circles and lines).

While our rationale for targeting the EGC pocket within
the RAD52-ssDNA binding groove, and not the pocket
where a stronger, but promiscuous inhibitor epigallocate-
chin gallate (EGCG) binds, was to enhance selectivity to-
wards RADS52 over other ssDNA binding proteins. Since
RPA is one of the most important ssDNA binding proteins
(18,47) and because the RPA-ssDNA complex is a physi-
ological substrate for many cellular functions of RADS52,
we tested the ability of the six compounds to inhibit the
RPA-ssDNA interaction (Table 1, Figure 3A, B, Supple-
mentary Figure S1 green circles and lines) and to displace
RADS2 from the RPA-bound ssDNA without affecting the
RPA-ssDNA complex (Table 1, Figure 3A, B, Supplemen-
tary Figure S1, black circles and lines). These reactions
contained a stoichiometric complex of 1 nM RPA bound
to 1 nM Cy3-dT30-CyS. Among the tested compounds,
799 and Z16 did not show specificity for RADS52 and were
able to inhibit RPA-ssDNA with ICsy values comparable to
(Z16) or better (Z99) than those for RADS52. Both of these
compounds were PLIF hits.

All six compounds were able to remove RADS2 from the
RPA-ssDNA complex. For the four compounds that did
not inhibited RPA (Z45, 756, Z133 and Z134), the final
product at the saturating inhibitor concentrations was the
RPA-ssDNA complex (FRET = 0.35) further confirming
specificity for RADS52 over RPA. The ICsy values for the
disruption of the ternary RPA-ssDNA-RADS52 complex
were several fold lower than the respective values for the
RAD52-ssDNA complex for four compounds, Z16, Z56,
Z133 and Z134. This difference was likely due to the differ-
ent ssDNA contacts within the ternary complex.

Figure 3 shows the in vitro inhibition data for two com-
pounds, Z56 (Figure 3A) which is specific to RADS2 and
799 (Figure 3B) which is more promiscuous. Increasing
concentrations of both Z56 and Z99 applied to the RADS52—
ssDNA complex resulted in the FRET decrease from the
values corresponding to the wrapped RADS52-ssDNA com-
plex (0.82) to the values corresponding to free ssDNA
(0.49). Addition of Z56 does not change the FRET values of
the RPA-ssDNA complex (0.35) and decreases the FRET
values of the RPA-ssDNA-RADS52 complex (0.62) to the
values corresponding to the RPA—ssDNA complex (0.35).
In contrast, titration of Z99 into both RPA-ssDNA and
RPA-ssDNA-RADS52 complex yields FRET values corre-
sponding to the free ssDNA (0.49). Because of their 1Cs
values and difference in specificity, these two compounds
were selected for the cell-based analyses discussed below.

756 and 7,99 inhibitors directly interact with RADS52 protein

To validate that selected compounds bind to RADS52
directly, we analysed the compound-RADS2 interaction
by following RADS52 intrinsic fluorescence (Figure 3C).
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Figure 1. Identification of RADS52 with new chemical scaffolds. (A) Workflow for scaffold hopping from EGC. Three million compound ENAMINE
REAL database was narrowed to 7700 based on shape similarity to EGC and docked into the EGC pocket within the RAD52-ssDNA binding site (see
text for details). Two methods were used to score the compounds: In the first approach (orange flow) CCG/MOE PLIF tool was used to create fingerprints
for RADS2-ligand interactions, in order to find compounds mimicking the contacts of EGC and RADS52; in the second approach (green flow) the London
dG scoring function was used to rank order compounds. Three top scoring compounds from each method were ordered. (B) Final poses for the EGC
(green), Z99 (orange), and Z56 (gold) compounds bound to RADS52. (C) Top compounds selected from each computational approach, PLIF (orange box)

and docking/scoring function (gold box).

RADS2 has several tyrosine residues including Y65 and
Y126 that are present in the EGC binding pocket. When
excited at 280 nm, tyrosine residues of RADS52 generate
a fluorescence emission spectrum with a peak at 338 nm
(Figure 3C, dark blue lines). Changes in the environment
and solvent exposure of these aromatic residues due to lig-
and complexation is expected affect their fluorescence. Since
addition of DMSO (which is used to solubilize the com-

pounds) may also affect the protein fluorescence, we first
recorded RADS2 intrinsic fluorescence spectra in the pres-
ence of DMSO at equivalent concentrations to those added
with the respective inhibitors (left panel). Addition of Z56
(middle panel) and Z99 (right panel) resulted in a much
more significant quenching of RADS52 fluorescence com-
pared to DMSO alone confirming the presence of a direct
interaction between these compounds and RADS2.
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756 and 799 inhibitors bind within the inner binding groove
of the RADS2 oligomeric ring

Biochemical and structural studies identified two distinct
DNA binding sites in the RADS52 protein (24,48,49). The
‘inner’ or ‘primary’ binding site is a narrow groove that
spans the circumference of the protein and accommodates

ssDNA. A specific pocket within this groove was used in our
computational workflow. Positively charged residues deep
in the groove make electrostatic contacts with the DNA
backbone. Among these key ssDNA contacts, R55 makes
strong interactions with both Z56 and Z99. The ‘outer’
or ‘secondary’ DNA binding site of RADS52 binds both
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Figure 3. Specificity of the new synthetic compounds towards RADS52 versus RPA is important for selective killing of BRCA2-deficient cells. The in vitro
FRET-based assays follow inhibition of the RAD52-ssDNA interaction (blue circles and lines), RPA-ssDNA interactions (green circles and lines), and
the interaction between RADS52 and RPA-ssDNA complex (black circles and lines) by Z56 (A) and Z99 (B) compounds. Complexes at the starting point of
inhibitor titrations are depicted schematically on the left with respective FRET values indicated. The FRET values for these complexes are color cored on
the graphs matching the respective inhibition curves. The free ssDNA is shown on the right with its respective FRET value and the light orange bar across
the graphs that also signifies the endpoint of the inhibition reaction for displacing RADS52, RPA or RADS2 and RPA from ssDNA. The endpoint of the
reactions where RADS52 is displaced from RPA-coated ssDNA is represented by the light green bar. The data shown as an average + standard deviation for
at least three independent measurements. Where invisible, the error bars are smaller than the respective symbols. Calculated I1Csy values are shown above
each graph. (C) Intrinsic tyrosine fluorescence-based analysis of the RADS52 complexation with Z56 and Z99 inhibitors. Tyrosine fluorescence, excited
at 280 nm is presented as fluorescence spectra (each is an average + standard deviation for three scans). Concentrations of each inhibitor are shown by
their respective spectra. The change from the darker to lighter shades of blue correspond to increasing compound concentrations. Changes in fluorescence
upon addition to equivalent amounts of DMSO are shown in the left panel. (D) Diagram of the BRCA2 truncations in two defective BRCA2 alleles of the
EUFA423F cell line, and Capanl cell line (left panel), and BRCAI truncation in MDA-MB-436 cell line (right panel). In HA, the BRCA2 deficiency is
complemented by expression of the full-length protein, while MCF10a cells have unaltered BRCA1 and BRCA2 genes. (E and F) Cell viability of BRCA-
proficient (HA), BRCA1-mutated MDA-MB-436, and BRCA2-mutated EUFA423F cells as a function of Z56 (E) or Z99 — concentrations was evaluated
using CellTiter-Glo assay. The data are plotted as average + standard deviation for at least three independent measurements. Hundred percent live cells
corresponds to DMSO only control. (G and H) Cell viability was measured for 5 cell lines after 72 h treatment with 100 uM of Z56 (G) or Z99 (H). The
data are shown as individual measurements along with average + standard deviation for 9 independent measurements. The response of each cell lines was
compared to MCF10a (ns = not significant P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ordinary ANOVA).
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Table 1. Hits from the original in silico workflow

Inhibition of the Inhibition of the Inhibition of the
RAD352-ssDNA RPA-ssDNA RPA-ssDNA- Toxicity towards Toxicity towards
interaction, ICsq interaction, ICsg RADS2 complex, BRCA-deficient BRCA-proficient
Compound (M) (LM) ICso (kM) cells (at 100 M) cells (at 100 M)
PLIF hits
7991573902 50.5 £ 5.8 140 + 1.8 425 +£ 6.7 yes (EUFA423F, Yes (EUFA423F
Capanl, HA, MCF10a)
MDA-MB-436)
71633286133 248.8 +£ 9.5 2554 + 104 549 + 3.1 not tested not tested
71347718341 1236 £ 75 N/A 96.9 + 10.0 not tested not tested
Docking/scoring function hits
745684214 231 £ 1.5 N/A 289 £+ 5.5 no no
756785913 351 £ 2.6 N/A 8.28 + 0.55 yes (EUFA423F, no
Capanl,
MDA-MB-436)
7133609104 933 + 46 N/A 46.7 £ 49 not tested not tested

N/A, no activity.

ssDNA and dsDNA and may provide a platform for DNA
annealing (24,48). We have purified two mutants, inner
binding defective mutant (IB, K152A /R153A, Supplemen-
tary Figure S2A, B, purple), and outer binding defective
mutant (OB, K102A/K103A/K169A/R173A, Supplemen-
tary Figure S2 teal). Both mutants retained the capacity
to bind ssDNA and RPA-ssDNA complex, but distorted
the DNA to a lesser degree than the wild type RADS2
(Supplementary Figure S2C, D). Both Z56 and Z99 were
able to inhibit ssDNA binding to IB and OB mutants. The
1Cs value for Z56 inhibition of the wild type and IB mu-
tant RADS2 were within the fitting error. In contrast, ICs
value for OB mutant, which can only engage the inner bind-
ing site for DNA binding was 6-fold lower. This correlates
well with the computed binding position of this compound
(Supplementary Figure S2E). Notably, while the ICs values
for Z56 inhibiting the RPA-ssDNA-RADS52(mutant) com-
plex for both mutants were within fitting error of the corre-
sponding values for RADS52(mutant)-ssDNA complex, for
the wildtype protein the ICsy value for the RPA-ssDNA-
RADS52 complex was 6-fold lower than for the RADS52-
ssDNA complex, suggesting plasticity of the ssDNA bind-
ing within the RADS2 oligomeric ring (Table 1). Z99 had
enhanced inhibition efficiency for both IB and OB mutant
compared to the wild type RADS2, but similarly to Z56 had
6-fold increased efficiency against OB mutant compared to
IB mutant.

The new RAD52 inhibitors compete with DNA binding, and
not with the oligomerization of RADS2

RADS52 forms a ring shaped oligomer, with a range of
monomers in the oligomeric ring identified in biochemical
studies and an undecameric ring visualized by X-ray crys-
tallography (23-25,50). Among the RADS2 inhibitors iden-
tified to date, one compound, 6-OH-dopa was proposed to
act by interfering with RADS52 oligomerization and inter-
action between RADS2 protein rings (11). The oligomeric
state of RADS2 in the presence and absence of our new
inhibitors was evaluated using mass photometry, an inter-
ferometric light scattering technique for accurate, label-free
mass measurement of single macromolecular complexes in
solution, which is insensitive to the molecules’ shape (51).
At 100 nM, RADS52 exists in solution as a mixture of

oligomeric species (Supplementary Figure S3). The best fit
to the binned mass frequency histograms was a sum of three
Gaussians consistent with the majority of the protein ex-
isting as decameric and undecameric species, with a small
fraction (5%) of monomers present. The mass distribution
of RADS2 oligomers was not affected by any of the com-
pounds. Notably, 200 wM is close to the solubility limit for
some of the compounds where they start forming aggre-
gates in aqueous solution. A small amount of such aggre-
gates was observed as appearance and disappearance (neg-
ative mass) of low molecular weight species. The fact that
the compounds, even at high concentration, do not affect
the RADS2 oligomers or cause protein aggregation is an
additional confirmation of their specific mode of action.

756 and 799 selectively kill BRCA-mutant cells but promis-
cuity of Z99 causes toxicity

Among the identified compounds, three compounds 745,
756 and 799 had sufficiently low ICsy values to be tested
in cell-based experiments. Notably, these compounds rep-
resent both computational approaches, PLIFs and scoring
function, and also represent compounds that are specific to
RADS2 (e.g. Z56) or can promiscuously inhibit RPA (e.g.
799). The inhibitors used in this experiment were Z45, Z56
and Z99. Z16, Z133 and Z134 were excluded as the volume
of DMSO required to dissolve the inhibitor would have a
significant negative impact on cell growth. Cell-based via-
bility experiments were carried out using CellTiter-Glo®)
Luminescent Cell Viability Assay (see Materials and Meth-
ods for details) and an isogenic pair of cell lines: EUFA423F
is a Fanconi anemia cell line that harbors biallelic muta-
tions (7691 insAT and 9900 insA) in BRCA2 gene result-
ing in two different truncated forms of BRCA?2 (37) and its
counterpart complemented with expression vector for full-
length BRCA?2 (Figure 3C). The two BRCA2 truncations
in EUFA423F are missing the C-terminal RADS1 binding
region important for the BRCA2 function at stalled repli-
cation forks (52-55), and the OB-fold containing region
important in BRCA2-ssDNA interaction (56-59) (Figure
3D). EUFA423F are sensitive to PARP inhibitor Velaparib
(ABT-888) and are believed to represent a good BRCA-
deficient cell model (60). The complemented cell line (HA)
has a fully functional BRCAZ2, and is resistant to veliparib



(60) and DNA cross-linking agent mitomycin C (37). MDA-
MB-436 was used as a model for BRCA1-deficient cancer
cell line. MDA-MB-436 is a triple negative breast cancer cell
line with one BRCA1 allele lost and the second allele con-
taining a pathogenic BRCAI 5396 + 1G > A mutation and
expressing BRCA1 protein with truncated BRCT domain
(schematically illustrated in Figure 3D) (41).

Among three tested compounds, only two compounds,
756 (Figure 3E, green curves) and Z99 (Figure 3F, green
curves) were capable of selectively targeting BRCA2-
mutated cells. While both Z56 and Z99 were selectively toxic
to BRCA2-mutated EUFA423F cells and BRCA1-mutated
MDA-MB-436 cells, high concentrations of Z99 affected
the viability of BRCA2-complementd HA cells. The rea-
son for this toxicity is likely the capacity of Z99 to inhibit
the ssDNA binding by RPA and/or other ssDNA bind-
ing proteins. In contrast, Z56, which had no effect on the
RPA-ssDNA complex in FRET-based assays was also se-
lective in cell viability experiments, leaving the growth of
BRCA2-complemented HA cells unaffected, even at high
(250p.M) concentrations of the compound. Concentrations
of Z56 at which the half amplitude of viability effect was
achieved in the EUFA423F and MDA-MB-436 cells (~30
wM) were very similar to the ICs value for the disruption
of the RADS52-ssDNA complex in FRET-based studies.
The viability profiles of MDA-MB-436 for both Z56 (Fig-
ure 3E, blue curve) and Z99 (Figure 3F, blue curve) are simi-
lar to those of BRCA2-deficent EUFA423F cells suggesting
that our new inhibitors work in both BRCA1 and BRCA2-
deficent cells. The relative luminescence of the CellTiter-
Glo®) reagent saturated at about 40-50% of the initial sig-
nal. Similarly, previous reports indicated that RADS2 de-
pletion by siRNA, PARP inhibitor Olaparib, and RADS52
inhibitor 6-OH-dopa reduce viability of MDA-MB-436 ap-
proximately two-fold (11).

Activity of Z56 and Z99 compounds was then analysed
in two additional cell lines at 100 wM of respective inhibitor
(Figure 3G and H). We used Capanl as a model BRCA2-
deficint cancer cell line. In Capanl, one copy of the BRCA2
gene is lost and the remaining copy has a pathogenic
6174delT mutation. This mutation disrupts BRC repeats 7
and 8 and causes a frameshift that introduces a stop codon
which prematurely truncates the protein (schematically de-
picted in Figure 3D) (38,39). This is a pathogenic muta-
tion with several independent origins in both Jewish Ashke-
nazi and non-Jewish populations (40). As a model for non-
cancerous BRCA-proficient cell line we used MCF10a, a
breast epithelial cell line spontaneously immortalized with-
out defined factors (42). Similar to EUFA423F and MDA-
MB-436, Capanl cells were sensitive to both Z56 and Z99,
while MCF10a cells were only sensitive to Z99 similar to
BRCA2-complemented EUFA423F HA (Figure 3G and
H).

The effect of the Z56 and Z99 compounds on cell viability
was also confirmed in clonogenic survival assays. Supple-
mentary Figure S4 shows quantification of colonies seeded
by the cells pre-treated for 72 h with 100 wM of inhibitor or
an equivalent amount of DMSO. Similar to viability experi-
ments, Z56 reduced clonogenic potential of BRCA-deficient
cells, while Z99 was toxic also to BRCA-proficient cells.
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7.56 and Z.99 specifically interfere with RADS52 cellular func-
tions

RADS2 plays several genome stabilizing functions in hu-
man cells (see (3,7) for recent reviews). RADS2 partici-
pates in DSB repair by both homology-directed repair and
via single-strand annealing (61,62), has a residual activity
in supporting homologous recombination (6), functions to
protect stalled and damaged DNA replication forks (43),
cooperates with MUS81 nuclease in fork cleavage (63), an-
tagonizes DNA polymerase 6 (64), promotes early steps in
mitotic DNA synthesis (65,66), and participates in RNA-
templated DNA repair (67). To assess the specificity of
our inhibitors in targeting RADS52 in cells, we focused on
two specific function of RADS52, promoting formation of
DSBs by MUSS8I1 nuclease (63) and protection of stalled
DNA replication forks (43). The latter was selected because
of the recent observation that postreplicative ssDNA gaps
may underlie the hypersensitivity of BRCA-deficient can-
cers to chemotherapy (68), and our previous discovery that
RADS52 inhibition leads to replication fork restoration with
ssDNA gaps (17,43).

Upon prolonged replication stress, RAD52 depletion
or its inhibition with EGC leads to impaired MUS81-
dependent replication fork cleavage (8,43,63). To assess
the ability of Z56 and Z99 to interfere with the RADS52
function in promoting MUS81-dependent DSBs following
replication stress, we performed neutral Comet assay in
MRC5SV40 fibroblasts treated with HU for 24h in the pres-
ence of 256, 799 or EGC (Figure 4A, B). As expected, pro-
longed replication arrest induced by HU led to elevated lev-
els of DSBs (8,63,69), which were significantly reduced by
EGC (Figure 4B). Z56 and Z99 were also able to signifi-
cantly reduce DSBs formation in HU-treated cells even at
concentrations below their respective 1Csgs. To assess if the
effect of Z56 and Z99 treatment was specific, we compared
the formation of HU-induced DSBs in RADS52-expressing
cells (MRC5SV40 fibroblasts) and cells stably depleted of
RADS52 (MRC5SV40 shRADS2) (Figure 4C). As previ-
ously reported (63), depletion of RADS52 greatly reduced
spontaneous and HU-induced DSBs. Most strikingly, while
treatment with Z56 or Z99 reduced DSBs in RADS52-
proficient cells it failed to further decrease their amount in
the RADS52-depleted cells confirming that RADS52 is indeed
the target of our inhibitors. RADS2 inhibition also affects
DSBs formed at deprotected forks in the absence of BRCA2
(8). To further investigate the phenotypic effect of Z56 or
799 in the cells, we evaluated formation of DSBs in a cell
model in which an shRNA cassette targeting BRCA?2 is un-
der the control of doxycycline. As shown in Figure 4D, de-
pletion of BRCA2 (+DOX) resulted in a significant increase
in the number of DSBs. This increase was largely suppressed
when cells were treated with Z56 or Z99. As also shown in
Figure 4B, Z56 and Z99 outcompeted EGC leading to com-
parable DSBs suppression at a much lower dose (10 puM
versus 50 wM).

RADS2 plays an important role in protecting DNA repli-
cation forks from reversal and subsequent degradation (43).
Previously (43,69), we have established experimental con-
ditions that are able to distinguish generation of nascent
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Figure 4. Z56 and Z99 interfere with RAD52-MUSS81 function at stalled DNA replication forks. (A) Cartoon representation of fork cleavage by the
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treated as indicated. Graph shows the mean of tail moment as mean £+ SE (ns = not significant; ***P < 0.001; ****P < 0.0001; Mann—-Whitney test).
When indicated, cells were treated with inhibitors for 30 min before HU exposure. (C) Analysis of DSBs in MRCS5 SV40 and MRCS shRADS52 after HU
exposure in presence or absence of RADS2 inhibitors (30 min before HU treatment). Graph shows the mean of tail moment £+ SE (ns = not significant;
*P < 0.1; ¥****P < 0.0001; Mann—-Whitney test). (D) After 48 h of doxycycline induction cells were treated to perform neutral comet assay. Western blot
shows BRCAZ2 level after doxycycline induction. LAMIN B1 was used as a loading control. Graph shows the mean of tail moment + SE (****P < 0.0001;
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ssDNA that occurs at the reversed replication forks upon
MREI11-dependent fork degradation and that occurring at
processed of DSBs. These conditions include the timing of
IdU pulse and the duration of HU treatment (43). Having
demonstrated that Z56 and Z99 affect formation of DSBs
upon prolonged replication stress, interfering specifically
with RADS2 function, we next evaluated if they might simi-
larly affect the role of RADS2 as antagonist of fork reversal
and fork degradation (Figure 5A) (43). To assess fork degra-
dation at reversed forks, we analysed exposure of nascent
ssDNA by native anti-IdU IF (70) in HU-treated cells (Fig-
ure 5B). As shown in Figure 5B (blue circles) and 5C, a short
treatment with HU did not lead to exposure of nascent ss-
DNA, implying that there was low, if any, fork degradation
or DSBs processing. In sharp contrast, treatment with EGC
significantly increased the level of ssDNA in HU-treated
cells. Interestingly and consistent with the effect on DSBs
formation, Z56 and Z99 were able to induce exposure of ss-
DNA at the nascent strand. To confirm that the effect of
799 and Z56 on the stimulation of ssDNA exposure in the
nascent strand of stalled forks is related to RADS52 inhibi-
tion, we performed the native anti-IdU assay in cells that

have been stably-depleted of RADS2 using an shRNA cas-
sette (43). Of note, all RADS2 inhibitors failed to induce
any further accumulation of nascent ssDNA in cells stably-
depleted of RADS2 (Figure 5C, compare blue and red
circles).

Since Z56 appeared to interfere with both the func-
tions of RADS2 at perturbed replication forks and re-
duced association of RADS2 with ssDNA in vitro with-
out interfering with RPA-ssDNA interaction, we evaluated
if it affected the RADS2 loading on ssDNA in the cell.
To this end, we performed in situ proximity ligation as-
say (PLA) after treatment with HU to assess the associa-
tion of RADS2 with parental ssDNA at the fork (Figure
SE). Replication fork arrest induced association of RADS52
with parental ssDNA, which was supressed by EGC (Fig-
ure SF and G). Similar to EGC, Z56 also suppressed bind-
ing of RADS?2 at parental ssDNA as shown by a strong re-
duction of the number of PLA spots (Figure 5F and G).
Collectively, these results indicate that Z99 and Z56 were
able to affect the function of RADS2 at replication forks
and that Z56 can prevent RADS52 binding to ssDNA in
the cell.
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Expansion of the Z99 scaffolds improves activity against
RADS52, but not RPA, and efficacy in selective Killing of
BRCA2-mutant cells

In order to enhance the affinity and specificity of our in-
hibitors, we selected Z99 as the query in a large search of
chemical space using the program InfiniSee (BiosolvelT).
This program works not by searching chemical libraries
for similarity to the query, but rather by a combinatorial
fragment build-up scheme, based on predetermined num-
ber of chemical reactions and defined fragments (the rules
which circumscribe the chemical space). We searched the
REAL (Enamine) chemical space, which is vast, consist-
ing of 31612189569 (~3.2 x 10'%) virtual products; based
on 165 Enamine reactions, 100 526 in-stock reagents, and
182 381 selected building blocks. Six compounds (Figure
6A) were selected based on the diversity of the generated
scaffolds and were synthesized to >99% purity by Enam-
ine. Figure 6B shows the placement of the compounds (stick
model) into the same pocket on RADS2 as Z99 (shown
as a semi-transparent surface). Supplementary Figure S5
shows ligand maps for all compounds. In addition to the
R55 interaction observed with Z99 compound, the scaffold-
expanded compounds also make electrostatic contacts with
another key ssDNA binding residue, K152. Binding sites for
all scaffold-expanded compounds contained Y65 and/or
Y126 aromatic residues. Not surprisingly, binding of these
compounds to RADS2 resulted in significant quenching
of the RADS2 intrinsic fluorescence confirming a direct
ligand-protein interaction (Supplementary Figure S5).

We used our original experimental workflow to evalu-
ate the efficacy of these compounds as RAD52-ssDNA in-
hibitors. All six compounds showed a marked improvement
in their ability to inhibit the RADS52-ssDNA interactions
(Figure 6C, Table 2, and Supplementary Figure S5). The
ICsy values for these new compounds ranged between ~2
and ~8 wM, a 6-40-fold improvement over the original Z99
scaffold (Figure 6C, blue bars). While all of the scaffold-
expanded compounds retained their ability to inhibit the
RPA-ssDNA binding, three compounds had higher 1Cs
than Z99, two compounds were similar in potency to Z99
for RPA inhibition, and only one (Z58- (69) had lower
ICsy for RPA. Thus, these new compounds can provide a
broader therapeutic window in cell-based experiments. One
of the compounds, Z58-54, while effective in disrupting the
RAD52-ssDNA interaction (ICsy of 7.26 £+ 0.61 wM), and
slightly more poor disruption of the RPA-ssDNA com-
plex (ICso of 18.0 £ 1.3 wM), was unable to dislodge
RADS2 from the RPA-ssDNA-RADS2 complex. Never-
theless, it was effective and specific in cell viability assays
and colony formation assays (Figure 6D and Supplemen-
tary Figure S6). The expanded compounds were tested for
their activity in five cell lines. The CellTiter-Glo®)-based vi-
ability experiments (Figure 6D, Supplementary Figure S6)
were carried out identically to the experiments that used
756 and 799 inhibitors, except at 10 wM of respective
scaffold-expanded compound. In contrast to their parental
799 scaffold, the expanded compounds were non-toxic to
normal (MCF10a, grey bars) and BRCA2-complemented
(EUFA423F HA, green shaded bars), but displayed se-
lective toxicity towards BRCA1-deficient (MDA-MB-436,

blue bars) and BRCA2-deficent (Capanl, orange bars) cells.
Compounds Z58-54, Z58-72, 7.58-83 and Z58-87 were also
effective against BRCA2-deficient EUFA423F cells (green
bars). Surprisingly, Z58-62 and Z58-69 did not affect via-
bility of EUFA423F cells. Clonogenic survival experiments
confirmed the efficacy and improved specificity of the ex-
panded compounds (Supplementary figure S6). Among all
tested compounds, Z58-54 and Z58-87 has the most con-
sisted activity profiles for all methodologies and cells lines.

To understand the nature of the RPA—ssDNA complex
disruption by some of our compounds, we carried out
their molecular docking alongside EGC and EGCG, a
known RPA binder (8). Human RPA interacts with ssDNA
through four OB folds, known as DNA binding domains
(DBD) A, B, C and D. The four DBDs and their modes of
ssDNA binding are structurally similar (18). Therefore, we
used the PDB: 1JMC structure of the DBD-A and DBD-B
of human RPA in complex with ssDNA (33) to evaluate the
interaction between RPA-displacing compounds and RPA
(Supplementary Figure S7A). The most favourable binding
pose of Z99 vis-a-vis EGCG is shown in Supplementary
Figure S7B and C. In this pose, stacking occurs between
799 and the aromatic residues W212 and F238 of the RPA
DBD-A. Note that F238 is one of the key aromatic residues
important for RPA function (71). There is also hydrogen
bonding donation from R216 and N214 (ssDNA interact-
ing residues) to the carbonyl oxygen of Z99. The same con-
tacts were also present in the EGCG-RPA complex. In ad-
dition, the EGCG pocket also contains R210 and R234. In-
terestingly, among our new compounds Z99 itself was the
strongest RPA binder from the docking simulations, and
its heavier derivatives did not replicate the same excellent
stacking and hydrogen bonding indicated above (Supple-
mentary Figure S7D). While binding in the same area as
799, compounds Z58-54, Z58-62 and Z58-87, completely
lacked stacking with F238 and protruded out of the sub-
pocket, also forming poorer stacking with W212. Notably,
the binding pocket accommodating Z58-87 also included
F269, the second aromatic residue of the ssDNA binding
cleft of DBD-A. Z58-69 and Z58-72 could not even bind in
the Z99 sub-pocket, binding instead at the DBD-A/DBD-
B interface close to the W361, the first aromatic residue of
the DBD-B. Z58-83 was able to bind in the same sub-pocket
as 799, with stacking to W212, but weaker interaction with
F238.

Thus, it is fortunate that the steric requirements for Z99
derivatives are challenging, and that their larger volumes
are not allowing the optimal stacking and hydrogen bond-
ing seen with Z99. This nicely parallels what is seen in the
experimental in vitro studies (discussed above), in which, al-
though RADS2 potency is increased with the Z99 deriva-
tives, one does not see this mirrored in terms of disruption
of the RPA—ssDNA complex. This bodes well for the con-
tinued modification and expansion of the Z99 scaffold.

DISCUSSION

In this study we have successfully overcome several chal-
lenges in developing drug-like small molecule inhibitors of
an attractive anticancer drug target, human DNA repair
protein RADS2. The main challenge rested in the necessity
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Table 2. Hits from Z99 scaffold expansion

Inhibition of the Inhibition of the Inhibition of the
RAD352-ssDNA RPA-ssDNA RPA-ssDNA- Toxicity towards Toxicity towards
interaction, ICsq interaction, ICsg RADS2 complex, BRCA-deficient BRCA-proficient
Compound (M) (LM) ICso (kM) cells (at 10 wM) cells (at 10 uM)
75862216254 7.26 £+ 0.61 180 £ 1.3 N/A yes (EUFA423F, no
Capanl,
MDA-MB-436)
75862231762 2.84 £ 0.32 28.8 £ 4.0 4.55 £ 0.16 yes/no (Capanl, no
MDA-MB-436)
75862148469 2.02 £ 0.12 1.12 £ 0.13 0.76 £ 0.05 yes/no (Capanl, no
MDA-MB-436)
75862209772 7.97 £ 0.84 159 £ 14 7.00 £ 0.29 yes (EUFA423F, no/yes (MCF10a in
Capanl, colony formation
MDA-MB-436) assay)
75862135983 6.21 £ 0.42 54.0 £ 9.7 54.3 + 16.2 yes (EUFA423F, no/yes (MCF10a in
Capanl, colony formation
MDA-MB-436) assay)
75862219887 398 £+ 0.35 8.49 + 143 6.43 £ 1.01 yes (EUFA423F, no
Capanl,
MDA-MB-436)

N/A —no activity

to disrupt an extensive and multivalent interaction between
RADS52 and ssDNA, as RADS52 can accommodate approx-
imately 44 nucleotides of ssDNA (4 nt per monomer in an
undecameric protein ring) and utilizes two distinct DNA
binding sites (3,9). Another important challenge was to de-
velop a strategy that yields inhibitors that are specific to
RADS2 over other ssDNA binding proteins, such as RPA,
whose inhibition may be generally toxic to cells. Finally, all
the specifications mentioned above must be accomplished
while remaining in drug-like chemical space (reviewed in
(3.9)).

In our previous work (8) we have identified several natu-
ral products that inhibit RADS52 in vitro and in cells. Among
them, EGC was highly specific to RADS2, while a more
promiscuous inhibitor EGCG also inhibited the RPA-
ssDNA interaction. Natural products (secondary metabo-
lites) from plants and fungi have a storied history in early
phase drug discovery, but for numerous reasons are seldom
employed as drugs themselves. It is often the case that the
pharmacophore (the specific region of a molecule contain-
ing the essential organic functional groups that contributes
to activity against the receptor) has been used as a basis
for designing novel drugs; only about 5% of new chemi-
cal entities (NCEs) that target disease are unmodified nat-
ural products, while ~23% are semisynthetic derivatives of
natural products, and about 14% are synthetic compounds
inspired directly by natural products (72). This is usually
based on the poor ADME properties possessed by many
natural product classes. The flavan class, and particularly
the epigallocatechins, are well known to have poor ADME
properties, largely due to absorbtion in the gut and stabil-
ity, due to both pH and degradation by gut flora (73). This
low absorbance was found to be further reduced when ac-
companied by food (74). Additionally, the very high hy-
drophilicity of epigallocatechins creates homogeneity prob-
lems in lipid formulations (74). Other RADS2 inhibitors
have been shown to have a variety of additional ADME
challenges (reviewed in (9)). Our solution to overcoming
challenges associated with current RADS2 inhibitors was to

exploit the EGC pharmacophore, yet to do it from drug-like
chemical space which is additionally synthetically tractable,
which will facilitate SAR on the RADS2 system. Our exten-
sive computational analyses suggested that both EGC and
EGCG bind within the RAD52-ssDNA binding groove but
occupy neighbouring pockets. Based on these observations
and on a high confidence about approximate location of
these two natural products when bound to RADS2 (8), we
have developed the concept of a local hotspot for each of
these compounds and have focused our computational ef-
forts on the EGC pocket. Using the Enamine REadily Ac-
cessibLe through parallel synthesis (REAL) library (26,27)
allowed for scaffold hopping into a drug-like synthetically
tractable space. The REAL compounds have high retrosyn-
thetic scores, i.e. a high probability of synthesis and purifi-
cation of the desired compound.

Our computational workflow (Figure 1A) bifurcated at
the scoring function step into using either a docking scor-
ing function (which should be more attentive to exploiting
binding features different from EGC) or the more conser-
vative PLIF scoring function. Notably, both scoring func-
tions yielded efficient RADS2 inhibitors (Figure 3, Sup-
plementary Figure S1, and Table 1). The interactions be-
tween our new inhibitors and RADS52 were more promis-
ing compared to EGC and EGCG, which mainly utilize
van der Waals interactions. Among selected inhibitors, Z56
(docking/scoring function hit; N-[o-methoxybenzene]-4-
methyl-benzoic sulfonamide) and Z99 (PLIF hit; indole-3-
ethanone-N-a-one-b-nitro-pyridine) were especially attrac-
tive as they showed enhanced activity in cell viability as-
says (Figure 3). A wide range of ADME properties for Z99
and Z56 were calculated with the program SWISS-ADME
(75). 7299 shows excellent drug-likeness using 6 different ap-
proaches (including the filters of Lipinski and Ghose), with
zero violations using any of these methods, and is consid-
ered a good lead compound, from a drug discovery perspec-
tive, with a consensus LogPo,w = 1.36 and solubility (LogS)
= -3.7 to 4.2 (Supplementary Figure S8). Other promis-
ing drug-like properties of Z99 are that it is predicted to



have a high gastrointestinal absorption using the program
BOILED - Egg (76). The scaffold, however, could be im-
proved in the future by finding a bioisoteric replacement
for the nitro group. We see a similar case for Z56, which
is also predicted to be drug-like using six different met-
rics, with zero violations, and has a consensus LogPo,w of
2.12 and solubility (LogS) ranging from —3.36 to —4.75, and
also projected to have a high GI absorption (Supplementary
Figure S9).

756 was specific to RADS52 over RPA in vitro, and
showed toxicity only towards BRCA2 mutant cells. In con-
trast, Z99 was more promiscuous, inhibited RPA in vitro,
and exhibited toxicity towards BRCA2-complemented cells.
While the activity of new compounds in vitro and in cells
was several-fold poorer than low M activity of EGC and
EGCG, It is remarkable that these two lead compounds,
with strong drug-likeness, were obtained by scaffold hop-
ping from a natural product with notoriously poor drug-
like properties. These scaffolds can be readily modified, as
we showed for the Z99 scaffold.

Docking of Z99 and Z56 to DBD-A /B of the RPA70 sub-
unit of human RPA showed that Z99 strongly binds to a
deep pocket on the RPA DBD-A, which is also the loca-
tion of the top docking pose for EGCG (Supplementary
Figure S7). We selected Z99 for scaffold expansion, as it
was the compound that we had done extensive and early
characterization on. Z99 scaffold expansion also allowed
us to demonstrate definitively that increasing the molecular
weight of the compounds we can shift specificity towards
RADS2 without increasing affinity for RPA. Scaffold ex-
pansion was carried out using methodology that accessed
~10'° theoretical compounds in REAL space. Notably, the
fragment build-up scheme we used is not a library search,
but navigation of the chemical space, with the search output
being a set of specific chemical fragments and reactions to
build a desired compound with high probability. The result
of the scaffold expansion was a set of six novel compounds
with improved potency towards RADS2 and no further in-
crease in activity towards RPA.

799 scaffold expansion aimed primarily on enhancing
affinity of the derivatives by introducing one or a few addi-
tional high quality contacts while maintaining or improving
bio-activity. Fortunately, docking studies indicated that all
of the top scoring candidates maintained the same orienta-
tion on the target as the original Z99 scaffold. A comparison
of Supplementary Figure S6 (ligand maps of the expanded
scaffolds) to Figure 2 (ligand map of Z99) indicates that two
of the most promising derivatives, Z58-54 and Z58-87, have
a number of improved contacts. Particularly, Z58-87, which
has a strongly enhanced van der Waals contact with the
sub-pocket, much better desolvation of the ligand atoms,
and a halogen bonding between the Cl atom and D277. In-
deed, since halogen bonding is enhanced with heavier halo-
gens, this implies that future derivatives with both I and Br
should be synthesized and tested as well. Additionally, since
electron-withdrawing substituents on the donor strengthen
the halogen bonds (77), an additional strategy should be to
add, for example, one or more additional fluoro substituents
in adjacent positions. This can be rationalized as causing
an expansion of the o-hole potential on the halogen donor
group (77). In terms of Z58-54, it is also more desolvated
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than the original Z99 scaffold, and benefits from several
stacking interactions with F238.

While still relatively small, these compounds inhibit
RADS2 with ICs, values in low wM range (Figure 6, Sup-
plementary Figure S6, Table 2), with excellent discrimi-
nation between BRCA1 or BRCA2-mutant, and BRCA-
proficient cells (Figure 6D, Supplementary Figure S6). We
anticipate future studies on the expansion of Z56 in a sim-
ilar manner. There is no a priori reason that Z56 expan-
sion in similar manner as detailed for Z99 would compro-
mise selectivity, based on RPA docking. Furthermore, ad-
ditional rounds of expansion of Z99 appear to be promis-
ing with respect to developing potent and selective in-
hibitors of RADS52, as we were able to improve activity
towards RADS2 without compromising specificity. Specif-
ically, compounds Z58-54 and Z58-87 showed the most
consistent activity against BRCA1 and BRCA2-mutated
cells and low toxicity in BRCA proficient cells. These two
scaffolds therefore, will be used in further rounds of im-
provement. Given the emergence of resistance to PARP in-
hibitors, our new RADS2 inhibitors and the overall ap-
proach bode well for the possibility of further rapid devel-
opment of designer drugs that expand our pharmacopeia
for synthetic lethality.
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