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SUMMARY

BRCA2 controls RAD51 recombinase during homologous DNA recombination (HDR) through eight
evolutionarily-conserved BRC repeats, which individually engage RADS51 via the motif Phe-x-x-Ala. Using
structure-guided molecular design, templated on a monomeric thermostable chimera between human
RAD51 and archaeal RadA, we identify CAM833, a 529 Da orthosteric inhibitor of RAD51:BRC with a Kg
of 366 nM. The quinoline of CAM833 occupies a hotspot, the Phe-binding pocket on RAD51 and the
methyl of the substituted a-methylbenzyl group occupies the Ala-binding pocket. In cells, CAM833
diminishes formation of damage-induced RADS1 nuclear foci; inhibits RAD51 molecular clustering,
suppressing extended RAD51 filament assembly; potentiates cytotoxicity by ionising radiation,
augmenting 4N cell-cycle arrest and apoptotic cell death and works with poly-ADP ribose polymerase
(PARP)1 inhibitors to suppress growth in BRCA2-wildtype cells. Thus, chemical inhibition of the protein-
protein interaction between BRCA2 and RAD51 disrupts HDR and potentiates DNA damage-induced cell

death, with implications for cancer therapy.

Key words: RAD51, homologous recombination, BRCA2, DNA repair, structure-guided drug discovery,

protein-protein interaction inhibition
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INTRODUCTION

The tumour suppressor protein, BRCAZ2, is essential for error-free repair of DNA double-stranded breaks
(DSBs) by homologous DNA recombination (HDR) in human cells (Venkitaraman, 2014). BRCAZ2 acts
during HDR to control the recombination enzyme, RAD51, a eukaryal protein evolutionarily conserved as
RecA in eubacteria, and RADA in archaea (West, 2003). RAD51 executes the DNA strand exchange
reactions that lead to HDR by assembling, in a sequential and highly regulated manner, as helical
nucleoprotein filaments on single-stranded (ss) or double-stranded (ds) DNA substrates. The presynaptic
RAD51 filament on ssDNA mediates strand invasion and homologous pairing with a duplex DNA template

to execute strand exchange, the core biochemical event necessary for HDR.

Human BRCA2 contains two distinct regions that bind directly to RADS1. First, BRCA2 contains eight
BRC repeats, evolutionarily-conserved motifs of 26 residues each, whose sequence and spacing within
an ~1,100 residue segment encoded by BRCAZ2 exon 11 is conserved amongst mammalian orthologues
(Bignell et al., 1997). Each of the eight human BRC repeats exhibits a varying affinity for RAD51 in vitro
(Wong et al., 1997). Second, the carboxyl (C-)terminus of BRCA2 contains a RAD51-binding region
spanning ~90 residues, which is distinct in sequence from the BRC repeats (Davies and Pellegrini, 2007;

Esashi et al., 2007).

The interactions between BRCA2 and RAD51 control key steps essential for HDR. The BRC repeat-
RAD51 interaction differentially regulates RAD51 assembly on DNA substrates in vitro, promoting
assembly of the RAD51-ssDNA filament, whilst concurrently inhibiting the RAD51-dsDNA interaction
(Carreira et al., 2009; Shivji et al., 2009). These opposing activities of the BRC repeats ensure that
RADS1 assembly on its DNA substrates occurs in the correct order to promote strand exchange.
Moreover, the C-terminal RAD51-binding region of BRCA2 stabilizes oligomeric assemblies of RAD51 in
vitro in biochemical assays using purified proteins (Davies and Pellegrini, 2007; Esashi et al., 2007), and
is required for the elongation of RAD51 filaments at cellular sites of DNA damage visualized by single-

molecule localization microscopy (Haas et al., 2018).
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81  Of the eight BRC repeats in human BRCA2, BRC4 exhibits the highest affinity for RAD51 (Carreira and
82  Kowalczykowski, 2011; Cole et al., 2017; Wong et al., 1997). The crystallographic structure of a complex
83  between a BRC4 peptide and the core catalytic domain of RAD51 shows that the BRC4 sequence FHTA
84  (human BRCAZ residues 1524-1527) engages with hydrophobic pockets on the RAD51 surface that
85  accommodate the Phe and Ala residues (Pellegrini et al., 2002). An analogous FxxA motif in the RAD51
86  protein mediates oligomerization in the absence of DNA (Brouwer et al., 2018; Conway et al., 2004; Shin
87 et al., 2003), and has recently been shown using electron cryo-micoscopy to form the inter-subunit
88 interface in functionally relevant DNA-bound assemblies of RADS1 (Short et al., 2016; Xu et al., 2017).
89  Invitro, BRC4 peptides promote the strand selectivity of RADS1-DNA interactions at sub-stoichiometric
90  concentrations relative to RADS1 (Carreira et al., 2009; Shivji et al., 2009). However, BRC4 peptides
91  disrupt RAD51 oligomerization in vitro (Davies et al., 2001), and when overexpressed in cells, can inhibit
92  the recruitment of RAD51 into DNA damage-induced foci by blocking the RAD51-RAD51 interaction
93  (Chenetal.,, 1999a).

94  The central importance of the BRC repeat-RADS1 interaction to HDR has prompted the identification of
95  small-molecule and peptidic inhibitors that might have therapeutic value for cancer treatment. Most
96 reported inhibitors target the interaction between RADS1 and DNA (Budke et al., 2012a, 2012b; Huang
97  and Mazin, 2014; Huang et al., 2011; Ishida et al., 2009; Normand et al., 2014; Takaku et al., 2011).
98  Recently described cell penetrating antibodies also operate through a similar mechanism (Pastushok et
99 al, 2019; Turchick et al., 2017, 2019). Inhibitors that suppress the D-loop activity of RAD51 have also
100  beenreported (Budke et al., 2019; Lv et al., 2016), although several optimized versions also exhibit DNA-
101 intercalating activity (Budke et al., 2019). On the other hand, reports of small molecules and peptides
102 have been published that claim to disrupt the interaction between RAD51 and the BRC repeats, or
103 between RADS1 multimers (Bagnolini et al., 2020; Falchi et al., 2017; Nomme et al., 2010; Roberti et al.,
104  2019; Trenner et al., 2018; Vydyam et al., 2019; Zhu et al., 2013, 2015; Ward et al. 2017). However, the
105 lack of specific structural information concerning the interaction of these inhibitors with RADS1 has
106  impeded the precise exploration of structure-activity relationships, and the efficient development of more

107 potent compounds.
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108  Here, we report the discovery, using a structure-led fragment-based approach, of CAM833, a potent
109  chemical inhibitor of the RAD51-BRC repeat interaction and RADS1 oligomerization. We show using X-
110  ray crystallography that CAM833 engages the Phe- and Ala- binding pockets on RAD51 to block its
111 interaction with BRC repeats. We confirm that CAM833 potentiates cellular sensitivity to DNA damage
112 induced by ionizing radiation, and suppresses the assembly of RAD51 into damage-induced filaments,
113 as visualized by single-molecule localization microscopy. Our findings provide a well characterized
114 chemical tool compound to dissect biochemical events during HDR, and a potential lead for the

115  development of new cancer therapeutics.
116  RESULTS

117 A monomeric thermostable chimera of human RAD51 and archaeal RADA recapitulates structural

118  features of the human RAD51-BRC interaction

119  Structure-based approaches to identify modulators of the BRCA2-RAD51 interaction have been impeded
120 by the lack of a monomeric unliganded form of HSRAD51. We have previously described the development
121 of molecular surrogate systems for RAD51 based on an archaeal ortholog, RadA from Pyrococcus
122 furiosus (Moschetti et al., 2016). In brief, we were able to produce the C-terminal ATPase domain of
123 RadA as a stable monomeric protein, and by careful mutagenesis, to convert the surface of the protein
124 to resemble human RAD51, with the ability to bind the BRCA2 BRC4 repeat with high affinity. Of note,
125  we used the previously described constructs HumRadA2 for initial biophysics work and HumRadA22F
126  for crystallography (Moschetti et al., 2016). In parallel, we also generated a chimeric RAD51
127 (ChimRADS51) that fuses the central part of the human RAD51 ATPase domain with two flanking
128  sequences from archaeal RadA and used this in our primary screening assay and for biophysical
129  screening. The binding of ChimRAD51 to the BRC4 peptide was characterized using a fluorescence
130  polarization (FP) assay and by isothermal titration calorimetry (ITC), yielding comparable Kq values of 4
131 and 6 nM, respectively validating the use of this protein for subsequent ligand affinity measurements
132 (Moschetti et al., 2016). These surrogates provide robust platforms for structure-guided lead discovery
133  via fragment screening, the biophysical characterization and validation of inhibitors, and for X-ray

134 crystallography.
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135  The three-dimensional structure of the C-terminal ATPase domain of RADS1 in complex with a BRC4
136  peptide has been determined by X-ray crystallography (Pellegrini et al., 2002). This structure shows that
137  the BRC repeat binds in a bi-dentate fashion in which BRC4, via its FxxA motif, engages with a self-
138  association site on RAD51, and then wraps around the protein to interact through a less-conserved LFDE
139 motif with a second site on the RAD51 surface (Figure 1A). Cryo-EM structures of RAD51 filaments
140  bound to DNA (Short et al., 2016; Xu et al., 2017) confirm that in self-association, the FxxA motif of one
141 RADS1 interacts similarly with the two small “Phe” and “Ala” pockets on an adjacent protein unit, with the
142 C-terminal segment of the oligomerization epitope binding to a hydrophobic groove in the opposite
143 direction to that where the LFDE epitope of BRC4 binds. Earlier work has compared the relative affinities
144 of the different human BRC repeats for RAD51 (eg. (Wong et al., 1997)), and has demonstrated that both
145  the FxxA and LFDE motifs in multiple BRC repeats contribute to both permissive and inhibitory
146 interactions with RAD51 (Rajendra and Venkitaraman, 2010). In order to determine which of these two
147 motifs might be most appropriate to develop inhibitors against, we measured the affinities of two peptides
148  corresponding to N- and C-terminal epitopes of BRC4 using our FP assay. The N-terminal “FxxA” half of
149  the BRC4 repeat showed clear binding to RAD51 and competition of full-length BRC4 repeat with a Kq of
150 36 uM. This compares favorably with our previous analysis of the affinities of tetra-peptides derived from
151  the BRC4 FxxA epitope (which has the sequence FHTA) which bound to humanized RadA with 200-300
152 uM affinity (Scott et al., 2016). The C-terminal half of BRC4 (LFDE peptide) showed very weak, if any,
153  inhibition of BRC4 binding, at up to 1 mM concentration (Figure 1C), suggesting that the LFDE motif
154 makes a minimal contribution on its own to this interaction, even though its mutation in the context of the
155  entire BRC4 peptide can reduce RAD51 binding (Rajendra and Venkitaraman, 2010). We also tested the
156  ability of RAD51 to bind its own oligomerization peptide (OP) epitope and determined a K¢ of 18 uM for
157 this interaction, demonstrating how additional binding energy can be derived from the interactions which

158  the C-terminal part of the oligomerization peptide makes (Figure 1C).
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Figure 1. RAD51 interaction with BRC4 A. Structure of RAD51 ATPase domain (surface) with BRC4
repeat of BRCA2 with FxxA binding motif coloured green and the LFDE-motif in blue (PDB code 1n0w).
B. Structure of oligomeric RAD51 with oligomerization epitope (orange) of one protomer binding the next
molecule in the filament (surface) (PDB 5nlw). C. Sequences of BRC4 repeat, and its FxxA and LFDE
epitopes containing half peptides and the isolated RAD51 oligomerization peptide (OP). D. Competitive
FP assay with labelled BRC4 repeat as probe which shows competitive binding to ChimRADS1 protein
with the two BRC4 half-peptides (FxxA and LFDE, green and blue) and RAD51 oligomerization peptide
(OP, orange). The dissociation constants measured for the FxxA half-peptide and for the oligomerization
peptides were 36 + 7 uM and 18 + 3 uM, respectively.
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170  The design and development of CAM833, a small molecule inhibitor of the interaction between

171 BRCAZ2 and RAD51

172 Using the surrogate RAD51 systems described above and a combination of fragment-based drug
173 discovery (Blundell et al., 2002; Coyne et al., 2010) and structure-guided drug design, we have optimized
174 fragment hit molecules to generate high-affinity inhibitors of the RAD51-BRC-repeat interaction with a

175  clearly defined orthosteric inhibition mechanism (Figure 2).

176 Initially, we carried out a biophysical fragment-screen against a previously-described humanized version
177 of PRadA HumRadA2 (also known as MAYSAM; (Moschetti et al., 2016; Scott et al., 2013)) leading to
178  the discovery of a range of bicyclic aromatic and heteroaromatic fragment hits, binding exclusively into
179  the Phe pocket at the FxxA site of RADS1 (Scott et al., 2013). Investigation of the structure-activity
180  relationships (SAR) around these hits showed that naphthyl derivatives, particularly when substituted
181 with polar groups, were able to bind to the Phe pocket with reasonable activity and ligand efficiency. For
182  example, 2-hydroxynaphthalene (2) bound to the HumRadA2 protein with a Kq of 460 uM as measured
183 by ITC (Scott et al., 2013), whereas 3-amino-2-naphthoic acid (3) (Figure 2A) bound with a Kd of 1.36
184  mM (Supplementary figure S1). Crystallographic analysis of these fragments shows that the naphthyl
185  rings bind in the same orientation as the aromatic side chain of phenylalanine in the FxxA motif of

186  oligomerization peptide or BRC repeats (Figure 2B) (Scott et al., 2016).

187  In parallel, we explored the SAR of a series of N-acetylated tetrapeptides based on the FxxA epitope of
188  BRC4 (Scott et al., 2016). This work established that the Ac-FHTA-NH. tetrapeptide (1) binds to
189  HumRadA2 with a Kq of 280 uM as determined by ITC.

190 Based on an overlay of the X-ray crystal structures of 1 and the naphthyl fragments 2-
191 hydroxynaphthalene (2) and 3-amino-2-naphthoic acid (3) (figure 2B) we designed compound 4 in which
192  the Phe of FHTA has been replaced by a rigid naphthyl-based amino acid, designed to more completely
193 fill this pocket, and the threonine has been replaced by a proline in order to restrict the conformation of
194 the peptide. The latter modification is known to provide a modest potency increase from the tetrapeptide

195  structure activity relationship studies (Scott et al., 2016), with the benefit of removing two H-bond donors
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196  from the structure, a change likely to be associated with an increase in cell permeability. Gratifyingly, the
197  merged compound 4 was found to have improved Kgq of 3 uM against HumRadA2 as determined by ITC
198  (Supplementary figure S1), a considerable increase in potency compared to the native peptide. We
199  determined an X-ray crystal structure of 4 bound to the HumRadA2 protein and this was found to interact
200  inthe predicted fashion, with a modest distortion of the peptide backbone in order to accommodate the

201 more rigid left-hand-side (orientation as in Figure 2) (Figure 2C).

202  Recognizing that the peptidic nature of 4 was likely to lead to poor pharmacokinetics and low permeability
203 (clogP as calculated with ChemDraw 16 -0.96 and tPSA 172 A2), we sought to reduce the size and
204  polarity of our compounds whilst introducing groups capable of forming additional interactions with the
205  protein surface. This led to the design of compound 5 in which three polar elements judged unnecessary
206  were removed: firstly, the His residue which makes no key interactions in the tetrapeptide-protein crystal
207  structure was cut back to an alanine; secondly, we removed the amino group from the terminal
208  naphthoate unit. Finally, the terminal Ala amide was replaced with an a-methylbenzylamino group that
209  maintains the methyl group important for binding into the Ala pocket whilst replacing the terminal-amide
210  with alipophilic phenyl ring, inspired by the relatively non-polar nature of this region of the protein surface.
211 Overall, compound 5 has only two intact amino acids and greatly reduced polarity (clogP 4.08, tPSA =
212 78.5). Compound 5 has a Kq of 220 nM vs HumRadA2 by ITC (Supplementary figure S2) — a 10-fold
213  potency increase. By this stage we had developed the more thoroughly humanized form of the protein
214 ChimRAD51 which was subsequently used for our primary FP screening assays (Moschetti et al., 2016).
215 We determined the Kq of 5 against ChimRAD51 to be 1.9 uM by ITC and 27 uM (n=20) as measured by
216 FP. The reduced level of potency against this more humanized system was mirrored in data with the
217  original naphth-2-ol fragment (2) which we found to have a Kq of 3.3 mM for ChimRAD51 versus 460 yM
218  for HumRadA2.

219  Compound 5 was too insoluble in aqueous media to profile in cell-based assays. Accordingly, we made
220  modifications designed to increase polarity, whilst avoiding the introduction of further hydrogen-bond
221 donors likely to reduce permeability. We replaced the naphthyl ring with a quinoline, converted the Ala

222  residue into a Gly and introduced a 4-methoxy substituent on the right-hand phenyl ring, leading to 6.
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223  Compound 6 has a clogP of 2.76 and an improved FP Kg of 8.0 pM (n=22) against ChimRADS51. Two
224  independent X-ray structures of 6 demonstrated that this compound was still bound to the FxxA site with
225  the quinoline accessing the Phe pocket in a similar orientation to the naphthyl in compound 4 albeit with

226  ashifted binding mode discussed in more detail below (Supplementary figure S3).

227  More detailed exploration of the SAR around 6 led to the discovery of CAM833 with a 6-fluoro substituent
228  on the quinoline and a 2-chloro group on the phenyl leading to a further increase in affinity. CAM833 has
229  aKg against the ChimRADS1 protein of 350 nM (n=8) as measured by FP (Figure 2E) and 366 nM by
230  ITC (Figure 2F). The lipophilicity associated with these groups was balanced by the introduction of a
231  trans-4-hydroxyl substituent on the proline ring serving to maintain solubility (clogP of CAM833 is 2.73,
232 and tPSA 120 A?).

233 As a biochemical test of CAM833, we evaluated its ability to disrupt full-length RAD51 oligomers. Using
234 dynamic light scattering, we observe a shift of the average particle size from ~40 nm for oligomeric RAD51
235  to~5nm particles (corresponding closely to the size of a RAD51 monomer) in the presence of excess of

236 CAM833 (Supplementary figure S4).

237  The X-ray crystal structures of 6 and CAM833 bound to HumRadA22F (the fully humanized RadA
238  surrogate used for crystallography (Moschetti et al., 2016); Figure 2D, G, Figure S3) revealed an altered
239  binding-mode compared to the lead compound 4 (Figure 2C). In this new binding mode, a shift of the
240  backbone of CAM833 allows the NH of the right-hand benzyl amide to form a hydrogen bond to Val2001sg
241 (subscript number refers to the equivalent human RAD51 residue, which differs from the surrogate protein
242  residue numbering) via a bridging water-molecule rather than directly to the protein backbone
243 (Supplementary figure S5). We attribute this to the truncation of the His residue back to a Gly, a change
244 thatcan be tracked in the X-ray structures of intermediates from the optimization bound to HumRadA22F

245  (data not shown).

246 Overall, examination of the structures reveals the source of the potency increases between the
247  tetrapeptide 1 and CAM833. The phenyl ring of CAM833 sits flat on the protein surface with the ortho-

248  chlorine atom sitting in a groove leading from this surface with both making beneficial hydrophobic
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interactions. The quinoline more completely fills the Phe pocket and the 6-fluoro substituent binds into a
hydrophobic sub-pocket which has opened up due to minor movements in the residues lining the pocket
(Figure 2D and 2G). We determined selectivity and developability data for CAM833 in order to support
its use as a validated chemical probe for the RAD51-BRCA-2 protein-protein interaction. Briefly, CAM833
is metabolically stable, does not significantly inhibit CYP450 enzymes, shows moderate solubility and
permeability and has no significant off-target interactions when screened at 10 yM in the Cerep
ExpresSPanel and has mouse pharmacokinetic data suitable for in vivo investigation (Supplementary

Table S1).
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Figure 2. Development of CAM833. (A) Merging of 3-amino-2-naphthoic acid (3) with FHPA tetrapeptide
(1) to yield 4. Trimming of the naphthyl and histidine group and replacement of terminal amide with phenyl
group vyields 5. Increase of polarity by replacing naphthyl with quinoline and adding methoxy group the
phenyl ring results in 6. Further optimization leads to CAM833. (B) Overlaid crystal structures of
HumRadA1 in complex with 2-naphthol (2, PDB: 4B32, pink), 3-amino-2-naphthoic acid (3, PDB:6TV3,
dark red) and FHTA tetrapeptide (1, PDB: 4B3B, yellow). (C) Structure of 4 (PDB: 6TWE, deep purple)
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264  in complex with HumRadA1 overlaid with FHTA peptide (PDB: 4B3B, yellow). (D) Structure of CAM833
265  (orange, PDB: 6TW9) in complex with HumRadA22F. Side view of CAM833 complex with HumRadA22F
266  showing partially cut surface of the protein and interaction of the fluoroquinoline ring with the Phe-pocket
267  and the chloro-phenyl group binding into the oligomerization groove. (E) Competition of BRC4 peptide
268  binding to ChimRADS51 using FP assay with CAM833. Three independent measurements (triplicate
269  technical repeats) of the same binding are shown in three different colours. (F) Isothermal titration
270  calorimetric measurement of direct binding of CAM833 to ChimRADS51. The baseline corrected
271 thermogram is shown above with X- and Y-axes above and left of the graph. The solid squares depict
272  integrated heats for each titration point and solid line the fit to single-site binding mode with corresponding
273  X-and Y-axes below and to left of the graph. (F) Refined 2F.F. electron density is shown for the ligand,
274 contoured at 1.

275

276  CAMB833 causes a concentration-dependent decrease in RAD51 foci accompanied by increased

277  DNA damage.

278  The assembly of RAD51 into microscopic foci at cellular sites of DNA damage is competitively inhibited
279 by the over-expression of BRC repeat peptides (Chen et al., 1999a). Indeed, structural studies using X-
280 ray crystallography (Brouwer et al., 2018; Pellegrini et al., 2002; Shin et al., 2003) as well as electron
281  cryo-microscopy (Short et al., 2016; Xu et al., 2017) show that RAD51 assembly is mediated by protomer-
282  protomer contacts that structurally mimic the RAD51-BRC repeat interaction. Because it interrupts these
283  contacts in vitro, CAM833 is expected to suppress the function of RAD51 and prevent the formation of

284  RAD51 foci in cells exposed to DNA damage.

285  We tested this prediction by monitoring RAD51 foci formation after the exposure of A549 non-small cell
286  lung carcinoma (NSCLC) cells to ionising radiation (IR), using a robust cell-based assay based on high
287  content microscopy with the Cellomics ArrayScan VT, to objectively enumerate RAD51 foci
288  (Jeyasekharan et al., 2013). IR-induced DNA breakage was monitored in the same experiment by
289  enumerating foci containing yH2AX, a phosphorylated form of histone H2AX that is formed at DNA breaks
290  (Rogakou et al., 1998).

291  Notably, CAM833 inhibited RAD51 foci formation 6 h after exposure to 3 Gy IR, in a concentration-
292  dependent manner with an ICsq of 6 uM (Figure 3A and 3B, plotted as mean £ SEM, n=27). No RAD51
293  foci were detected at ~50 uM CAM833, corresponding to a maximal level of inhibition. Furthermore, 50

294  pM CAMB833 increased yH2AX foci formation 24 h after exposure by approximately 4-fold compared to
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295  control-treated cells (Figure 3C), suggestive of the persistence of unrepaired DNA damage. These
296 findings are consistent with prior results in cells over-expressing BRC peptides (Chen et al., 1999b), and
297  provide evidence that CAM833 engages its target in the cellular milieu to suppress RAD51 assembly and
298  inhibit DNA repair by HDR.

299
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300  Figure 3. CAM833 causes a concentration-dependent decrease in RAD51 foci and subsequent
301 increase in DNA damage. (A) Images from the Cellomics Arrayscan HCS microscope depicting A549
302  cells treated with CAM833 (50 uM) or DMSO controls with or without ionising radiation (3 Gy). Briefly,
303  cells were co-stained with Hoechst-33342 to identify nuclei and anti-RADS1 antibody to detect RAD51
304  foci. The final column shows the Hoechst-stained cells with computationally identified nuclei outlined
305  with green, and RAD51 foci with red, respectively. (B) An ICso curve calculated from the images collected
306  using the Cellomics HCS microscope as shown in 3A. A549 cells were treated with CAM833, exposed
307  to 3 Gy ionizing radiation (IR) and fixed after 6 hours incubation. CAM833 inhibits the formation of IR
308 induced RAD51 fociin A549 cells with an ICsq of 6 uM. Percent inhibition on the y-axis was plotted against
309  CAMB833 concentration (as log1oM) on the x. Plots show mean + SEM. (C) Cells treated by the same
310  method were stained and counted for y-H2AX foci 24 hrs after exposure. Each pair of bars corresponds
311 to cells exposed to one of five different concentrations (lowest, 3.125 uM on the right, to highest, 50 uM,
312 onthe left) of CAM833 alone (0 Gy), or CAM833 plus 3 Gy IR (3 Gy). Bars depict the mean values of the
313  fold change in y-H2AX foci number over control cells treated with DMSO alone, +£SEM. CAM833 causes
314 aconcentration-dependent increase in unresolved DNA damage after 24 hours.

315
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316 CAM833 inhibits RAD51 molecular clustering after DNA damage.

317 We have recently visualized the assembly of RAD51 molecules on DNA substrates at cellular sites of
318 DNA damage using single-molecule localization microscopy (SMLM) by direct stochastic optical
319  reconstruction (d-STORM) (Haas et al., 2018). Clusters of approximately 5-10 RAD51 molecules are first
320  recruited to DNA damage sites 0.5-1 h after damage induction, which progressively extend into filaments
321 >200 nm in length 3-5 h afterwards. SMLM shows that RAD51 clustering is suppressed by the over-
322  expression of BRC repeat peptides, indicative of its dependence on protomer-protomer contacts that

323  structurally mimic the RAD51-BRC repeat interaction inhibited in vitro by CAM833.

324  Therefore, to test the effect of CAM833 on RAD51 clustering we used SMLM on patient-derived EUFA423
325  cells (Figure 4A) bearing compound heterozygosity for the cancer-associated BRCA2 truncating alleles
326  7691insAT and 9000insA (Haas et al., 2018; Howlett et al., 2002). We developed, as isogenic controls,
327  EUFA423 cells complemented by the expression of full-length BRCA2 (EUFA423+BRCA2) (Hattori et al.,
328  2011). We enumerated the number of RAD51 molecules detected by SMLM in clusters induced by the
329  exposure of EUFA423 cells or EUFA423+ BRCA2 controls (Figure 4A) to 3 Gy IR, in the presence or
330  absence of 25 uM CAM833, using a suite of bespoke image analysis algorithms that we have recently
331  reported (Haas et al., 2018). As expected, the accumulation of RAD51 molecules in damage-induced
332  clusters is significantly reduced in BRCA2-deficient EUFA423 cells compared to EUFA423+BRCA2
333  controls (Figure 4B) (Hattori et al., 2011). Notably, addition of 25 uM CAM833 significantly reduces
334  RAD51 accumulation in damage-induced foci to a further extent in both cell types, providing additional

335  evidence that CAM833 inhibits RAD51 protomer-protomer contacts during filament assembly.

336  The inhibitory effects of CAM833 are clearly observed by visualization of damage-induced RAD51
337  clusters as two-dimensional Voronoi polygons scaled to the maximum molecular density (Figure 4C). The
338  compound effectively suppresses RAD51 clustering in both cell types, and in particular, prevents the
339  formation of elongated filaments in control EUFA423+ BRCA2 cells. Example dSTORM pixel images
340  (Figure 4D) further illustrate these effects, providing multiple lines of evidence for CAM833 target

341  engagement and mechanism of action in cells.
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Figure 4. CAM833 inhibits RAD51 molecular clustering at DNA damage sites visualized by
SMLM. (A) Diagrammatic representation of the bi-allelic truncating mutations (red and orange) affecting
BRCAZ2 in the patient-derived cell line EUFA423, and their functional complementation by full-length
BRCA2 (green) in EUFA423+BRCA2 cells. Black vertical lines depict the approximate positions of the
BRC repeats. (B) Distribution of the number of RAD51 molecules contained within damage-induced
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348  clusters in EUFA423 or EUFA423+BRCA2 cells, without or with exposure to 25 uM CAM833, 3h after
349  exposure to 3 Gy ionising radiation. Plots show the mean (purple line) + standard error, as well as the
350  median (purple dot) of the distributions. *** and n.s. indicates p-values lower than 10- and not

351  significant differences, respectively. (C) Representative SMLM images of RAD51, represented as 2D
352  Voronoi polygons. The colour of the polygons shows molecular densities normalized to the maximum
353  value. Scale bar: 500 nm. (D) High magnification SMLM images of damage-induced RAD51 filaments
354  in EUFA423+BRCA2 cells (DMSO-control left-hand panels), and their suppression by CAM833 (right-
355  hand panels), under the same experimental conditions, at higher magnification. Scale bar, 200 nm.
356  Images are shown either at low-resolution (LR) or super-resolved (SR).

357

358
359  CAMB833 potentiates radiation-induced cell cycle arrest and increases apoptosis over time

360  Genetic inactivation of RAD51 enhances cellular sensitivity to ionising radiation, accompanied by cell
361  cycle arrest at the G2 checkpoint for DNA damage (Sonoda et al., 1998; Su et al., 2008). We

362  hypothesized that similar effects would be triggered by the exposure of cells to CAM833. Indeed, when
363  HCT116 colon carcinoma cells exposed to 20 uM CAMB833 and 3 Gy IR were cell-cycle profiled by flow
364  cytometry 4-72 h after exposure, we observed that treatment with CAM833 causes an increase in the
365  percentage of cells with 4N DNA four hours after irradiation. Over time, there is a drop in the

366  percentage of cells with 4N DNA in both treated and control groups. However, whereas in the control
367  the percentage of cells in the apoptotic subG1 fraction remains below 5% throughout, in the compound-
368 treated cells this rises progressively to peak at 15% at 48 hours (Figure 5A). Thus, these results

369  suggest that treatment with CAM833 increases the progression of G2/M-arrested cells into apoptosis,
370  as opposed to recovery.

371
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372
373  Figure 5. CAM833 potentiates radiation-induced cell cycle arrest with 4N DNA content and increased
374  apoptosis over time. (A) Cell cycle analysis of HCT116 cells over a 72-hour time course after treatment
375  with 20 yM CAM833 or DMSO control, combined with exposure to 3 Gy ionizing radiation. (B) plots the
376  dose-response curves for growth inhibition of HCT-116 cells combining 0 (blue circles) or 3 Gy (green
377  squares) of IR with different doses of CAM833 shown as log1oM. Growth was measured after 96 hours
378  using the sulforhodamine B cell proliferation assay. Each plotted value represents the mean percent
379  growth inhibition £ SEM compared to control cells exposed to DMSO plus the indicated IR dose.

380 CAMB833 causes a dose-dependent growth inhibition which is enhanced when combined with

381  ionising radiation
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382  Consistent with these results, we find that CAM833 suppresses, in a concentration-dependent manner,
383  the growth of multiple cancer-derived human cell lines (Supplementary Table 2). For instance, CAM833
384  alone inhibits the growth of HCT116 colon carcinoma cells with an average Glso value of 38 uM
385  (geometrical mean, n=18, SD 6.6 uM) after 96 h exposure. Moreover, our results suggest that CAM833
386  enhances cellular sensitivity to agents such as IR that induce DNA breakage normally repaired through
387  RAD51-dependent HDR. Thus, when combined with 3 Gy IR, CAM833 suppresses the growth of HCT116
388  cells with a Glso of 14 uM (geometrical mean, n= 18, SD, 6.2 M), a concentration more than 2-fold lower

389  than the Glso for CAM833 alone (Figure 5B).

390  These findings prompted us to compare the effects of CAM833 with those of Carboplatin, a DNA cross-
391  linking agent used in the clinic to sensitise cancers to therapeutic radiation (Clamon et al., 1999). We first
392  exposed cells to a fixed 10 uM dose of either CAM833 or carboplatin, before treatment with 0-3 Gy IR,
393  and compared cell growth using the sulforhodamine B cell proliferation assay 96 h afterwards (Figure
394  6A). Whereas carboplatin alone is more growth-suppressive than CAM833 alone, combination with
395 increasing doses of IR potentiates the effects of CAM833 but not carboplatin (Figure 6A). The
396  concentration-response curves (Figures 6B, 6C) showing the effect of combining 0-3 Gy IR with different
397  concentrations of either carboplatin or CAM833 reflect a complex, dose-dependent response to the
398  combined effects of CAM833 with IR, leading to changes in the observed ICsp (Figure 6D). IR at 1-2 Gy
399  sharply potentiates the growth-inhibitory effects of 5x10-5 to 5x10-*M doses of CAM833. IR at 3 Gy has a
400  smaller effect, across a wider dose range of CAM833. These differences could arise from biological
401  factors such as variations in the amount or type of IR-induced DNA lesions, and/or the relative
402  contribution of HDR to their repair. Collectively, these findings suggest the potential utility of CAM833 as
403  aradio-sensitizer.

404
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406  Figure. 6. Low-dose ionising radiation potentiates the effects of CAM833 but not carboplatin. (A)
407  Cell growth after exposure to increasing levels of ionizing radiation in the presence of a fixed dose (10
408  uM) of either Carboplatin or CAM833. Bars depict percent growth compared to control cells exposed to
409  DMSO plus the indicated IR dose, represented as the mean £ SEM. Values < 100 indicate growth

410  inhibition. (B) and (C) plot dose-response curves for growth inhibition combining 0 (green circles), 1 Gy
411 (orange squares), 2 Gy (red triangles) or 3 Gy (blue triangles) of IR with different doses of carboplatin
412 (B) or CAM833 (C) shown as log1oM. In B-C, each plotted value represents the mean percent growth
413  inhibition £ SEM compared to control cells exposed to DMSO plus the indicated IR dose. (D) shows the
414  observed changes in ICso (expressed in uM) for growth inhibition derived from the curves in (B) and
415  (C). These data are representative of 3 independent experiments.

416
417  CAMB833 potentiates PARP1 inhibition in cells wildtype for BRCA2

418  Cells deficientin RAD51-mediated HDR through the inactivation of tumour suppressor genes like BRCA1
419  or BRCAZ exhibit hypersensitivity to poly-ADP ribose polymerase 1 (PARP1) inhibitors (Bryant et al.,
420  2005; Farmer et al., 2005). We therefore tested whether CAM833 could potentiate the growth inhibitory
421  effects of PARP1 inhibition by the inhibitor AZD2461 (Jaspers et al., 2013) in cells wildtype for BRCA2

422  (Figure 7). To this end, we determined dose-response curves for growth inhibition in cells exposed to
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423  different doses of AZD2461 combined with a fixed dose of either 10 uM (Figure 7A) or 20 uM (Figure
424  7B) of CAM833. While CAM833 alone had little effect (blue triangles), its combination with AZD2461
425  potentiated the growth-suppressive effects of PARP1 inhibition in a dose-dependent manner.
426  Reciprocally, we also measured the dose-response curves for growth inhibition in cells exposed to
427  different doses of CAM833 combined with a fixed dose of either 0.1 uM (Figure 7C) or 1 uM (Figure 7D)
428  of AZD2461. These doses of AZD2461 have little effect when administered alone (blue diamonds), but
429  again, their combination with CAM833 potentiates growth suppression by PARP1 inhibition in cells wild-
430  type for BRCA2.
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431

432  Figure 7. CAM833 potentiates the growth suppressive effect of PARP1 inhibition in BRCA2 wild-
433  type cells. (A) and (B) show the dose-response curves for growth inhibition in HCT116 cells exposed
434 to different doses of AZD2461 plotted as log1oM combined with a fixed dose of either 10 uM (A) or 20
435  uM (B) of CAM833. Control experiments in which vehicle (DMSO) was added in place of AZD2461 are
436  plotted in blue. Growth was measured 96 h after compound exposure using the SRB assay, and is

437  depicted as the mean percent inhibition + SEM compared to controls. (C) and (D) show reciprocal

438  dose-response curves for growth inhibition after exposure to different doses of CAM833 plotted as

439  log1oM combined with a fixed dose of either 0.1 uM (C) or 1 uM (D) of AZD2461. Control experiments
440  in which vehicle (DMSO) was added in place of CAM833 are plotted in blue. Measurements and plots
441  are as in the previous panels.
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442
443  DISCUSSION

444 We report here the discovery of CAM833, a sub-micromolar chemical inhibitor of the regulatory protein-
445  protein interaction between the RAD51 recombinase and the BRC repeat motifs of the tumour suppressor
446  BRCA2. Using structure determination by X-ray crystallography, we show that CAM833 engages with
447  two hydrophobic pockets on the surface of RADS1 that normally accommodate conserved hydrophobic
448  side chains from the BRC repeats of BRCA2, thereby directly competing with the RAD51:BRCA2
449  interaction. These pockets also normally mediate RAD51 multimerization on DNA substrates during the
450  process that leads to HDR, by accommodating corresponding hydrophobic residues from an adjacent
451  RAD51 protomer to form the protomer-protomer interface. Consistent with these structural
452  considerations, we show that CAM833 suppresses the assembly of RAD51 into damage-induced
453  filaments visualized by single-molecule localization microscopy. Moreover, we present multiple lines of
454 evidence suggesting that CAM833 potentiates growth inhibition, cell cycle arrest and cytotoxicity induced
455 by DNA damage, consistent with its predicted ability to suppress DNA repair by HDR. Our findings have

456  several important implications.

457  CAMB833 is a well-characterized, selective chemical probe molecule which should prove valuable for
458 further elucidating the biology of the RAD51-BRCA2 protein-protein interaction and the associated HDR
459  pathways. Moreover, CAM833 is a chemically tractable starting point for the further, structure-guided
460  development of optimized inhibitory compounds with the potential for development into a drug compound
461  suitable for clinical studies. The development of this molecule through an innovative strategy of combining
462  afragment hit with a peptide lead compound reveals what is likely to be a generally-applicable strategy
463  for the development of inhibitors of protein-protein interactions featuring a continuous peptide epitope

464  (Scott et al., 2016).

465  Our work exemplifies a strategy to modulate the activity of RAD51 during HDR through two of its key
466  regulatory protein-protein interactions. The first of these interactions is between RAD51 and the BRC

467  repeats of BRCA2, which is essential to target RADS1 to cellular sites of DNA damage, and may also
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468  regulate RAD51 assembly on DNA substrates at these sites. The second interaction blocked by CAM833
469 is between RAD51 protomers, which occurs at the same structural motif engaged by the BRC repeats,
470  and enables RAD51 assembly by multimerization. Our findings provide several lines of evidence that
471 CAMB833 acts in cells to engage RAD51 and block the protein-protein interactions that lead to its
472  multimerization at sites of DNA damage. We find using SMLM by d-STORM that CAM833 suppresses
473  the molecular clustering of RAD51 at damage sites, and prevents the extension of these clusters into
474 extended RAD51 filaments, providing evidence for target engagement and the proposed mechanism of
475  action. The mechanism of CAM833 action via the inhibition of RAD51-mediated HDR is further supported
476 by our finding that the compound sensitizes cells with wildtype BRCA2 to the growth inhibitory effects of
477  the PARP1 inhibitor, AZD2461. In the context of wildtype BRCA2, PARP1 inhibition alone is usually
478 ineffective. While these results further support the cellular mechanism underlying CAM833 action, we are
479  skeptical that systemic inhibition of RAD51 combined with the systemic effects of PARP1 inhibition has

480  therapeutic potential owing to the likelihood of dose-limiting mechanism-related toxicity in normal tissues.

481  However, CAM833 also potentiates the cellular effects of ionizing radiation, a potent inducer of DNA
482  Dbreakage. When combined with IR, CAM833 sensitizes cells to IR-induced cell cycle arrest at the G2/M
483  phase of the cell cycle, and enhances cell death by apoptosis. Collectively, these findings provide
484  evidence supporting the further development of small-molecule inhibitors of the regulatory protein-protein

485  interactions of RADS1 for cancer therapy through radiosensitisation.
486  SIGNIFICANCE

487  Protein-protein interactions that mediate intracellular reactions leading to the repair of damaged DNA
488  are animportant target for anti-cancer drug discovery. Here, we report using structure-guided lead

489  discovery the development of a potent orthosteric inhibitor, CAM833, of the protein-protein interaction
490  between the BRCA2 tumour suppressor and the RAD51 recombinase, which is critical for the error-free
491 repair of DNA breakage by homologous DNA recombination. The significance of our work is three-fold.
492  First, it exemplifies a strategy for the development of inhibitors that target protein-protein interactions
493  wherein a contiguous series of amino acids interact with a protein surface, by merging a peptidic

494 inhibitor derived from those amino acids with chemical fragment hits identified by biophysical and
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495  crystallographic screening. Second, we demonstrate using single-molecule localization (“super-

496  resolution”) microscopy that CAM833 inhibits RAD51 molecular clustering to prevent the assembly of
497  extended RAD51 filaments at sites of DNA damage, validating target engagement, and demonstrating
498  aunique mechanism of action. Finally, we show that CAM833 inhibits the cellular response to DNA
499  damage, potentiating in BRCA2 wild-type cells the cytotoxic effects both of ionizing radiation or of

500  PARP1 inhibitors, opening future avenues for anti-cancer drug development.
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693  MATERIALS AND METHODS

694  Chemical synthesis

695  See supplementary data for synthetic methods for all compounds.
696 ITC

697  ITC was performed using a Microcal ITC-200 instrument at 25 °C. Experiments typically involved titrating
698 a 10-fold excess of ligand in the injection syringe against the protein ((HumRadA2] = 60 uM or
699  [ChimRAD51] =20 uM) in either 200 mM Tris buffer at pH 7.5 and 100 mM NaCl (HumRadA2) or 20 mM
700  potassium phosphate at pH 8.0 and 192 mM KCI (ChimRAD51). Titrations were typically performed with
701 5-10% DMSO and care was taken to ensure that the DMSO concentrations in the protein and ligand
702  solutions were well matched. The raw ITC data were fitted using a single-site binding model in Microcal

703  ITC LLC data analysis program in the Origin 7.0 package.
704  FP assay

705  Fluorescence Polarisation (FP) competition experiments were performed as described in (Moschetti et
706 al., 2016).In brief, binding of 10 nM Alexa Fluor 488-labelled BRC4 peptide to 50 nM ChimRADS51 protein
707  (giving approximately 80-90 % saturation of binding) was competed with increasing concentration of
708  inhibitor and the resulting competitive binding isotherms were measured and fitted using the expression

709  described by (Wang, 1995).
710  X-ray crystallography

711 Crystallisation and structure determination was done as described in (Moschetti et al., 2016). Ligands
712 were soaked into HumRadA1 or HumRadA22F crystals in the presence of cryo-protectant typically
713 overnight and crystals cryo-cooled in liquid N2. Diffraction data was collected at Diamond and ESRF
714 synchrotrons and processed with XDS or autoproc (Kabsch, 2010; Vonrhein et al., 2011). Structures
715 were solved by molecular replacement using corresponding apo structures and ligands fitted into the
716 emerging density after brief refinement and complex structures refined to completion using phenix.refine

717  or autoBuster (Adams et al., 2010). All crystallographic statistics are shown in Table S2 and coordinates
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718  and structure factors deposited in the Protein Data Bank under accession numbers 6TV4, 6TWR, 6TW4
719  and 6TWO.

720  Cell culture

721 HCT116 colon carcinoma cells and A549 lung adenocarcinoma cells were obtained from ATCC and
722  supplied mycoplasma free. HCT116 cells were maintained in McCoy’s 5A (1x) + Glutamax-| growth
723 medium (Gibco, 36600-021) supplemented with fetal bovine serum (FBS, Gibco Life Technologies,
724 10270-106) at a final concentration of 10%. A549 cells were cultured in Dulbecco Modified Eagle medium
725  (DMEM) (1x) +Glutamax-I (Gibco Life Technologies, 31966-021) with 10% FBS. All cells were grown at
726 37 °C/ 5 % CO2 in a humidified environment and all the assays were performed using these culturing

727  conditions.

728  Immunofluorescent visualisation of RAD51 foci/yH2AX foci in A549 cells using the Cellomics

729  Arrayscan Vti high content microscopy

730 A549 cells were seeded at 15000 cells/well in 100 wl (1.5x105 cells/ml) in Nunc 96-well plates (cat#
731 167008) and grown overnight prior to the drug treatment. Compounds were added to cells such that the
732 final DMSO concentration did not exceed 1% viv. Following compound addition, cells were exposed with
733 specified levels of ionising radiation using the Xstrahl RS225 X-ray generator. After incubation with the
734 compound for 6 hours, the medium was removed by aspiration and the cells washed twice in 1xPBS.
735  Cells were fixed using fixative solution (4% formaldehyde diluted in PBS) pre-warmed to 37°C for 10 min
736  at room temperature. Cells were then washed twice in 100 pl 1x PBS at room temperature. Cells were
737  thenincubated in 100ul permeabilisation buffer for 5 minutes at room temperature after which they were
738  incubated with 100l of blocking buffer (2% BSA (w/v), 0.2% Tween viv, 0.1% TritonX-100 (v/v) in PBS)
739  for 90 minutes at room temperature. Cells were subsequently incubated with 50 ul of mouse polyclonal
740  anti-RAD51 Antibody (Abnova, cat # H00005888-B01P) diluted 1:200 in blocking solution for 2 h at room
741 temperature. Cells were washed in 100 ul wash buffer at room temperature (0.2% Tween (v/v), 0.1%
742 Triton X-100 (v/v) in 1x PBS) then incubated in 50 pl Alexa Fluor 488 labelled anti-mouse secondary
743  antibody (1:500) and Hoechst 33342 (10 mg/ml stock) counterstain at 1:1000 in blocking solution for 60
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744 minutes at room temperature. Finally, cells were washed twice in wash buffer and then twice in PBS and
745  then stored in 100 pl in PBS with a light protective seal at 4 °C until read on the Cellomics Arrayscan Vt
746 using a spot detector protocol. The number of cells analysed was 800 and the parameter used for analysis

747  was Total Spot Area.

748  For detection of yH2AX foci in A549 cells, 10,000 cells/well (1x10° cells/ml) were seeded in 100 ul and
749  left to grow overnight before treatment with compound. Cells were subsequently exposed to compounds
750  and either 3 Gy ionising radiation or mock treated (left on the bench at room temperature). Staining
751  protocol was identical as for RAD51 foci but anti-phospho yH2AX primary mouse monocolonal antibody

752 was used (Milipore, cat#05-636) at 1:2000 dilution.
753  SRB growth inhibition assay

754 Adherent cell lines (HCT116 and A549 cells) were seeded into flat-bottomed tissue culture 96-well plates
755  inavolume of 150 uL of growth medium. HCT116 cells were seeded at 750 cells per well and A549 cells
756  were seeded at 1000 cells per well. After 24 hours, compounds dissolved in DMSO were diluted in growth
757  medium and were added to cells such that the final DMSO concentration was 1% (v/v) and the final
758  volume in the well was 200 uL. Cells were then incubated in the presence of compound for 96 hours

759  before fixation.

760  Medium was removed from cells and 100 uL of cold 1% (v/v) trichloroacetic acid was added for 30
761  minutes at 4 degrees. The plates were washed three times in tap water and left to dry at room
762  temperature. The fixed cells were stained in a 0.057% sulphorodamine B/1% acetic acid solution (w/v)
763  and incubated at room temperature with agitation for 30 minutes after which the dye was removed and
764  the plates washed in 1% (v/v) acetic acid and left to dry. The dye was then solubilised in 10 mM Tris
765  solution (pH8) and incubated for 30 minutes under agitation. The plates were then read on a PHERASstar
766  plus plate reader (BMG Labtech) using the fluorescence intensity module (540-590 nm). Growth inhibition

767  was calculated relative to DMSO controls and Glsp values were calculated using Graphpad Prism.
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768  For the PARP inhibitor experiments, the SRB method was used as described above to measure growth
769  inhibition with the exception that cells were seeded into 150 pl medium and then a combination of either

770 25 pl of CAM833, AZD2461 or DMSO was added to give a total volume of 200ul in the well.
771 Flow cytometry

772 Propidium iodide staining solution (PI solution) was used at the following final concentrations: 200 ug/ml
773 RNAase A (Sigma Aldrich, cat# 10109169001), 0.1% Triton-X 100 and 20 ug/ml of propidium iodide
774  solution diluted in 1x PBS. HCT116 cells were grown in 6-well plates in a total volume of 2 ml and treated
775  with either test compound or DMSO control for the designated time. After treatment, medium was
776 collected from the cells which were then washed in 1x PBS then removed from the plastic by the addition
777 ofin 500 ul Trypsin/EDTA until cells were monodispersed. The trypsin was neutralised by the removed
778  media and the cell suspension was spun at 1000 rpm for 5 minutes. Cells were then washed a further
779  time inice cold 1xPBS and spun at 1000 rpm for 5 minutes. Cells were then fixed in 4.5ml 70% ice cold
780  ethanol and 0.5 ml ice cold 1xPBS. Cells were left in fixing solution overnight at 4 °C until processing.
781  Cells were spun at 1000 rpm for 5 mins and then washed in 1xPBS, re-suspended in 0.5-1 ml of the PI
782  solution at incubated in the dark for 2 hours at room temperature. Cells were then counted and analysed

783  using a Becton Dickinson LSR Il cytometer and FCS Express software.
784  Super-resolution microscopy

785  Single Molecule Localization Microscopy (SMLM) was achieved by direct Stochastic Optical
786  Reconstruction Microscopy (d-STORM) as described (Haas et al., 2018). Briefly, samples were prepared
787  for one colour 2D d-STORM utilizing a buffer containing 100 mM MEA-HCL (Sigma, M6500), 10%
788  glucose (Sigma), 0.5 mg/ml glucose oxidase (Sigma, G2133) and 40 pg/ml catalase (Sigma, C100) in
789  water at pH 7.5. Samples were imaged by direct STORM at room temperature in sealed 8-well ibidi p-
790  slides utilizing an inverted N-STROM microscope (Nikon Ti, Japan) equipped with an Apochromat
791 100x/1.49 NA oil immersion objective. Samples were let to equilibrate for at least 30 minutes before
792  imaging to minimize thermal drift. Images were then acquired with highly inclined illumination and focus

793  was maintained by hardware autofocusing (Nikon Perfect Focus System). AlexaFluor647 was first
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794  pumped in its dark state using the 640 nm laser line at maximum power (~150 mW) and then imaged
795  continuously with a power density of ~3 kW/cm2. Data were acquired in ‘streaming mode’ with a field-of-
796  view (FOV) of 256x256 pixels (160 nm pixel size), at 65 frames per second for 25,000 frames with an
797  EMCCD camera (iXon Ultra DU897, Andor). The sparsity of single molecules per frame was controlled
798  using ~0.6 mW of the 405 nm laser. Images of AlexaFluor647 were acquired with a Quad Band Set for
799  TIRF applications (Chroma, TRF89901, ET — 405/488/561/640 nm) and the ET645/75 m emission filter
800  (Chroma).

801  Cluster data analysis

802 Single molecule data was analysed using the Grafeo program available at

803  https://github.com/inatamara/Grafeo-dSTORM-analysis- , as described in (Haas et al., 2018). Briefly, all

804 localizations with fewer than 1,000 detected photons or localization precision lower than 20 nm were
805  discarded. Next, the data was filtered using 2D Voronoi diagrams, setting the minimum density (an
806 inverse of Voronoi polygon VP size) to 5*10-5 nm2. Finally, small isolated detections were supressed by
807  thresholding univariate distance distribution function — a detection was rejected if it had less than 20
808  neighbours at the distance <100 nm. Next, two-dimensional Delaunay triangulation (DT) was computed.
809 Localizations were assigned to discreet clusters, connected components, by removing all DT edges
810 largerthan 20 nm. All segmented connected components having less than 3 localizations were discarded.
811  The number of RAD51 molecules inside a cluster was estimated by dividing the number of localization
812  within a cluster by the expected number of localization obtained from isolated secondary antibodies used

813  tolabel RAD51.
814  Statistical tests

815  Simultaneous comparisons of the median values of multiple groups were performed using the Kruskal-
816  Wallis test at the significance level alpha of 0.05 and familywise error rate was corrected by adjusting p-

817  values using the Tukey-Kramer method.
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