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ABSTRACT: RAD51 is an ATP-dependent recombinase, recruited
by BRCA2 to mediate DNA double-strand breaks repair through
homologous recombination and represents an attractive cancer drug
target. Herein, we applied for the first-time protein-templated
dynamic combinatorial chemistry on RAD51 as a hit identification
strategy. Upon design of N-acylhydrazone-based dynamic combi-
natorial libraries, RAD51 showed a clear templating effect,
amplifying 19 N-acylhydrazones. Screening against the RAD51−
BRCA2 protein−protein interaction via ELISA assay afforded 10
inhibitors in the micromolar range. Further 19F NMR experiments
revealed that 7 could bind RAD51 and be displaced by BRC4,
suggesting an interaction in the same binding pocket of BRCA2. These results proved not only that ptDCC could be successfully
applied on full-length oligomeric RAD51, but also that it could address the need of alternative strategies toward the identification of
small-molecule PPI inhibitors.
KEYWORDS: RAD51, DNA repair, ptDCC, hit-identification strategy, protein−protein interaction inhibitor

RAD51 is a central protein in homologous recombination
(HR), a high-fidelity repair of DNA double-strand breaks

(DSBs). HR dysregulation contributes to cancer development
and progression. RAD51 overexpression and elevated RAD51-
mediated HR rate are both observed in a variety of cancers1,2

and positively correlate with drug resistance.3 Thus, RAD51
represents an attractive target for anticancer treatments.
Indeed, reducing RAD51 activity has been proposed as
strategy to sensitize cancer cells and overcome resistance to
existing DNA-damaging therapies. In recent years, modulators
of RAD51 activity or expression have been developed and
comprehensively reviewed.4−6 Importantly, in the context of
synthetic lethality (SL), clinical trial NCT03997968 is now
studying RAD51 inhibitor CYT-0851 to treat malignancies
with overexpression of DNA-damaging cytidine deaminases.7

RAD51 is localized in the cytoplasm in self-assembled
filaments and recruited at the site of DNA DSBs by BRCA2
through a protein−protein interaction (PPI). Once at the DSB,
BRCA2 assists RAD51 nucleofilaments formation on DNA.
Thus, RAD51−BRCA2 PPI represents a critical event for DSB
repair. In BRCA defective cells, poly(ADP-ribose) polymerase
inhibitors (PARPis) trigger selective cancer cell death through
SL. Nowadays, the clinical example is the use of the PARPi
olaparib for ovarian, breast, and pancreatic tumors with BRCA
mutations.8−10

In this context, to extend the use of PARPi, the interaction
surface between RAD51 and BRCA2 has been proposed as
target in BRCA2-proficent tumors, and several small-molecule
disruptors have been identified.11−13 Recently, we reported a
series of dihydroquinolone pyrazoline-based small-molecules
able to disrupt the RAD51−BRCA2 interaction and inhibit HR
in BxPC-3 cell line. Ultimately, the synergy with olaparib
triggered the dubbed “fully small-molecule-induced SL”.
Despite the compounds’ promising results, the low solubility
and bioavailability prevented their application in in vivo cancer
models.14

In continuation with our work, we applied for the first-time
protein-templated dynamic combinatorial chemistry (ptDCC)
as an elegant alternative approach to identify new structurally
diverse RAD51 ligands, potentially able to inhibit RAD51−
BRCA2 PPI.

ptDCC has evolved as innovative and an efficient hit-
identification tool for proteins of therapeutic interest.15−18 Its
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potential relies on the possibility for the target protein to select
in situ its own high affinity ligands. In ptDCC, compounds are
generated through reversible and biocompatible chemical
reactions. The continuous interconversion of building blocks
and products forms the dynamic combinatorial libraries
(DCLs), regulated by a thermodynamic equilibrium. In
presence of the protein as template, a molecular recognition
process takes place through noncovalent interactions, named as
the templating effect. Indeed, if one or more library
components bind to the protein, the equilibrium will be
shifted according to Le Chat̂elier’s principle, amplifying
concentrations of high-affinity binders, leaving behind weak
or nonbinding components (Figure 1).

Ultimately, this allows the identification of the best protein
binders, reducing synthesis, purification, and characterization
efforts. So far, ptDCC has been employed on a wide range of
proteins at various stages of medicinal chemistry.19,20 Notably,
ptDCC could represent a useful alternative to explore targets
featuring poorly defined pockets, not easily addressed by
structure-based drug discovery (SBDD). Here, through
ptDCC, we identified new RAD51 binders based on the N-
acylhydrazone scaffold (1−19). Additionally, as suggested by
biochemical ELISA and 19F-NMR assays, they could act as
RAD51−BRCA2 inhibitors.

Among the arsenal of ptDCC chemical reactions,15−17 we
chose the N-acylhydrazones (NAHs) formation, occurring
between N-acylhydrazides and aldehydes. The reaction is
reversible in acidic media, the equilibrium can be easily freezed
by increasing pH to allow the analysis of the DCL
composition. As an advantage, N-acylhydrazone linkage
property to resemble an amide functionality promises to
contribute to protein binding, as hydrogen-bond acceptor and
donor.18,21

Here, RAD51 was used as wild-type full-length oligomeric
form to better resemble its physiological cellular state.22

Protein preparation was achieved according to previously
reported protocol.14

As prerequisite, we checked RAD51 stability in different
buffers and pH values by measuring its melting temperature

(Tm) via thermal-shift assay/differential scanning fluorimetry
(TSA/DSF) (Supporting Information (SI), Figure S1). From
the screening, we selected a RAD51 storage buffer (SI, section
1) as it guaranteed protein stability up to 48 h (SI, Figure S1).
Herein, we employed RAD51 in substoichiometric amount to
prevent protein precipitation while still ensuring the protein-
templating effect.18 Notably, as the chosen pH value was
higher than 6.0, the use of aniline as nucleophilic catalyst was
strictly required to keep the reversibility of N-acylhydrazones
formation.16,18

The first DCL (DCL1) probed the applicability of RAD51
as DCC templating protein. To broaden the structural diversity
of potential RAD51 binders, we designed DCL1 made of three
aldehydes (A1−A3) and eight N-acylhydrazides (H1−H8),
including structurally heterogeneous substituents, with differ-
ent flexibility and conjugation degree, size, with electrodonor
and withdrawing substituents, and H-bond donors and
acceptors groups (Scheme 1). Specifically, DCL1 combined
building blocks (BBs) with substituted phenyl rings (A1, H2,
H4), mono- (H1) and biheterocycles (A2, H5, H6, H7), and
partially (A3, H3) or fully aliphatic (H8) moieties (Scheme 1).
As standard protocol, DCC experiments were set up as two
reactions in parallel: (i) a protein-templated reaction with BBs
reacting in the presence of RAD51, and (ii) a “blank” reaction
in which only BBs were present (Scheme 1; SI, Table S1).

As shown by LC-MS, DCL1 blank reaction reached the
equilibrium after 24 h (SI, Figure S2, Table S2). At 48 h, the
presence of RAD51 significantly increased the peak areas of six
N-acylhydrazones (1−6, Figure 2; SI, Figure S3, Table S3).
Amplification factors are reported in Table 1 (SI, Figures
S4,S5, Tables S4,S5). RAD51 successfully induced the
amplification of specific library components, rising as a suitable
ptDCC template. Herein, unassigned peaks could be ascribed
to unidentified side products or unreacted N-acylhydrazides
(Figure 2). Despite the clear amplification effect, we could not
help noticing abnormalities in the chromatogram baseline,
probably caused by buffer components interference. This
necessarily required a buffer optimization for further experi-
ments.

Figure 1. Schematic illustration of N-acylhydrazone-based ptDCC.
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The reaction between the appropriate N-acylhydrazides and

aldehydes in stoichiometric amount achieved the correspond-

ing 1−6, as mixture of E/Z amide rotamers of the E imine, in

good yields (Scheme 2; SI, section 3).

Scheme 1. Dynamic Combinatorial Libraries (DCLs) in RAD51-Templated (i) and Blank Reactions (ii)a

aReagents and conditions: DCL1: (i) and (ii) N-acylhydrazides H1−8, aldehyde A1−3; (i) RAD51 (17.2 μM); DCL2: (i) and (ii) N-
acylhydrazides H3−4, aldehyde A4−13; (i) RAD51 (17.2 μM); DCL3: (i) and (ii) N-acylhydrazides H3−4, 9, aldehyde A14−19; (i) RAD51
(17.2 μM).

Figure 2. DCL1 UV chromatograms (290 nm) in protein-templated (A) and blank (B) reactions, 48 h.
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According to ptDCC experimental design, in principle, any
available pocket or surface portion of RAD51 oligomer could
act as a template. Consequently, as our interest regarded the

identification of RAD51−BRCA2 PPI inhibitors, we screened
1−6 in a competitive biochemical ELISA assay, previously
employed by our group.11,12,14 This assay allows the selection

Table 1. Structures, Rt, Amplification Scores Reported As Normalized Change and EC50 from ELISA Assay of NAHs 1−19

aRetention time (min). bNormalized change values (DCL1 48 h, DCL2 10 h, DCL3 8 h). cDetermined by biochemical ELISA assay. dNA: not
active. eNE: not evaluable, due to poor solubility. fD: discarded.

Scheme 2. Synthesis of 1−16
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of compounds that inhibit the interaction between RAD51 and
BRC4, the BRCA2 amino acid sequence displaying the highest
affinity for RAD51.23 According to the time reported for the
hydrolysis of NAH linker at physiological pH,24 NAHs were
chemically stable to be tested in this assay. Among the tested
NAHs, we obtained EC50 values in the double-digit micro-
molar range, with 1, 2, and 5 bearing flexible chains decorated
with a single aromatic ring on the N-acylhydrazide counterpart
(H3, H4) (Table 1).

These preliminary results showed that three NAHs could
potentially act as PPI inhibitors, opening the way to ptDCC as
potential tool toward RAD51−BRCA2 PPI inhibitors. Here,
we argued that using structural motifs common to the active 1,
2, and 5 could further boost our chances of identifying more
potent hits. Thus, we designed two tailored libraries, DCL2
(H3−H4, A4−A13) and DCL3 (H3−H4, H9, A14−A19)
(Scheme 1), trying to tune the structure of emerged 1, 2, and
5. Notably, for DCL2 we selected aromatic aldehydes with
high structural similarities, including homo- and heterocyclic,
6- and 5-membered rings (Scheme 1). Whereas in DCL3 we
combined more heterogeneous moieties such as rigid planar
conjugated systems, biheterocyclic groups, and 5-membered
heteroaromatic rings (Scheme 1). Importantly, aware of the
interference issues seen in DCL1, here we used an optimized
buffer composition (SI, section 2).

Following the standard protocol, we set up ptDCC
experiments as two parallel reactions, (i) a protein-templated
reaction, and (ii) a “blank” reaction (Scheme 1; SI, Table S6−
S7). DCL2 and DCL3 blank reactions showed as reaching the
equilibrium between 8−10 h and 6−8 h, respectively (SI,
Figures S6−S7, Table S8−S9). In this time range, we observed
RAD51-templating effect resulting in the amplification of 7−
12 for DCL2 (Figure 3A,B, Table 1; SI, Figures S8−S10, Table
S10−S12), and 13−19 for DCL3 (Figure 3C,D, Table 1; SI,
Figures S11−S13, Table S13−S15). Notably, the most
significant amplification scores were achieved with compounds
bearing the 2,4-dichlorophenoxybutanoyl motif, which was
confirmed as a potential privileged structure to engage
interactions with RAD51.

7−16 were resynthesized according to the general procedure
(Scheme 2), while 17−19 were preliminarily discarded based
on predicted physicochemical properties, which suggested
remarkably poor water solubility (SI, Table S16). All
synthesized NAHs were screened in the ELISA assay.
Interestingly, 7, 10, 12, and 16 showed improved inhibitory
activities compared to DCL1 parent compounds 1, 2, and 5,
confirming the potential of ptDCC as optimization tool (Table
1).25

To further characterize the physical interaction of amplified
NAHs with RAD51, we performed direct binding and
displacement experiments through NMR spectroscopy in the
absence and presence of recombinant RAD51 protein. The
presence of a fluorine on active compounds 7, 10, and 12 led
us to exploit 19F NMR spectroscopy, more sensitive to binding
events than 1H NMR26 and less affected by buffer interference.
Transverse relaxation experiments are based on change in
transverse relaxation rate R2 of small molecules upon protein
binding, resulting in line broadening of their NMR signals in
the presence of the target protein. Among the available
fluorinated compounds, 7 emerged as the best choice for its
higher solubility in buffer. Transverse relaxation filter (19F T2-
filter) NMR experiments have been performed on 7 in absence
and in the presence of RAD51. Notably, 7 showed two 19F
signals in solution, corresponding to interconverting E/Z
rotamers (Figure 4, black), in agreement with its 1H and 13C
NMR characterization (see SI). In 19F T2 filter experiments,
both 19F signals showed a line broadening upon addition of
RAD51, indicating a binding event (Figure 4, red).
Interestingly, the two 19F NMR signals of 7 returned sharp
to their original shape upon addition of BRC4 (Figure 4, blue),
suggesting a competition between 7 and BRC4 for the same
protein binding site. Given the higher affinity of BRC4 for
RAD51 (nM range)27 compared to 7, the compound was
completely displaced by BRC4, thus no binding of 7 were
visible in the presence of BRC4 (data not shown). These data
suggested that 7 binds in the same pocket occupied by BRC4,
already structurally characterized by Pellegrini et al.22

Figure 3. DCL2 UV chromatograms (290 nm) in protein-templated (A), and blank (B) reactions, 10 h; DCL3 UV chromatograms (290 nm), in
protein-templated (C) and blank (D) reactions, 8 h.
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To predict the binding mode of 7 to RAD51, we performed
docking simulations in the area where BRC4 binds RAD51
(named site I and site II). Results suggested that both E and Z
rotamers could bind to site I at the N-terminus domain (Figure
5), mimicking BRC4 binding mode (see SI, section 6, Figure
S97), in agreement with NMR data. In particular, 7 showed to
interact with RAD51 mainly by hydrophobic interactions,
filling with one of the two aromatic rings of the pocket known
to bind BRC4 Phe1524. In addition, depending on the

considered rotamer, we could observe an H-bond with Tyr191
backbone (Figure 5B), in the place of BRC4 His1525, or with
His199 and Gln206 (Figure 5D), similarly to BRC4 Leu1522
(see SI, section 6, Figure S97).

The self-oligomerized state of RAD51, used in DCC and 19F
NMR experiments, is supposed to have the majority of FxxA
binding pockets blocked due to their involvement in oligomer
folding. Nevertheless, we do consider that the remaining
RAD51 terminals can be responsible for the templating effect
in ptDCC. This consideration is supported by our recent
investigations,27 reporting that the disassembly of RAD51
fibrils is mediated by BRC4 as a gradual, monomer-by-
monomer depolymerization process, starting from the available
terminus of the fibril. This model gives space for the
interaction of small molecules with the available terminals of
RAD51 fibrils, where they can eventually lock the fibril and
prevent BRC4 interaction, thoroughly inhibiting fibrils
disassembly and, consequently, RAD51 activity.

RAD51−BRCA2 PPI, as described by Pellegrini and co-
workers,22 is driven by many hydrophobic interactions. Thus,
small molecules targeting the PPI interface can be tendentially
hydrophobic and suffer of unfavorable physical−chemical
properties. ptDCC, as an aqueous media-based technique,
can potentially guide the identification of compounds with
increased water solubility. Indeed, we designed DCLs
including polar BBs to favor the selection of compounds

Figure 4. Superimposition of 19F T2-filter spectra of 7 (20 μM)
(mixing time τ = 160 ms) in the absence (black) or in the presence of
1 μM RAD51 (red). The blue NMR spectrum was recorded after
addition of 5 μM BRC4 to RAD51 (1 μM)−7 (20 μM) mixture.
Three 19F spectra are shifted on both X and Y axes for visualization
and comparison. Chemical shifts in ppm are of 7 alone (black)
spectrum and referred to CFCl3 signal in water.

Figure 5. Binding mode of 7 in site I; RAD51 depicted as gray cartoon and surface, and rotamer E (A,B) as blue and Z (C,D) as orange sticks.
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containing BBs hydrophilic and identify RAD51 ligands with
improved water solubility. However, ptDCC experiments
revealed a remarkable trend of RAD51 in amplifying NAHs
bearing lipophilic BBs, with particular preference for the 2,4-
dichloro-phenoxy moiety, present also in 7. This feature
inevitably affected water solubility, limiting NAHs in further
testing. Future efforts will cover the need of improved
physicochemical profile of selected NAHs.

In conclusion, we reported the first application of ptDCC as
hit-identification and -optimization strategy on oligomeric
RAD51. Upon design of N-acylhydrazone-based DCLs,
RAD51 acted as template protein, selecting its own ligands
with high amplification factors. Remarkably, increased system
complexity linked to the use of full-length wild-type protein did
not prevent RAD51 applicability in ptDCC. This study opens
the way to the exploitation of RAD51 as template-protein in its
oligomeric full-length form, which better resembles its
physiological state. Interestingly, 10 NAHs inhibited
RAD51−BRC4 interaction at the biochemical level, suggesting
an inhibitory activity against RAD51−BRCA2 PPI. Further
biophysical and computational analysis elucidated the physical
interaction of 7 with RAD51, effectively proposing RAD51−
BRCA2 interface as binding site. Together these achievements
supported the idea that ptDCC could guide the identification
of potential RAD51−BRCA2 PPI inhibitors.

Furthering the potential of NAH-based DCC, the
replacement of NAH linker with bioisosteres can be the next
strategy to improve compound drug-likeness, increasing
chemical stability, and reducing eventual cytotoxicity. Indeed,
as hit-to-lead optimization, successful NAH replacement with
amide has been reported to improve chemical stability while
retaining the activity.25,28 Moreover, capitalizing on this study,
ptDCC can be further exploited using different DCC reversible
linkers and/or coupling DCL design to fragment-based
screening, ultimately opening to unexplored chemical space
targeting the oligomeric RAD51.
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■ ABBREVIATIONS
BBs, building blocks; CDAs, cytidine deaminases; DCC,
dynamic combinatorial chemistry; DCL, dynamic combinato-
rial library; DMSO, dimethyl sulfoxide; DSB, double strand
break; HR, homologous recombination; NAH, N-acylhydra-
zone; PARP, poly(ADP-ribose) polymerase; PARPi, poly-
(ADP-ribose) polymerase inhibitor; PPI, protein−protein
interaction; ptDCC, protein-templated dynamic combinatorial
chemistry; RPA, relative peak area; Rt, retention time; SBDD,
structure-based drug discovery; SL, synthetic lethality; TSA/
DSF, thermal-shift assay/differential scanning fluorimetry
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