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The use of copper-based artificial nucleases as potential anticancer agents has been hampered by their
poor selectivity in the oxidative DNA cleavage process. An alternative strategy to solve this problem is to
design systems capable of selectively damaging noncanonical DNA structures that play crucial roles in
the cell cycle. We designed an oligocationic Cu" peptide helicate that selectively binds and cleaves DNA
three-way junctions (3WJs) and induces oxidative DNA damage via a ROS-mediated pathway both in
vitro and in cellulo, specifically at DNA replication foci of the cell nucleus, where this DNA structure is
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can discriminate with high selectivity 3WJs from other forms of DNA both in vitro and in mammalian
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Introduction

The discovery of the cytotoxic properties of cisplatin by Barnett
Rosenberg in 1965' gave rise to the new field of canonical
dsDNA-targeted metallodrugs for cancer therapy.> More
recently, as our knowledge of the structural polymorphism and
biology of DNA expanded, the bioinorganic field has shifted
towards targeting noncanonical DNA structures, including
single-stranded DNA, i-motifs, G-quadruplexes (G4s), DNA
triplexes and DNA junctions, such as three-way (3W]s) and four-
way (Holliday) junctions, among others.>** Here, we present
a Cu" peptide helicate that selective recognises 3WJs both in
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for the development of a new class of anticancer agents based on copper-based artificial nucleases.

vitro and at DNA replication foci in mammalian cells. This is the
first time such specificity has been achieved.

3W]Js are the simplest branched DNA structures,** consisting
of symmetrical assemblies formed by three convergent dsDNA
units that meet at a central point called the branch point, which
forms a hydrophobic cavity approximately 12 A in diameter that
is defined by the terminal base pairs of each of the three B-DNA
arms.”® Metallosupramolecular helicates are the most prom-
ising agents for the selective recognition of these noncanonical
DNA structures.®** One of the key factors for their selectivity is
the high complementarity between their shape and the trigonal
symmetry of the branch point of the 3WJs. Indeed, this is a key
structural feature of other 3WJ binders, such as triptycene
derivatives,'® Cz-symmetric cationic azacryptands,” self-
assembled supramolecular Fe" tetrahedral metallocages'® and
three-fold symmetric tripeptides.*

3W]Js participate in a number of key biological processes,?*>>
and notably they are transiently formed in the replication fork
during DNA replication.*® Therefore, 3WJ-binding ligands are
expected to stall the replication fork and elicit genotoxic repli-
cation stress in rapidly dividing cells, such as tumoral ones.****
For these reasons, 3WJs are currently considered a promising
target for the development of new anticancer drugs with unique
therapeutic properties.>*-*

On the other hand, artificial Cu™ metallonucleases have been
investigated as nucleic acid targeting drug molecules,**** and
there are several examples in the literature of Cu" complexes®*3¢
with remarkable anticancer activity combined with lower oft-
target toxicity than classical platinum drugs.*” Copper

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nucleases produce reactive oxygen species (ROS) that can cleave
dsDNA through two alternative mechanisms: hydrolysis of the
phosphodiester backbone, or oxidative H-atom abstraction
from the deoxyribose ring.*®* Copper-based nucleases them-
selves have little or no sequence selectivity,* which limits their
therapeutic potential. Consequently extensive research has
been performed to generate hybrid chemical nucleases that can
target specific nucleic acid structures and sequences. This has
previously involved the attachment of well-studied chemical
nucleases to nucleic acid recognition moieties such as dsDNA
groove binders,** non canonical DNA binders (specifically
triplex DNA** and G-quadruplexes*’) or sequence specific dSDNA
targeting agents.*** However, to date, no chemical nuclease,
copper-derived or not, specifically directed against 3WJs has
been described.

In 2021, we reported the first example of a chemical
compound that selectively recognizes 3WJs in cells.*® The oli-
gocationic ligand precursor of the metal complex that exhibited
such activity was equipped with six artificial 2,2"-bipyridine-
derived metal-binding residues that can fold predictably in
the presence of Fe" ions giving rise to a stable, water soluble,
chiral dinuclear peptide helicate. That Fe" peptide helicate,
AA-Fe",LLD (Scheme 1), showed high affinity and selectivity
towards 3WJs compared with canonical DNA in vitro and,
importantly, selectively labelled DNA replication foci in the cell
nuclei.”® Inspired by this precedent, herein we describe a redox
active Cu" peptide helicate that exhibit highly precise nuclease
activity towards 3WJs in vitro, and can selectively cleaves DNA
replication foci in mammalian cells. To our knowledge, the
system reported herein is the first example of a chemical
nuclease that exhibits high cleavage selectivity for 3WJs from
other forms of DNA both in vitro and in mammalian cells. Since
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Scheme 1 Sequences of the peptide ligands LLD and DDL equipped
with six units of the Fmoc-BAlaBpy-OH (1) coordinating residue. After
their synthesis by SPPS methods, cleavage, and purification, the Cu'"
helicates are stereoselectively folded under thermodynamic controlin
the presence of Cu'" ions. L-amino acids are indicated in upper-case,
and p-amino acids in lower case (i.e., R, P for L.-Arg and L-Pro, and r for
D-Arg). Heterochiral B-turn loops are highlighted in blue and one of the
six coordinating residues (1) in yellow.
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cancer cells have a deregulated DNA replication process, this
approach may lead to the development of a new class of anti-
cancer agents based on copper-based artificial nucleases.

Results and discussion
Synthesis and characterization of the Cu" peptide helicate

The precursor peptide ligand LLD was assembled using stan-
dard Fmoc solid-phase peptide synthesis procedures.** The Bpy
ligand was introduced as an Fmoc-protected building block,
Fmoc-BAlaBpy-OH (1; Scheme 1). The final peptide ligand was
purified by HPLC, and its identity was confirmed by mass
spectrometry (Fig. S1 and S57).

The formation in solution of the Cu™,LLD peptide helicate
(Scheme 1) was characterized by IR and UV spectroscopies
(Fig. S3T) and by monitoring the quenching in the fluorescence
emission band of the Bpy fluorophores present in LLD upon
metal coordination (Fig. 1a and S4t). The resulting titration
profile was fitted to a 1:2 (LLD:Cu") model with a global
dissociation constant of approximately 34.3 (9.4) nM. MALDI
spectra of the solution at saturating concentrations of Cu™ ions
showed a peak at m/z = 2555.97, consistent with the formation
of the Cu",LLD peptide helicate (Fig. S4t).
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Fig.1 (a) (Left) Normalized emission spectrum of a 200 nM solution of
LLD in phosphate buffer (1 mM, NaCl 10 mM, pH 7.0, orange line), and
spectra of the same solution in the presence of increasing concen-
trations of Cu'" ions (black lines). (Right) Titration profile of three
independent fluorometric titration experiments at 420 nm and best fit
according to the 1: 2 model in DynaFit (same range as main plot). Aeyc
= 308 nm. (b) CD spectra of 5 uM solutions of LLD (black dashed line)
and DDL (orange dashed line) ligands in phosphate buffer (1 mM,
10 mM NaCl, pH 7.0), and in the presence of 25 uM Cu" ions (same
colours, continuous lines).
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Circular Dichroism studies revealed a spectrum for the LLD
peptide ligand that was dominated by a positive Cotton effect
band at ca. 320 nm. This indicated an important preorganiza-
tion of the peptide chain and the effective chiral induction of
the heterochiral B-turn loops in combination with m-stacking
interactions between the bipyridine units. Interestingly, the
addition of Cu™ ions to a solution of LLD resulted in an inverted
Cotton effect at this wavelength, accompanied with a large
increase in its intensity. This is consistent with the formation of
a AA- (or P) helicate (Fig. 1b). Surprisingly, this is the opposite
chirality to that induced by Fe' ions with the same LLD peptide
ligand, which induce the formation of the diasteromeric (M)
helicate.®® We also synthesised the isomeric Cu",DDL peptide
helicate (Scheme 1), which, as expected, showed a mirror image
CD spectrum to that of Cu",LLD, consistent with a AA config-
uration of the Cu™ metallopeptide (i.e., with the formation of
a M helicate) (Fig. 1b).

It is known that the d° configuration of Cu" complexes
results in pronounced Jahn-Teller distortion for six-coordinate
systems and subsequent kinetic lability of axial ligands, even in
chelated systems.”™** It appears that the differences in the
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Fig. 2 (a) (Left) Emission spectra of a 2 uM solution of the fluorescein-
labelled 3WJ (Flu-3WJ) in absence (orange line) and in the presence of
increasing concentrations of AA-Cu',LLD (black lines of decreasing
intensity). (Right) Profile of the titration with the best fit (orange line)
according to a 1:1 model plus unspecific interaction in DynaFit, with
an apparent Kp = 260 nM. (b) (Left) Emission spectra of a 2 uM solution
of Flu-3WJ in absence and in the presence of increasing concentra-
tions of AA-Cu",DDL (decreasing intensity). (Right) Profile of the
titration with the best fit (orange line) according to a 1:1 model plus
unspecific interaction in DynaFit, with an apparent Kp = 654 nM.
Conditions: 1 mM phosphate buffer, 10 mM NaCl, pH 7.0, Aeyc =
490 nm.
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coordination behavior of Fe" and Cu" lead to different
arrangements of the peptide ligand around the metal centres,
leading to opposite helical chirality in the corresponding
peptide helicates. To better define the coordination of Cu™ ions
in the helicates, we performed EPR spectra at low (120 K) and
room temperature (300 K) using a 200 uM solution of AA-
Cu",LLD in phosphate buffer (Fig. S61). At low temperature (i.e.,
frozen solution), the metallo-peptide spectra displayed a rela-
tively symmetric signal, with an isotropic g = 2.197 that suggests
regular coordination, indicative of octahedral or trigonal pris-
matic environments. In contrast, at room temperature, the
narrowing of the lines suggests a possible rhombic distortion
(Fig. S6t), as observed in other Cu" trisbidentate octahedral
complexes due to Jahn-Teller distortion.>

Cu" peptide helicates recognize three-way DNA junctions in
vitro

To study the DNA binding properties of the new Cu™ peptide
helicates, we used a fluorescein-labelled 3W]J (Flu-3WJ; see ESIT
Section 2.1 for DNA sequences) and measured its emission in
the presence of increasing concentrations of the preformed AA-
Cu",LLD or A A-Cu",DDL helicates. The progressive quenching
of the fluorescein emission at 515 nm could be fitted toa 1:1
binding mode (Flu-3WJ/helicate) plus nonspecific interactions,
with an apparent dissociation constant K, = 260 nM for AA-
Cu",LLD and Kp = 654 nM for AA-Cu”,DDL (Fig. 2). This
indicates that the P helicate, AA-Cu™,LLD, has higher affinity
for the 3WJ. We also attempted to investigate the Kp of the
interaction of AA-Cu™,LLD with fluorescein-labelled dsDNA
(Flu-dsDNA), but the mixture precipitated during the titration,
which suggests a nonspecific interaction between the peptide
helicate and dsDNA.

To ensure that the AA-Cu™,LLD could bind with 3WJs of
different sequence compositions (i.e. different GC content) the
fluorescein emission assay was repeated with a GC-rich 3W]J
sequence (Flu-GC-3WJ, see ESI Section 2.1t for DNA sequences).
A Kp of 300 nM was obtained for the interaction between AA-
Cu",LLD and Flu-GC-3WJ (Fig. S7%), which indicates that the
affinity of this Cu™ peptide helicate for 3WJs is not limited to
a single DNA sequence. The key role played by metal ions in the
recognition of 3WJ by these family of peptide helicates was
demonstrated in our previous work. There, we demonstrated by
means of fluorescence anisotropy experiments the absence of
interaction between the free peptide ligand LLD and 3W]J.>°

Kinetic inertness of the AA-Cu" peptide helicate

Next, we investigated the stability of Cu™ peptide helicate in
solution, through a competitive binding assay with EDTA—an
organic ligand that readily forms complexes with copper ions
with extraordinary thermodynamic stability.>* Specifically, five
equivalents of Cu" ions were added to a 2 uM solution of LLD
ligand, and fluorescence spectra were recorded before and after
the addition of the metal ions, that is, before and after the
assembly of the peptide helicate AA-Cu™,LLD. Then, two
equivalents of EDTA (with respect to the LLD peptide ligand)
were added and the fluorescence spectra were recorded for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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60 min. The experiment was repeated in the presence of 3W]J. It
is necessary to clarify that the peptide ligand LLD is able to
coordinate two Cu'" ions while the EDTA molecule is only able to
coordinate a single metal ion, so to perform this classical
competition study the stoichiometric ratio between the two
ligands must be 1 : 2 (LLD : EDTA) against a fixed amount of Cu™
ions. The data obtained showed that the ligand substitution
reaction takes =5 minutes to occur in the absence of 3W], but it
slows to =20 minutes in the presence of 3WJ, which indicates
that AA-Cu",LLD possesses, in addition to its high thermody-
namic stability, a remarkable kinetic inertness in water media
and probably also in cellulo (Fig. S87).

Analysis of three-way DNA junction recognition of the AA-Cu"
peptide helicate by PAGE

To further analyse the interaction of AA-Cu",LLD with 3WJ and
dsDNA, we performed polyacrylamide gel electrophoresis
(PAGE) experiments (Fig. 3a).>>*” In agreement with the fluo-
rescence studies, we observed that incubation of 3W] with
increasing concentrations of preformed AA-Cu™,LLD resulted
in the appearance of a slower-migrating band consistent with
the formation of the 3WJ/AA-Cu",LLD adduct (Fig. 3b). Here,
almost all the 3WJ has been complexed with AA-Cu",LLD, even
at the lowest concentration of helicate tested, which is expected
for a high-affinity interaction. The intensity of this 3WJ band
increases with the concentration of the Cu™ helicate (Fig. S97),
while the intensity of the single-stranded DNA band decreases.
In contrast, no changes in the position or intensity of the dsDNA
were observed upon incubation of the preformed AA-Cu",LLD
helicate with dsDNA in the presence of 3WJ, confirming the low
affinity this metallopeptide has for canonical dsDNA (Fig. 3b).

The AA-Cu" peptide helicate selectively cleaves three-way
DNA junctions in vitro

To provide further clarity on 3W]J formation and enable ease of
visualisation of target 3WJ and off-target dsDNA, PAGE experi-
ments were also performed with fluorophore labelled sequences

fnu1
a) AA-CulLLD _ b)  AA-Cu',LLD o) 5;
Q 8
12 3 4 6 7 8 ) 28
N : Ja
1 : g9
g i s
=~ e~ e,
«—3WJ PO 2.6,
d S awg Ol
<— dsDNA > e, 5

i dsDNA
J)) ¢ 5-AACACATGCAGGACGGCGCTT-3’

4= ssDNA ! 3. TTGTGTACGTCCTGCCGCGAA-5'
Fig.3 (a) 10% native PAGE analysis of 3WJ strands in the absence (lane
1) and presence 1, 2 and 3 equivalents of AA-Cu',LLD (lanes 2-4); (b)
3WJ strands and dsDNA in the absence (lane 5) and presence of AA-
Cu',LLD (1-3 eq. in lanes 6-8, respectively). 3WJ remains as single-
stranded DNA in the absence of AA-Cu'LLLD and forms the 3WJ
when AA-Cu',LLD is present. In contrast, dsDNA can be visualised in
lanes 5-8 and remains unchanged in the presence of increasing
concentrations of the Cu" peptide helicate, demonstrating the low
affinity of the metallopeptide for canonical DNA; (c) 3WJ and dsDNA
sequences used for PAGE analysis.
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(Fig. 4a).°® 3W]J strands were labelled at their 5" end with FAM,
ROX or Cy5, while the dsDNA strands were labelled with FAM
and Cy5. Fluorophore 3WJ] and dsDNA strands were then
incubated with AA-Cu",LLD and visualised using a multiplex
fluorescent assay (Fig. 4a). The blue (FAM), green (ROX) and red
(Cy5) signal of the 3WJ sequences were combined to produce
a yellow 3W] band, while the blue (FAM) and red (Cy5) dsDNA
strands appear pink. This multiplex binding assay was next
applied for the analysis of the cleavage profile of AA-Cu",LLD.

The ability of AA-Cu™,LLD to selectively recognise and
cleave 3W]Js in vitro was analysed by PAGE (Fig. 4b). The fluo-
rescently labelled target 3WJ and off-target dsDNA oligos (see

a) X
AA-Cu'2LLD AA-Cu'.LLD
el )
1234586 7 8 91011

«—3WJ

<«—dsDNA

<—dsDNA strands
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Dt e e
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o e S St St et et S «— dSDNA
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== AACU'LLD+dsDNA ™= AA-Fe',-LLD +dsDNA
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Fig. 4 (a) Fluorescently labelled target 3WJ and off-target dsDNA.
Blue = FAM, Green = ROX and Red = Cy5 (see ESI Section 2.3+ for DNA
sequences and experimental conditions). Multiplex image from 20%
native analysis of the formation of 3WJ in the presence of increasing
concentrations of AA-Cu'",LLD. Lane 1: FAM-labelled single strand (ss)
of 3WJ. Lane 2: ROX-labelled ss. Lane 3: Cy5-labelled ss of 3WJ. Lane
4-6: 3WJ strands incubated with 1, 2 or 3 eq. of AA-Cu",LLD,
respectively. Lane 7: FAM-labelled ss of dsDNA. Lane 8: Cy5-labelled ss
of dsDNA. Lanes 9-11: dsDNA incubated with 1, 2 or 3 eq. of AA-
Cu',LLD, respectively. See Fig. S10+ for individual images from
multiplex assay. (b) PAGE analysis of the DNA damage inflicted by AA-
Cu',LLD. Fluorophore labelled DNA was utilised to ensure clarity of
target 3WJ DNA (yellow) and off-target dsDNA (pink). Lane 1: 3WJ.
Lane 2; dsDNA. Lane 3: 3WJ and dsDNA incubated with AA-Cu',LLD.
Lane 4: Target and off-target with LLD peptide ligand (no Cu" present).
Lanes 5-9: 3WJ and dsDNA incubated with 1, 2, 5, 7.5 or 10 eq. of AA-
Cu',LLD and Na-L-ascorbate (10 eq. to AA-Cu',LLD). Individual
images available in Fig. S11.¥ (c) Control cleavage experiment per-
formed with AA-Fe';LLD. Lane 1: 3WJ DNA. Lane 2: dsDNA off-
target. Lane 3; control of 3WJ and dsDNA incubated with AA-Fe'',-
LLD. Lane 4: 3WJ and dsDNA with non-metalated LLD peptide ligand.
Lanes 5-9: 3WJ and dsDNA incubated with 1, 2, 5, 7.5 or 10 eq. of AA-
Fe',LLD and Na-L-ascorbate (10 eq. to AA-Fe'LLLD). (d) Band
densitometry analysis of cleavage induced upon 3WJ and dsDNA by
AA-Cu'",LLD (Fig. $121) and AA-Fe',LLD (Fig. 4c and S13%). * =P =
0.05 ** = P = 0.01 *** = P = 0.001 and **** = P < 0.0001. Na-L-
ascorbate concentration is 10 eq. to AA-Cu',LLD or AA-Fe",LLD.
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ESI 2.31 for DNA sequences) were incubated with increasing
equivalents AA-Cu'LLLD and Na-i-ascorbate at 37 °C for 24
hours. PAGE analysis revealed that the Cu" peptide helicate
selectively cleaves 3WJ, which fully disappears when exposed to
5 eq. of AA-Cu™,LLD, while the dsDNA present in the sample
remains intact when exposed up to 7.5 equivalents of the Cu"
peptide helicate. A control cleavage experiment was also per-
formed with AA-Fe",LLD. Here, 3W] and dsDNA were incu-
bated with the Fe" helicate and Na-r-ascorbate under identical
conditions to that of the AA-Cu™,LLD assay, and the cleavage
profile was visualised by PAGE (Fig. 4c). Band densitometry
revealed a significant difference between the cleavage AA-
Cu"™,LLD induced towards 3W] compared to the off-target
dsDNA; for example, just 2% of the 3W] remained versus 80%
of off-target dsDNA following exposure to 5 eq. of AA-Cu",LLD
(Fig. 4d and S14%). By contrast, AA-Fe",LLD did not show
selectivity in the cleavage of 3WJ versus dsDNA across all tested
concentrations (Fig. 4d and S14t). Moreover, the Fe"" peptide
helicate is only able to cleave 70% of 3WJ at the highest
concentration of metallopeptide tested (10 eq.), which high-
lights its lack of efficiency.

A time point study was performed to determine the incuba-
tion period required to achieve 3WJ selective damage
(Fig. S147). This revealed that cleavage initiates within 1 hour
and increases up to 12 hours; from 12 to 24 hours no significant
increase in cleavage was observed. This indicates that AA-
Cu",LLD can rapidly and selectively damage DNA 3WJs, and
that off-target dsDNA damage would not be expected upon
longer incubation. Combining the results of Fig. 3, 4 and S10-
S15,f it can be concluded that AA-Cu™,LLD can discriminate
with great efficiency between 3WJ and dsDNA, and selectively
cleave 3WJ in the presence of canonical DNA. To our knowledge,
this is the first example of such activity for a chemical nuclease
in vitro.

Next, the cleavage mechanism for the AA-Cu",LLD helicate
was investigated using reactive oxygen species (ROS) scaven-
gers.®® Here, 3WJ] was incubated with AA-Cu",LLD, Na-L-
ascorbate, and a series of selective ROS scavengers (r-histidine,
p-mannitol, --methionine, and tiron (sodium catechol sulfate)),

3) AA-CulLLD AA-Cul,LLD b)

AA-Cu',LLD AA-Cu',LLD

AA-Cu'zLLD AA-Cu'LLD
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and the resulting cleavage profiles were visualized by PAGE
(Fig. 5). The presence of tiron significantly impeded the activity
of the peptide helicate, indicating that superoxide radicals
(0, 7)** play a dominant role in the 3W]J cleavage inflicted by
AA-Cu",LLD. To probe this finding further, we determined if
diffusible superoxide radicals were directly contributing to DNA
cleavage by examining the activity in the presence of 4-hydroxy-
TEMPO, a known scavenger of difussible O,"~ (Fig. S167).*
TEMPO resulted in negligible cleavage inhibition indicating
that difussible O, plays a minimal role in AA-Cu",LLD
cleavage and that, instead, oxidative damage is likely mediated
by a copper bound superoxo radical species (Cu-O,' ") proxi-
mate to the 3W]J. The scavenger r-histidine also impeded 3W]
damage, which suggested that singlet oxygen ('0,) is contrib-
uting to the cleavage mechanism. However, since 'O, is usually
generated under photoactivated conditions we further investi-
gated the role of this ROS in AA-Cu",LLD activity. The scav-
enger assay was therefore expanded to include deuterium oxide
(D,0)—a known 'O, stabiliser—and sodium azide (NaNjz)—
a known scavenger of 'O, (Fig. 5a). The presence of D,0O and
NaN; did not perturb 3WJ cleavage and consequently it is not
clear at this point how 'O, mediates AA-Cu™,LLD activity. It
should be noted that several recent studies reporting the dsDNA
damaging effects of polynuclear Cu" metallonucleases have
predicted 'O,-mediated DNA damage and identified r-histidine
as viable scavenger in vitro and in cellulo.®***

A rhodamine-labelled AA-Cu™ peptide helicate selective labels
DNA-replication sites in mammalian cells

To this point we have demonstrated that the AA-Cu",LLD
readily forms in solution, its stability in aqueous environments,
and that AA-Cu™,LLD can selectively bind and damage 3WJ in
vitro. Next, in cellulo studies were performed to investigate the
ability of the Cu™ helicate to selectively target DNA replication
centres (i.e., 3WJs in the cell nuclei). Preliminary experiments
indicated, as was the case with Fe™! analogues,®® that a TAMRA-
labelled Cu™ peptide helicate, AA-Cu",TAMRA-LLD (Fig. S21),
did not internalise in Vero cells. However, it readily translocated
in digitonin-treated cells where it showed a diffused

c) AA-Cu'LLD AA-Cu'>LLD AA-Cu'2LLD

el el @ -l - @Ze— @ ea— $ — -

123 45 6 7 8 9101112 : 1
NaNs D20 Tiron

23456789101112;1

2 3 45 6 7 8 9101112

L-Histidine L-Methionine D-Mannitol

e

L e L™ I

Aot - - — “«—3WJ

Fig. 5 20% native PAGE showing the cleavage profile of the AA-Cu",LLD in the presence of ROS scavengers: (a) NaN3z and D,O; (b) tiron and L-
histidine; (c) L-methionine and p-mannitol. Lane 1-4: control (no scavenger). Lanes 5-8: (a) NaNs; (b) tiron; (c) L-methionine. Lanes 9-12: (a)
D,0; (b) L-histidine; (c) b-mannitol. Lanes 1, 5, 9: 3WJ control. Lanes 2, 6, 10: 1 eq. AA-Cu'LLLD. Lanes 3,7, 11: 5 eq. AA-Cu'LLLD. Lanes 4, 8, 12:
10 eq. AA-Cu',LLD. All lanes (excluding controls) contain Na-L-ascorbate (10 eq. to AA-Cu',LLD).
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Fig. 6 (a) AA-Cu",TAMRA-LLD selectively stains DNA replication sites at the cell nuclei. Vero cells expressing protein GFP-PCNAL2 were
incubated in the presence of 25 ug mL™ of digitonin for 3 min and then in the presence of 5 pM of AA-Cu",TAMRA-LLD for 15 min. The Cu"
peptide helicate used in these studies was previously assembled before the internalization experiment by adding 5 eq. of CuCl,-2H,0 to an
aqueous solution of TAMRA-LLD peptide ligand. (A) Red channel emission showing the distribution of the TAMRA-labelled helicate; (B) green
channel, corresponding to the emission of the GFP-PCNAL2 probe that labels DNA replication foci; (C) overlay of the green and red channels,
which shows that AA-Cu",TAMRA-LLD has localised at the replication foci. Nucleoli are clearly labelled as red spots inside the cell nuclei. The
images show a representative confocal section of the Vero cells. (b) Detection of free DNA ends by TUNEL assay. S-phase synchronized Vero
cells were incubated with H,O, alone and with AA-Fe",LLD or AA-Cu",LLD plus H,O, at 37 °C for 2 hours and then subjected to TUNEL analysis
for the detection of free DNA ends. Results are represented as the mean with standard deviation of a triplicate experiment *=P = 0.05 ** =P =<

0.01 *** = P =< 0.001 and **** = P < 0.0001.

distribution in the cytosol, and a strong punctuated distribu-
tion in the nucleus, as well as an evident concentration in the
nucleolus (Fig. 6a(A)—red and Fig. S181). Most of the nuclear
spots co-localized with GFP-tagged Proliferating Nuclear
Antigen (PCNA), which specifically labels DNA replication foci
in actively dividing cells (Fig. 6a(B)—green).*® While its cytosolic
distribution and association with the nucleoli might reflect
some off-target RNA-binding of the helicate, replisomes labelled
by PCNA are enriched in 3WJs due to the presence of replication
forks. Thus, our results strongly suggest the direct association
of the Cu" peptide helicate with 3WJs structures in functional
cell nuclei. Moreover, control experiments show that the free
LLD peptide ligand does not localise in the DNA replication
centres (Fig. S177). As already suggested by the results obtained
in the competition studies with EDTA described above, this
control experiment further demonstrates that the AA-Cu™,LLD
helicate is stable in cell medium and that it only
binds DNA replication centres in the nucleus as a discrete
metallopeptide.

The AA-Cu" peptide helicate selective cleaves DNA-
replication foci in mammalian cells

Having demonstrated that AA-Cu",LLD is stable in cellulo and
associates with 3WJ-enriched foci in cellular DNA, we next
investigated if it could exert its nuclease activity upon
chromatin-associated 3WJs in cells. To maximize the number of
cells undergoing DNA replication, and thus increase the chan-
ces of detecting free DNA ends obtained by nuclease cleavage of
3W]Js, we used Vero cells that were previously synchronised by
42 h of serum deprivation.®® 16 h after re-supplementation of
the cultures with 10% serum—when most of the cells were in S
phase—the cells were pre-treated with digitonin and then
incubated with H,0, in the presence or absence of AA-Cu",-
LLD. Cells were then incubated for 2 h at 37 °C and subjected to

© 2023 The Author(s). Published by the Royal Society of Chemistry

a Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End
Labelling (TUNEL) assay. The TUNEL assay uses TdT poly-
merase to label the free ends of DNA with a fluorescent dUTP,
and thereby enables detection of cleavage sites. Here, the free
DNA ends in the cell nuclei DNA (i.e., DNA sites cleaved by AA-
Cu",LLD) were detected through Alexa Fluor 488™ fluores-
cence.” Very importantly, the results show that incubation of
AA-Cu",LLD in the presence of H,0, produced a significant
increase for the TUNEL fluorescent signal (Fig. 6b), which
indicates the presence of free DNA ends and thus, nuclease
activity in cellulo. A control experiment was also performed with
A A-Fe",LLD in the presence of H,0,. Significantly, the increase
in fluorescent signal—indicative of DNA cleavage—was not
observed for the Fe helicate, which agrees with the above-
described in vitro studies, which suggested a lack of nuclease
activity. To our knowledge, this is the first example of such
activity for a chemical nuclease in cellulo.

Conclusion

We reported herein the synthesis of two new chiral dinuclear
oligocationic Cu™ peptide helicates derived from two enantio-
meric peptide ligands equipped with six chelating 2,2"-bipyr-
idine residues, named LLD and DDL, following a SPPS
methodology.>® Spectrofluorimetric and PAGE DNA binding
studies indicate that both Cu™ peptide helicates can recognize
3WJs in vitro with high affinity and selectivity, even in the
presence of canonical DNA, showing chiral discrimination
between the two diastereoisomers, being AA-Cu",LLD the
metallopeptide with higher 3WJ affinity of the two (Kp = 260 nm
vs. 654 nm). Moreover, the kinetic inertness of AA-Cu™,LLD in
water was investigated through a competition study with EDTA
in presence and absence of 3WJ, suggesting that AA-Cu™,LLD is
very stable in vitro and in cellulo.
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The studies carried out clearly show that AA-Cu™,LLD is an
efficient and selective in vitro agent for the cleavage of 3WJs,
even in the presence of canonical DNA. The mechanism
through which this 3W]J cleavage by AA-Cu™,LLD occurred was
also investigated. Studies using ROS scavengers showed that
metal-bound superoxide radicals (Cu-O, ") play the key role in
the cleavage process and suggest that singlet oxygen (*0,) is also
involved in some way.

The ability AA-Cu™,LLD to internalise in cells was studied
using of Cu" helicate labelled with TAMRA (AA-Cu",TAMRA-
LLD). This helicate was effectively internalised by digitonin-
treated mammalian cells and was localised into the nucleus.
Its nuclear distribution matched the localization of DNA repli-
cation sites, demonstrating that AA-Cu”,LLD binds with high
affinity and selectivity to 3W]J in cellulo. Finally, the selective
cleavage of DNA replication foci in cells was evaluated by
TUNEL assay. The studies performed indicate that AA-Cu™,LLD
produced a significant increase of the TUNEL fluorescent signal
in the presence of H,0,, which indicates the presence of free
DNA ends and thus, nuclease activity in cellulo.

To our knowledge, AA-Cu™,LLD is the first example of
a chemical nuclease that selectively cleaves 3WJ both in vitro
and in cellulo. As DNA replication is deregulated in cancer cells,
we strongly believe that this work will form the basis of a new
class of anticancer metallodrug that target and damage with
high efficiency and selectivity this noncanonical DNA structure
that is transiently generated in the DNA replication foci of cell
nuclei.

Data availability

Raw data for Fig. 1-6 are published in the figshare repository
https://doi.org/10.6084/m9.figshare.22754600.
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67 TUNEL Assay (commercial) Kit detects the DNA

fragmentation of apoptotic cells by exploiting the fact that
the DNA breaks expose many 3-hydroxyl ends. These
hydroxyl groups can then serve as starting points for
terminal deoxynucleotidyl transferase (TdT), which adds
deoxyribonucleotides in a template-independent fashion.
Addition of the deoxythymidine analog 5-bromo-2"-
deoxyuridine 5-triphosphate (BrdUTP) to the TdT reaction
serves to label the break sites. Once incorporated into the
DNA, BrdU can be detected by an anti-BrdU antibody using
standard immunohistochemical technique.
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