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Photoactivatable V-Shaped Bifunctional Quinone Methide
Precursors as a New Class of Selective G-quadruplex

Alkylating Agents

Alberto Lena*,” Alessandra Benassi*,””’ Michele Stasi,>® Christine Saint-Pierre,"
Mauro Freccero,” Didier Gasparutto,’” Sophie Bombard,”  Filippo Doria,*™ and

Daniela Verga*® 9

Abstract: Combining the selectivity of G-quadruplex (G4)
ligands with the spatial and temporal control of photo-
chemistry is an emerging strategy to elucidate the biological
relevance of these structures. In this work, we developed six
novel V-shaped G4 ligands that can, upon irradiation, form
stable covalent adducts with G4 structures via the reactive
intermediate, quinone methide (QM). We thoroughly inves-
tigated the photochemical properties of the ligands and their

ability to generate QMs. Subsequently, we analyzed their
specificity for various topologies of G4 and discovered a
preferential binding towards the human telomeric sequence.
Finally, we tested the ligand ability to act as photochemical
alkylating agents, identifying the covalent adducts with G4
structures. This work introduces a novel molecular tool in the
chemical biology toolkit for G4s.

J

Introduction

Repetitive guanine-rich DNA and RNA sequences can fold into
non-canonical four-stranded secondary structures known as G-
quadruplexes (G4s). The latter are generated by the stacking of
several guanine quartets that are held together by Hoogsteen
hydrogen bonds and coordination to central monovalent
cations.'"? These secondary structures are believed to play
crucial roles as regulatory elements during DNA and RNA
transactions, such as replication, transcription, translation,
splicing, repair, and recombination.®® Despite corroborating
evidence supports the in vitro existence of G4 structures, their
in vivo occurrence as well as the consensus sequence is still a
matter of debate. Bioinformatics studies predict the existence of
a large number of G4 structures within the genome, in
particular in promoters, coding regions, introns, and untrans-
lated (UTRs) regions of genes and intergenic regions.”® More-

over, recently, next-generation sequencing (NGS) experiments,
performed in the presence of G4-specific antibodies alone or in
combination with G4 selective binding molecules (G4
ligands),'®'? have helped to gain insights into G4 structures
frequency and functional relevance in both human genome
and transcriptome.*”" High-throughput in vitro polymerase
stop assay (G4-Seq) led to the identification of over 700,000
potential DNA quadruplex-forming sequences in the human
genome." Differently, by means of G4 ChiP-Seq experiments,
only 10,000 G4 sites specifically enriched in nucleosome-
depleted regions were identified, suggesting that chromatin
state plays a fundamental role in G4 formation."¥ Moreover,
through a reverse transcriptase stalling assay (rG4-Seq), it has
been found that RNA G4 landscape in the human transcriptome
comprises more than 13,400 quadruplex-forming sequences."®
This large body of data is compelling of G4 existence and
potential druggability in cells and without a doubt suggests
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that G4 ligands are highly valuable chemical tools necessary to
disclose G4 DNA and RNA biological functions. Up to date,
several experiments have highlighted the ability of small
synthetic molecules to bind and stabilize G4s in vitro and to
interfere with biological processes involving genes containing
those structures.®2"

Together with reversible G4 ligands, reactive compounds
capable of forming covalent bonds with G4 structures upon
thermal,*** photochemical,*** target proximity®**”’ and sin-
glet oxygen®™ activation have been developed. The photo-
chemical activation strategies, which include singlet oxygen
activation, exploit a new class of promising G4 ligands with the
potential to be harnessed for identification and isolation of G4s.
Differently from thermal activation, photoaffinity labelling of G4
ligands encloses the potential to obtain spatial and temporal
control over the alkylation event, providing an added value to
diagnostic and therapeutic strategies. However, to date, only a
few examples of photo-alkylating G4 ligands have been
described: compounds based on arylazide, benzophenone®”
and diazirine®?” excited state chemistry while other ligands
exploit the generation of phenoxyl radical via photo-induced
electron transfer.”” Quinone methides (QMs) are interesting
reactive carbon electrophile intermediates employed to target
biological macromolecules such as proteins®*? and nucleic
acids.”?>*3¢  Consequently, together with other activation
strategies, biocompatible photochemical generation of QMs has
been thoroughly investigated.®’”*” Experimental evidence con-
firms that the generation of QMs from Mannich base precursors
is a highly efficient process under physiological conditions,*"
suggesting their potential applications as alkylating and cross-
linking agents. In this regard, Freccero’s group reported photo-
chemical generation of QMs from naphthol,®¥ 1,1-bi-2-naphthol
(BINOL),?****) and bis-pirydyl derivatives.”™ A crucial require-
ment for biocompatibility and application in live cell study is
the wavelength of activation. Successful candidates should

ideally react by visible light activation to minimise the risk of
unwanted and unspecific photo-induced damages such as
thymine dimerization in double stranded DNA." To fulfil this
requirement, Doria etal. successfully employed electronic
conjugation as a valuable strategy to redshift the absorption
spectra of the QM precursors.* Based on these results, we
aimed to expand the toolbox of photoactivatable covalent G-
quadruplex ligands. In this study, we present three novel classes
of water-soluble extended aromatic G4 ligands characterized by
a planar V-shaped rigid scaffold, bearing two QM precursors
(QMPs 1-6 in Scheme 1), activatable at 310 and 365 nm. The
simultaneous presence of two photoreactive moieties should
ensure enhanced reactivity due to the higher cross-section,
without affecting the chromophore quantum yield, and limit
off-target migration thanks to the formation of two covalent
bonds.“

Herein, we describe the synthesis of the new family of G4
ligands, report the investigation of the photoreactivity in
aqueous solution, the systematic study of their biophysical G4
binding properties, and the assessment of their in vitro
alkylating properties towards G4 structures by biochemical
assays and MALDI-ToF mass spectrometry analysis.

Results
Synthesis of the new family of QM precursors

The synthesis of V-shaped bifunctional ortho and meta QMPs 1-
4 followed a protocol previously published®' based on a two-
step synthesis according to Scheme 2. Starting from iodo-
derivatives p-7 and m-7, we performed a Sonogashira cross-
coupling in DMF with the commercially available 1,3-diethynyl-
benzene (8) to afford the desired compounds 1 and 3. High
catalyst loading [up to 10% of PdCl,(PPhs),] was required and
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Scheme 1. Structures of the novel water-soluble extended aromatic G4 ligands characterized by a planar V-shaped rigid scaffold functionalized with
photoactivatable QM precursors. Inset: general photogeneration of 0-QM intermediate.
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Scheme 2. Synthesis of V-shaped bifunctional 0-QMPs 1-4.
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the low isolated yields reflect the low substrate reactivity and
catalyst turnover number. At last, exhaustive methylation of the
tertiary amines 1 and 3 was achieved with an excess of
iodomethane in CH;CN, providing the quaternary ammonium
salts 2 and 4.

The synthesis of the V-shaped bifunctional naphthalene-
QMPs followed a different synthetic approach (Scheme 3). In
fact, any attempt to obtain 5 through a direct cross-coupling
between the bromo-derivative 11 and 1,3-diethynylbenzene (8)

RS

o)
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was unsuccessful, yielding the starting materials. Substrate 11
was synthesized according to a five-step synthesis starting from
the naphthoic acid 9, which was converted into the dimeth-
ylamide derivative 10 through the corresponding acyl chloride,
followed by nucleophilic acyl substitution with dimethylamine
solution. Subsequent reduction of compound 10 with lithium
aluminium hydride afforded brominated Mannich base 11 in
almost quantitative yield. Sonogashira cross-coupling with
ethynyltrimethylsilane, yielded arylethynyltrimethylsilane 12 in
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Scheme 3. Synthesis of V-shaped bifunctional QMPs 5 and 6 with a 1,3-bis(naphthalen-2-ylethynyl)benzene structure.
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59% yield. Subsequently, trimethylsilyl cleavage by basic
methanol and a second palladium-mediated coupling with
highly reactive 1,3-diiodobenzene (14), afforded the desired
product 5, in excellent yield. Finally, the quaternary ammonium
salt 6 was obtained by addition of an excess of iodomethane in
CH,CN. Structures and purity of the synthesized compounds
were confirmed by 'H and C NMR spectroscopy. In addition,
the purity of compounds 1-6 was confirmed to be at least 95%
by high pressure liquid chromatography analysis (Supporting
Information HPLC purity data).

Absorption properties and photoreactivity

At first, we examined the spectroscopic properties of these
ligands, which are affected by the alkyne moieties conjugation.
Absorption profiles of compounds 1-6 were recorded both in
water and in buffered solution at pH 7.2 (KCl 100 mM, Li Caco
10 mM) (Figure S1). 4- and 5-arylethynyl derivatives 1-4,
characterized by the presence of phenyl moieties, showed a
maximum peak centered at 290 and 299 nm in water and at
290 and 320 nm in buffer, which is in line with what has been
observed for the prototype mono-functional systems.”! Con-
versely, compounds 5 and 6, equipped with naphthyl units,
showed a red shift of the absorption maxima to 4,,,,=325nm,

contrary, m-phenylethynyl 3 and 4 absorption profiles were not
significantly red-shifted in buffer solution (FigureS1 and
Table S1).

Subsequently, we thoroughly examined the photochemical
behavior of ligands 1-6 under irradiation at 313 nm. As
previous work demonstrated, excitation of these scaffolds
results in the generation of QM intermediates.®” Due to their
electrophilic nature, QMs can react with different types of
nucleophiles such as amines, thiols, and water. Therefore, in
order to investigate the efficiency of the photochemical
reaction and to prove the formation of the expected QM, we
studied the photoreactivity of compounds in water solution, by
determining the quantum yields (@) for each compound
(Scheme 4). In detail, we analyzed substrate consumption,
during the photo-hydrolysis reaction, upon irradiation at
313 nm, in 1:1 CH;CN:buffered solution at pH=7.4. For all the
arylethynyl derivatives, the experiments have been carried out
with a high-pressure mercury lamp previously calibrated by
ferrioxalate actinometry.® Irradiation of 1, 3, and 5 (107* M)
resulted in poor quantum yields, indeed substrate consump-
tions remained low even after 30 min of irradiation. Conversely,
in accordance with our expectations, quaternary ammonium
salts 2, 4 and 6 showed higher photoreactivity and resulted in
complete substrate consumption (84 % of conversion) in 9 min.
As previously reported, the presence of a good leaving group

with a 100 nm tail (Figure S1 and Table S1). It should be enhances the reactivity of these compounds™" showing a
highlighted that, at physiological pH, the absorption tails of significant increase in the photolysis quantum yields
derivatives 1, 2, 5, and 6, were located at longer wavelengths ~ (Scheme 4).
due to a partial deprotonation of the hydroxyl group. On the
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Scheme 4. QMP photoreactivity and related quantum yields (QYs).
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Subsequently, to further confirm the results obtained in
previous experiments, we isolated and fully characterized the
products of photo-hydration. In accordance with quantum yield
measurements, irradiation at 313 nm of Mannich bases 1 and 3
resulted in low photoreactivity, even after long irradiation times
(up to 90 min), and poor conversion. The desired mono-
hydration adducts 15 and 18 (Scheme 4), were obtained in
traces and their isolation was not possible; nevertheless, their
formation was detected by LC-MS analysis (Supporting Informa-
tion).

On the contrary, ammonium salts 2 and 4 showed the
expected behavior with almost complete QMPs consumption (~
90%) reached after only 30 min of irradiation. In this case, we
isolated the mono-hydration adducts 16 and 19 in 62% and
43 9% vyields (Scheme 4), and the bis-hydration products 17 and
20 in 8% and 5% yields, respectively (Scheme 4), confirming
that both QMP 2 and 4 might also act as bifunctional photo-
activated electrophiles. Naphthalene derivatives 5 and 6
displayed a different behavior: due to low quantum yield,
product formation from precursor 5 was not detected even
upon long irradiation times. On the contrary, irradiation of
ammonium salt 6 produced fast degradation of the substrate
and generation of a complex reaction mixture, not containing
the expected photoproduct. To further validate QM generation,
we have performed a trapping experiment on the most reactive
QMP 2, in the presence of ethyl vinyl ether (EVE) as dienophile.
In detail, we have irradiated 2 with EVE in a 1:1 CH;CN:PBS
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T ——a95ps
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solution, yielding the Hetero Diels-Alder cycloaddition adduct in
60% yield (Supporting Information).

LFP studies

In order to further corroborate the photogeneration of QMs as
reactive intermediates, laser flash photolysis (FLP) studies were
performed for QMPs 1-4. Analyses were conducted in 1x
107*M CH;CN and aqueous CH;CN (1:1) solutions of QMPs,
irradiated with Nd:YAG laser at 266 nm. The analyses were
performed in neat and aqueous CH;CN solutions, purged with
argon or oxygen. In general, all analysed compounds presented
similar behaviour, therefore, we focus our discussion on the
Mannich base 1 and the corresponding ammonium salt 2,
chosen as models. In CH;CN solution purged with Ar, we
observed a transient species with absorption maximum at
450 nm (Figure Ta and b, blue line), which was effectively
quenched by O, addition (Figures1c and S2), for both
compounds 1 and 2. Similar observations have already been
reported for phenol and naphthol derivatives and can be
attributed to triplet-triplet transient (T-T) absorption.***! Be-
sides the fast-decaying triplets in the transient spectra in CH;CN
solution purged with Ar, we observed the parallel generation of
an additional transient species, for both 1 and 2, becoming the
only detectable transient after 10 pus (Figure 1a and b, red line).
These species exhibit an absorption centred at 370 nm, and a
lifetime longer that 1 ms (Figure 1d). Moreover, its lifetime was

b) 8.0E-02 T Time ==——0.00 ps
7.0E-02 ~0.62 ps
6.0E-02 1.88 ps

—3.76 us

a S A0E02 —7.52 s
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Figure 1. Transient absorption spectra of a) 1 and b) 2 10™* M CH,CN solutions, purged with Ar, irradiated at 266 nm by LFP. c) Decay traces monitored at
470 nm of CH;CN solutions of 1 in presence of Ar (blue line) or O, (red line); d) decay traces of solutions of 1 (violet line) and 2 (green line) monitored at

370 nm, in the presence of O,.
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not affected by O,, a key evidence that allowed the assignment
of this long-living species to the expected quinone methide,
coherently with what is reported in literature.”” As shown in
Figure 1(b), the quaternary ammonium salt 2 generated a
transient absorption maximum at 370 nm similar to what
observed for Mannich base 1. However, the decay traces of QM-
2 monitored at 370 nm, in CH,CN solution with O, (Figure 1d),
showed a clear different intensity as compared to QM-1. The
intensity of the signal immediately after the laser pulse is at
least 3-times more intense than the signal derived from QM-2,
confirming that the ammonium salt 2 is a much more efficient
QMP than its Mannich base 1, as confirmed from steady state
studies previously described.

The differences recorded for compounds 3 and 4 are related
to the maximum absorption wavelengths and intensity of the
QM species. Indeed, we observed a blue-shift of the absorption
band of the transient QM, compared to the homologue 1 and 2,
with a maximum centered to 330 nm (Figure S3). Moreover,
coherently with previous experiments, the intensity of QM
signal was higher for the ammonium salt but, in general, 3 and
4 were characterized by lower QM generation efficiency
compared to 1 and 2 (Figure S3). Finally, we decided to run the
very same LFP irradiation experiments in aqueous CH;CN (1:1).
In fact, protic conditions should favour the selective photo-
generation of the QM intermediate, depleting the population of
the triplet excited state” As expected, water addition to
CH,CN remarkably reduced the triplet (T) generation efficiency
of both compounds 1 and 2 (absorption at 435 and 410-
430 nm, respectively; Figure S4a and b), without significant
effects on QM generation (330-370 nm).

Biophysical studies
FRET melting assay
The ability of the synthesized molecules to bind and stabilize G-

quadruplex structures was investigated by FRET melting
assay.”” The latter exploits doubly labelled single-stranded

DNAs chosen as prototype of G4 structures. Briefly, this assay
allows the measure of the stabilization induced by a ligand on a
G4 structure, analysing the difference in melting temperature in
the presence and in the absence of ligand. At first, we
confirmed compound 1-6 interaction with G-quadruplex
structures by performing FRET experiments in the presence of a
polymorphic sequence, mimicking the human telomeric se-
quence F21T,*"¥ and a parallel forming sequence, mimicking
the c-myc proto-oncogene promoter F(Pu24T)T,* with ligand
concentration up to 20 uM (100 molequiv.). A clear dose-
response correlation emerges when the AT,,, values are plotted
as a function of ligand concentration (Figure 2). At 2 uM ligand
concentration (10 molequiv.), the derivatives did not show
significant difference in AT, values in the presence of the
same G4 structure. When the ligand concentration was
gradually increased, a distinct trend could be observed.
Naphthyl-derivatives 5 and 6 acted as better ligands compared
to the benzo-derivatives, and between the two, the ammonium
salt 6 was the best performing at 20 uM, AT,,,=33.3°C and
29.0°C in the presence of F21T and F(Pu24T)T, respectively.
Differently, bifunctional benzo-derivatives 1-4 showed very
similar stabilization properties; at 20 uM they displayed AT,
values ranging between 8.0 and 12.1°C in the presence of both
G4 structures.

After assessing the ability of all the newly synthesized
ligands to bind the two aforementioned G4 structures, we
challenged their selectivity over duplex DNA, the more
abundant DNA structure present in a biological environment.
FRET-based competition assays were performed in the presence
of F21T and F(Pu24T)T with increasing concentration of a non-
fluorescently labelled double-stranded DNA (ds26) competitor.
Due to the general low stabilization observed, competition
experiments were conducted in the presence of 2 pM (10 mole-
quiv.) of G4 ligands. Notably, all the compounds employed in
this study displayed high selectivity for the tested G4s, as AT,
was poorly affected by the addition of the DNA competitor
(Figure 3).

Compounds 1-6 (2 uM) were tested in the presence of a
panel of G4-forming sequences (0.2 uM) able to form G4

A 1
- 2
a) 35 b) 35 o3
- > 4
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- -%e 6
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Figure 2. Quantitative AT,,, dependence of a) F21T and b) F(Pu24T)T as a function of putative ligand concentrations. Conditions: a) DNA 0.2 uM, Li Caco
10 mM (pH 7.2), LiCl 90 mM and KCI 10 mM; b) DNA 0.2 uM, Li Caco 10 mM (pH 7.2), LiCl 99 mM and KCl 1 mM. Compounds 1-6 were employed at

concentration ranging between 0 uM and 20 pM.
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Figure 3. FRET-melting competition assay with a) F21T and b) F(Pu24T)T in the absence and in the presence of double-stranded DNA competitor (ds26).
Conditions: F21T or F(Pu24T)T 0.2 uM, compounds 2 uM, ds26 0, 3, or 10 uM (black, dark gray and white bars, respectively) (a) Li Caco 10 mM (pH 7.2), LiCl
90 mM and KCI 10 mM and (b) Li Caco 10 mM (pH 7.2), LiCl 99 mM and KCl 1 mM. Analyzed compounds 1-6.

structures with different topologies: the aforementioned human
telomeric sequence (F21T);"'¥ parallel forming sequences
differing in the central loop size such as c-myc proto-oncogene
promoter (FMycT®® and F(Pu24T)TF), c-kit2 proto-oncogene
promoter (Fkit2T),"® human minisatellite repeat native se-
quence (FCEB25wtT),”” Bcl2 proto-oncogene promoter
(FBcI2T),*® and an antiparallel forming sequence from the
human telomeric sequence variant (F21CTAT).*® We also
included as a negative control FdxT, a hairpin duplex with a
hexaethyleneglycol (HEG) loop. These experiments identified
compound 6 as the best G4 stabilizer. We observed F21T,
F(Myc)T and F(Pu24T)T were found to be the sequences most
stabilized by compound 6, with AT,,, values never exceeding
8.7°C, whereas F(c-Kit2)T, F(21CTA)T and F(CEB25wt)T showed
the smallest stabilization of the selected G4s (Figure 4).
Importantly, no stabilization was observed in the presence of
the duplex control FdxT. Overall, only small differences in AT,
values were found among the six compounds, suggesting that
the naphthyl moieties do not add relevant interactions between
the ligand and the G4 target such as to improve the
stabilization properties.

Circular dichroism (CD) spectroscopy

In the attempt to gain insight into the interaction of the
putative ligands with G-quadruplex DNAs, we conducted CD
titrations to determine affinity constants. The titrations were
carried on until not further changes were observed in the CD
spectra, suggesting DNA saturation point was reached. Ana-

Chem. Eur. J. 2022, 28, €202200734 (7 of 14)

lyzed compounds did not display any dichroic signal in their
absorption region (Figure S5). The dichroic signature of the
prefolded human telomeric sequence (22AG) in K-rich buffer
was consistent with data previously reported in literature for
the same sequence, characterized by a peak at 293 nm, a
shoulder around 265 nm, and a trough at 240 nm, correspond-
ing to a hybrid [34 1] structure.*** Upon addition of the
ligands, changes in the G-quadruplex structure conformation
were observed as a result of the binding events. Compounds 1-
3 and 5 (Figure 5a) showed a common trend: an increase of the
peak at 293 nm combined to a hypsochromic shift of 3 nm
together with the conversion of the positive shoulder to a
negative trough at 265 nm. Differently, compound 4 showed a
decrease ellipticity at both wavelengths and almost no variation
was observed for compound 6. The presence of neat isoelliptic
points (Table S2) in the CD spectra of compounds 1-3 indicates
a two-state model, where a single equilibrium converts the free
DNA structure into a bound species and no other bound
topologies are involved. Conversely, derivatives 4-6 exhibited
non-neat isoelliptic points letting us infer about the coexistence
of more than two bound structures. All compounds, except 1,
showed a change in ellipticity monitored between 320-400 nm,
which is remarkable for 5. This has to be assigned to induced
CD (ICD) of the ligand caused by the sensing of the chiral
environment (Figure 5a). The same experiments were per-
formed in Na-rich buffer, where 22AG presents the character-
istic signature of an antiparallel topology: a peak at 295 nm,
one at 245 nm and a trough at 260 nm.***¥ Upon addition of
derivatives 1-4 and 6 an increase of the ellipticity at 260 nm
was detected, together with a 2 nm bathochromic shift (Fig-
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Figure 4. Quantitative analysis of FRET-melting experiments in the presence of F21T, F(c-kit2)T, F(Myc)T, F(Pu24T)T, F(21CTA)T, F(CEB25wt)T, F(BcI2)T and FdxT
(0.2 uM) represented with a radar graph. Stabilization in Li Caco 10 mM (pH 7.2), LiCl 99 mM and KCl 1 mM for F(c-kit2)T, F(Myc)T, F(Pu24T)T, F(CEB25wt)T and
F(Bcl2)T and in Li Caco 10 mM (pH 7.2), LiCl 90 mM and KCI 10 mM for F21T, F(21CTA)T and FdxT is indicated for analysed compounds 1-6 (2 uM).

ure 5b). Several neat isoelliptic points (Table S2) were identified
during the titration experiments suggesting also in this case, a
two-state equilibrium between the free form and the bound
form. In these conditions, an ICD signal beyond 320 nm was
observed for compounds 3-6. An unexpected behaviour was
observed for compound 5: a constant increase of the ellipticity
at both 293 nm - matched with a hypsochromic shift of 5 nm -
and at 330 nm was detected and signal saturation was not
reached even after addition of 12 molequiv. of ligand. CD
titration spectra of each compound were used to determine the
dissociation constants, by employing a non-linear regression
based on Hill equation to obtain a global fitting. For all
compounds, curve fitting highlighted a positive cooperative
binding of these ligands towards the telomeric sequence
(Figures S6-S11). Dissociation constants on the micromolar
range were obtained for all the ligands either in K- and Na-rich
buffer (Table S3). Due to the unusual response of 5 in Na-rich
buffer, we were not able to determine the binding constant for
this ligand in these conditions.

Photochemical reactions on G-quadruplex DNA

Next, we assessed the ability of QMPs 1-4 to form covalent
adducts within G-quadruplex DNA. Besides the absorption
maxima located around 310 nm, 1-4 feature an absorption
band extending up to 370 nm in buffer solution. Based on the
absorption spectra, we decided to carry out the irradiation
experiments with a collimated light beam centered at 365 (£

Chem. Eur. J. 2022, 28, €202200734 (8 of 14)

15) nm, in the presence of two G-quadruplex sequences chosen
as prototype, 22AG and Pu24T. The selected wavelength of
irradiation represents a compromise between biocompatibility
and absorption properties of the compounds: indeed, despite
the maximum absorbance is recorded among 290 and 325 nm,
we decided to take advantage of their red-shifted absorption
tails (ranging from 327 to 410 nm) to minimize potential direct
DNA damages. At first, to characterize compound reactivity as a
function of the G-quadruplex target, we conducted photo-
chemical reactions by varying ligand concentration and irradi-
ation time in the presence of 22AG and Pu24T. Analysis of the
mixtures by denaturing gel electrophoresis showed the gen-
eration of retarded bands attributed to the alkylated G4 DNA,
considering that the photoproducts provide additional positive
charges and mass that slow down the migration. We observed
that only 1, 2, and 4 were able to alkylate 22AG and Pu24T
(Figure 6). In all experimental conditions we could remark the
complete absence of alkylation of compound 3 (data not
shown). Alkylation efficiency was assessed as a function of the
irradiation time for both 22AG and Pu24T (Figures 6 and S12).
For all compounds, the alkylation yields increased with the
irradiation time before reaching saturation after 2 h. Under the
same reaction conditions, the three ligands showed sluggish
reactivity towards the snap-back parallel Pu24T¥ as compared
to the hybrid 22AG.5™¥ Although different alkylation efficien-
cies were displayed by the ligands on the two G4 structures, a
trend could be detected: 2 and 4 displayed the highest
alkylation vyields (26%-19% with 22AG, 21.4%-13.2% with
Pu24T) and 1 showed lower reactivity (8.6% with 22AG, 8.1%
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Figure 5. Change in the CD spectra of 22AG (3 uM) upon addition of increasing concentration of ligands 1-6: a) in 10 mM Li Caco (pH 7.2), 100 mM KCl, and b)
in 10 mM Li Caco (pH 7.2), 100 mM Nacl. Titration experiments for compounds 2-4 and 6 (only in K*-rich buffer for the latter) were stopped after the addition

of 10 eqv. of ligand.

with Pu24T) (Figure 6). These results are in accordance with the
photochemical studies: higher alkylation efficiency was ob-
served with derivatives 2 and 4, which displayed not only
higher quantum yields, but also formed the corresponding bis-
and mono-adducts with water in significant amount (Scheme 4).
Conversely, the absence of alkylation observed with 3 can be
attributed to both absence of absorption at the activation
wavelength and low photolysis efficiency. These experimental
data also highlight that the compound alkylation ability

Chem. Eur. J. 2022, 28, €202200734 (9 of 14)

depends on the nature of the aromatic ring bearing the QMP.
This suggests that the orientation of the reactive QM,
determined by the binding of the derivate to the G4 target,
strongly affects alkylation efficiency. Therefore, the spatial
proximity between the arylethynyl benzo-QM reactive sites and
the nucleotide residues of the G4 structure guarantees the
success of the alkylation. The low reactivity observed with
Pu24T may reflect a less efficient QM trapping by proximal
nucleobases due to high compactness of this structure, which
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Figure 6. Denaturing gel electrophoresis (15% acrylamide) of the alkylation products of a) 22AG and b) Pu24T (10 pM) in the presence of K* buffer (10 mM Li
Caco (pH 7.2), 100 mM KCI) with 1, 2, and 4 (20 uM) at increasing irradiation time (0, 0.25, 0.5, 1, 2, 4, and 8 h). Lanes 1, 8, and 15 are control experiments
showing the effect in the absence of irradiation with a) 22AG and b) Pu24T. Lanes 2-7 show the results of irradiation of 22AG and Pu24T at 365 nm in the
presence of 2 equiv. of 1, lanes 9-14 show the results of irradiation of 22AG and Pu24T at 365 nm in the presence of 2 equiv. of 2, and lanes 16-21 show the
results of irradiation of 22AG and Pu24T at 365 nm in the presence of 2 equiv. of 4 during 0.25, 0.5, 1, 2, 4, and 8 h. On the right, quantitative analysis of the
alkylation of a) the telomeric sequence 22AG and b) Pu24T oncogene (10 uM) at increasing irradiation time (0, 0.25, 0.5, 1, 2, 4, and 8 h) in the presence of 1,

2, and 4 (20 uM) or in the absence of ligand (22AG and Pu24T).

. 30 ® i
displays three short propeller loops and one snap-back loop on A 2iight A
the 3'-quartet, possibly making them more difficult to access. 25 z iﬁ::t‘
Dose-dependent experiments in the presence of 22AG in K- < 4dark
rich buffer showed highest alkylation yields at higher ligand § 204 7Y ’
concentrations (from 1 to 10 molequiv.) after 60 min of ®
irradiation: Mannich base 1 (5.1%-22.1%, Figures 7 and S13), 515_ ¢ -
and ammonium salts 2 (6.7 %-27.9%, Figures 7 and S14) and 4 <
(11.3%-22.0%, Figures 7 and S15). Quantification analysis high- X404 *
lighted a mild thermal reactivity of the two 4-arylethynyl A =
derivatives (1 and 2) (Figures 7, S13 and S14) at higher ligand 5 ] b4 \
concentrations (10 molequiv. ~5%). Ligand/G4 DNA 2:1 ratio °
gave good photochemical yields combined to clean reaction o-ﬂ ’ ‘I’ : < : i 1
0 2 4 6 8 10

mixtures and negligible thermal reactivity; therefore, these
conditions were applied throughout the study.

To assess whether the formation of adducts with 22AG and
Pu24T was selective for the G4 conformations, we reproduced
the experiment with a control duplex oligonucleotide, consti-
tuted by 22AG and its C-rich sequence. Negligible reactivity was
observed in the presence of the duplex structure (Figure S16).
Subsequently, to evaluate whether the photochemical trapping
of the G4 structures was a DNA structure-selective process, we
conducted competition experiments in the presence of a large

Chem. Eur. J. 2022, 28, €202200734 (10 of 14)

Ligand equivalents

Figure 7. Quantitative analysis of the alkylation of the telomeric sequence
22AG (10 uM, 10 mM Li Caco (pH 7.2), 100 mM KCl) by 1, 2, and 4 (10, 20, 50,
and 100 puM) in the presence and in the absence of irradiation.

excess of non-labelled duplex DNA (ds26) (up to 10 molequiv.)
and 22AG, chosen as most efficiently trapped structure. Under
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these experimental conditions, 22AG alkylation was maintained
with a moderate decrease in yield for 4 (0-30%, Figures 8 and
S17), whilst both 1 and 2 were more affected by the presence
of the duplex DNA competitor (ca. 55% decrease, Figures 8 and
S17). These results indicate that the position of the alkylating
moiety is highly important for selectivity, thereby suggesting
the relevance of the regioisomer effect during generation of the
covalent bond.

As a mean of identifying the alkylation sites, we isolated the
alkylated adducts from the gel and subjected them to different
sequencing protocols. None of the isolated alkylation products
responded to classical alkaline treatment, which induces
cleavage on the 5’ side of unstable alkylated nucleobases and
would allow a direct determination of alkylation sites.”” The
latter did not reveal any band generation that could be
associated to a specific alkali-labile alkylated base, regardless of
the quinone methides precursor employed (data not shown).
To overcome this problem, the alkylated oligonucleotides were
digested with 3’-exonuclease, which stops in proximity of
alkylated sites.®™ After digestion a strikingly different behavior
could be observed for the three derivatives. Compound 2
showed partial thermic dealkylation, generating the starting
DNA during the purification process (DNA that is consequently
completely digested by the 3’-exonuclease). Differently, the
remaining alkylated product did not generate any digested
fragments (Figure S18). This result suggests that 2 binds the 3'-
end of the 22AG structure impeding either the binding of the
enzyme or the starting of the digestion process (Figure $18).°
Conversely, after 3’-exonuclease treatment both compounds 1
and 4 generated several digested fragments, suggesting the
presence of different alkylation products able to induce the
enzymatic arrest (Figure S19). However, the presence of the
ligand on the DNA fragments affected their migration on the
gel preventing the identification of the exact alkylated base.
Therefore, the alkylated fragments were then isolated from the
gel and both thermal and photochemical dealkylation (data not
shown) were applied to evaluate the possibility to revert the
quinone methide generation and release the ligand from the

120 0 uM ds26
. 10 uM ds26
120 uM ds26
[_150 uM ds26
100 - [_]100 uM ds26
ES
s
.ﬁ 80 4
T 1
< 60
°
1]
N
© 40
£
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Figure 8. Quantitative analysis of the alkylation of the human telomeric
sequence 22AG (10 pM, 10 mM Li Caco (pH 7.2), 100 mM KCI) by 1, 2, and 4
(20 uM) in the absence (black bars) or in the presence of ds26 competitor
(10, 20, 50, and 100 uM) (from dark gray to white bars).
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22AG fragments; however, all of the techniques employed
failed. Sequencing methodologies missed to identify the
alkylated sites on the human telomeric sequence, but allowed
to locate compound 2 on the 3'-end of 22AG.

MALDI-ToF mass spectrometry analysis

Since PAGE failed to give insight on the exact alkylated sites
generated by ligands 1, 2, and 4 on 22AG, we decided to
analyse the reaction mixtures produced by irradiation of the
three QMPs (20 pM) in the presence of 22AG (10 uM) by Reverse
Phase-HPLC and MALDI-ToF mass spectrometry. The chromato-
gram obtained from elution of the reaction mixture generated
by photolysis of compound 1 with 22AG showed only the peak
corresponding to the unmodified G4 sequence. Differently,
chromatograms of the crude reaction mixtures obtained with
compounds 2 (Figures 9a and S20) and 4 (Figure S21) respec-
tively, showed the presence of additional broad peaks with
higher retention times, which could be clearly associated to the
alkylated products.

We characterized the nature of the alkylated products
generated by compounds 2 and 4 by MALDI-ToF MS analysis.
The mass spectrum of the reaction products resulting from
photolysis of 22AG and compound 2 showed two mono-
charged product peaks: one main product at [M—H],, =
7358.8 Da corresponding to the mono-alkylated 22AG, and the
other one with molecular mass [M—H],,~=7300.7 Da corre-
sponding to the cross-linked product that lost the two trimeth-
ylammonium moieties (—57 Da each that give rise to the
formation of two methine functions), in accordance with
preliminary photochemical studies (Figure 9b). The same analy-
sis was conducted for compound 4. Beside the mono-alkylated
and the cross-linked products, a third mono-charged product
peak was detected at [M—Hl,,4~=7317.9 Da corresponding to
the mono-alkylated 22AG where the second QM of 4 reacted
with water to generate the hydrolysis product (Figure S22). In
order to investigate the alkylation site on the G4 sequence, we
performed MALDI-ToF MS analysis of the digestion products of
alkylated adducts of compound 2 generated by snake venom
phosphodiesterase | (digestion from 3’-end) and calf spleen
phosphodiesterase Il (digestion from 5-end).*”*® We focused
our attention on the alkylated products of compound 2 due to
the less complex reaction mixture, composed mainly by the
unreacted 22AG and by the mono-alkylated adduct. As
previously observed from gel experiments, phosphodiesterase |
is not able to start the digestion of the alkylated fragment, not
even after 30 min, which is the time required for the full
digestion of the unmodified 22AG. After 6 h of digestion, only
the first guanine located at the 3’-end of the G4 sequence was
partially digested (Figures S23 and S24). Longer digestion time
did not modify the result. Treatment with phosphodiesterase I
showed a partial digestion of the alkylated fragment starting
from the 5-end, however, a much slower digestion kinetic was
observed suggesting that the presence of the ligand arrests the
enzyme 5’-exonuclease activity. Combined together, these data
corroborated the results obtained by denaturing PAGE, which
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Figure 9. a) Chromatographic profile (recorded at 260 nm) of the crude reaction mixture obtained for compound 2 using a gradient from 0% to 50 % CH;CN
in 10 mM TEAA buffer at 50°C. Insets: UV spectra extracted for each chromatographic peak; the adduct-containing DNA shows a specific absorbance at

320 nm. b) MALDI-ToF mass spectrum of the collected product eluted at 15.6 min and schematic representation of the covalent products produced by
photoactivation of compound 2 in the presence of 22AG. (Figure 9 has been slightly modified and has been re-submitted as a separated .png file. We simply
removed the square around Figure 9a and improve the Y axes to make it more readeble)

located the ligand in proximity of the 3'-end of the G4 structure.
The alkylation on the 3’-end of 22AG blocks completely the
exonuclease activity of phosphodiesterase | and significantly
slows down phosphodiesterase Il. Most likely, the presence of
the ligand may partially keep folded the G4 inhibiting the
exonuclease activity of phosphodiesterase Il. MALDI-ToF Mass
Spectrometry analysis gave very consistent results to those one
obtained by sequencing experiments.

Conclusion

In summary, a new family of photoactivatable V-shaped bifunc-
tional quinone methide precursors, able to bind and alkylate G-
quadruplex structures, were synthesized and characterized.
Their binding and alkylation properties were systematically
investigated by various photochemical, biophysical, and bio-
chemical techniques. Photochemical studies clearly highlighted
the higher QM generation efficiency of ammonium salts 2 and
4 and their ability to form both mono- and bis-hydrated
products as compared to corresponding Mannich bases 1 and
3. FRET melting assays and CD titrations validated the ability of
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the synthesized compounds to bind G4 structures with Kj
values lying in the uM range. Furthermore, photoalkylating
properties were assessed in vitro in the presence of 22AG and
Pu24T used as prototypes of G4 structures, by photolysis at
365 nm. Notably, these experiments emphasized on the ability
of compounds 1, 2, and 4 to alkylate both structures with a
marked preference towards 22AG. Moreover, competition
experiments, performed in presence of duplex DNA, pointed
out that compound 4 has significantly higher selectivity
suggesting an important contribution of the regioisomer effect
during generation of the covalent bond. Despite the inability to
identify the exact alkylation site, sequencing and MALDI-ToF
mass spectrometry analyses provided the identification of
mono-alkylation and cross-linking products derived from both 2
and 4 in the presence of the human telomeric sequence. Given
the strong and increasing interest for the development of
alkylating molecular tools and considering the unique spatio-
temporal control guaranteed by light for this purpose, exten-
sion of this photoactivation-driven approach to the design of
new families of alkylating G4 ligands, using alternative aromatic
cores and reactive intermediates, is currently under develop-
ment.
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