
Nucleic Acids Research, 2023 1
https://doi.org/10.1093/nar/gkad189

A red light-triggered chemical tool for
sequence-specific alkylation of G-quadruplex and
I-motif DNA
Enrico Cadoni *,†, Lessandro De Paepe†, Gertjan Colpaert, Ruben Tack, Dries Waegeman,
Alex Manicardi * and Annemieke Madder *

Organic and Biomimetic Chemistry Research Group, Ghent University, Krijgslaan 281 S4, B-9000 Ghent, Belgium

Received October 13, 2022; Revised February 03, 2023; Editorial Decision February 23, 2023; Accepted March 12, 2023

ABSTRACT

The importance of non-canonical DNA structures
such as G-quadruplexes (G4) and intercalating-
motifs (iMs) in the fine regulation of a variety of cel-
lular processes has been recently demonstrated. As
the crucial roles of these structures are being un-
ravelled, it is becoming more and more important to
develop tools that allow targeting these structures
with the highest possible specificity. While target-
ing methodologies have been reported for G4s, this
is not the case for iMs, as evidenced by the limited
number of specific ligands able to bind the latter and
the total absence of selective alkylating agents for
their covalent targeting. Furthermore, strategies for
the sequence-specific covalent targeting of G4s and
iMs have not been reported thus far. Herein, we de-
scribe a simple methodology to achieve sequence-
specific covalent targeting of G4 and iM DNA struc-
tures based on the combination of (i) a peptide nu-
cleic acid (PNA) recognizing a specific sequence of
interest, (ii) a pro-reactive moiety enabling a con-
trolled alkylation reaction, and (iii) a G4 or iM lig-
and orienting the alkylating warhead to the reactive
residues. This multi-component system allows for
the targeting of specific G4 or iM sequences of in-
terest in the presence of competing DNA sequences
and under biologically relevant conditions.

INTRODUCTION

In the early 1950s, Watson and Crick defined the classical
DNA double-helix model (1). Nevertheless, over the years,
it has been shown that DNA can adopt a variety of al-

ternative secondary structures, including G-quadruplexes
(G4s) and intercalating-motifs (iMs) (2,3). These struc-
tures arise in consecutive G- or C-rich tracts and are
found to be prominent in human telomeres and promo-
tor regions of certain genes, such as proto-oncogenes. G4s
are composed of G-tetrads, consisting of four Hoogsteen
hydrogen-bonded guanines stabilized by cations and are
readily formed under physiological conditions. In contrast,
iMs often require acidic conditions to guarantee the proto-
nation of a cytosine, needed for the formation of the hemi-
protonated cytosine dimer (C–C)+ (4). Therefore, in con-
trast to G4s, which were intensively studied and character-
ized in all their aspects, the interest in their C-rich counter-
parts was put on the back burner after being observed for
the first time in 1993 (5). However, more recently, growing
evidence of iM formation under physiological conditions
mimicking the cellular environment, including neutral pH
and molecular crowding conditions was gathered (6), and
their formation in a cellular environment has been demon-
strated (7). These findings have reinvigorated the interest in
such structures. Additionally, the formation of both G4 and
iM structures on the same dsDNA sequence has been re-
ported as mutually-exclusive. This is a consequence of the
steric hindrance that is generated on the complementary
strand when either one or the other is formed (8,9). This
interdependent formation can lead to opposite effects when
stabilizing one of these structures, hinting towards a func-
tional relationship between G4s and iMs in gene expression
regulation.

For a detailed study of their role in cellular processes
the development of biochemical tools, able to interfere with
their biological mode of action, is needed. This has been
intensively explored for G4s, leading to a myriad of small
molecules able to bind and stabilize the G4-architecture
in a non-covalent manner. Additionally, several covalent
methodologies were developed as well, using G4-ligands
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decorated with either reactive (e.g. vinyl derivatives (10),
nitrogen mustards (11)) or triggerable (e.g. phenols (12),
quinone methides (13,14), benzophenones or arylazides
(15) and furan (16)) moieties. These triggerable methods
represent a more elegant approach as they offer spatiotem-
poral control over the alkylation reaction and, at the same
time, reduce the risk for off-target interactions. Specifi-
cally relevant for their therapeutic applicability are those
methodologies that avoid using harmful UV-irradiation
(12,16). In particular, the use of red light-responsive systems
ensures a deeper tissue penetration, offering an additional
therapeutic advantage (17).

Although various reports describing the realization of lig-
ands able to recognize or induce a specific G4-topology have
appeared (18), the main limitation of these small-molecule
based approaches remains the lack of selectivity for a spe-
cific G4 sequence. To date, reported ligands generally dis-
play a high promiscuity and are not able to discriminate
among G4s exhibiting a similar topology, due to their struc-
tural features and binding modes (most of them consist of
planar aromatic moieties that tend to stack to the termi-
nal G4-tetrad) (19). To overcome this selectivity problem,
several approaches focusing on the use of oligonucleotides,
or analogues thereof, have been reported in the past years
(20). Richter and co-workers proposed a strategy to induce
the formation of a specific G4-isoform and, at the same
time, block the other isoforms through the hybridization
of a naphthalene diimide-Peptide Nucleic Acid (PNA) con-
jugate to the proximal DNA region of the G4-target (21).
More recently, Di Antonio et al. reported a G4-targeting
methodology, based on the use of short Locked Nucleic
Acid probes complementary to the G-rich tract, to disrupt
an individual G4 in living cells (22).

In contrast, the available tools for iM targeting are still
rather limited, given the only recently renewed interest in
these secondary structures. Indeed, most of the available
small molecules are derived from binders originally devel-
oped for G4s, and only a small number of them is reported
to be truly selective for iM structures (4,23,24). In addition,
to the best of our knowledge, no reports focusing on de-
velopment of iM alkylating agents or sequence-specific iM
targeting are available.

Since G4s and iMs are ubiquitous throughout the whole
genome, and can exert different cellular functions, it is of ut-
most importance that one individual G4 or iM sequence can
selectively be targeted. Based on what has been discussed
above, some of the available methods promise to ensure a
high level of selectivity. Nevertheless, none of the method-
ologies described so far relies upon the formation of a stable
covalent linkage. The advantages of a covalent bond over
a reversible interaction are numerous, and increasingly ex-
ploited in drug discovery. These include the increased po-
tency and duration of action (and, as a consequence, a wider
therapeutic window), and, more importantly in this con-
text, a permanent blockade of target activity (25–27). Al-
ternatively, covalent bond formation has been successfully
exploited as a chemical tool to enable the pull-down of pro-
teins of interest and to study RNA-protein interactions with
a lower background signal and improved efficiency (28–31).
However, uncontrolled alkylation of random cellular com-
ponents, resulting from non-specific interaction with the

target molecules, can lead to undesired adverse reactions
and even acute, immuno-mediated toxicity (32). It is there-
fore of crucial importance to ensure high levels of selectivity
when designing a covalent drug, to avoid detrimental side
effects.

In this study, we report on a simple chemical tool to co-
valently target DNA secondary structures in a sequence-
specific manner (Figure 1). The system relies on the com-
bined use of a PNA probe functionalized with a secondary-
structure ligand that is decorated with a pro-reactive moiety,
which ensures spatiotemporal control of the alkylation reac-
tion. PNAs, acting as recognition elements able to recognise
the flanking region of the targeted secondary structure, were
selected over other DNA analogues in view of the excep-
tional stability of PNA:DNA duplexes and their stability to-
wards nucleases as well as proteases (33–35). Additionally,
the ease of functionalization on solid support readily allows
the insertion of ligands, spacers and cross-linking warheads
with little synthetic effort. The secondary structure ligand,
upon recognition of and binding to the desired target, al-
lows positioning of the pro-reactive warhead in a more con-
trolled and reproducible way, thus inducing the necessary
proximity for the alkylation reaction to proceed in a selec-
tive fashion.

MATERIALS AND METHODS

The synthesis of ligands (Supplementary Schemes S1–S6)
and PNA probes (Supplementary Tables S1 and S2) is re-
ported in detail in the ESI, along with the characterization
of the purified compounds (Supplementary Figures S20–
S55).

Alkylation experiments using PNA-ligand systems

In a typical experiment, a 10 �M working solution of PS
(MB or CV, for G4 or iM alkylation experiments respec-
tively) was freshly prepared. In a 1.5 mL Eppendorf tube,
300 �L of a buffered solution (Tris 10 mM, pH 7.4, 100 mM
KCl for G4 alkylation experiments or NH4OAc buffer 20
mM, pH 5.0, 100 mM KCl, pH 6.0; phosphate buffer: 1 mM
K3PO4, pH 7.0; PBS buffer: Na2HPO4 10 mM pH 8.0, 100
mM KCl; for iM alkylation experiments) containing DNA
at 5 �M concentration was prepared. All DNA samples
were annealed heating at 95◦C for 5 min and cooled down
to room temperature over a period of 4 h. The PNA probe
was added at a final concentration of 5 �M and the solution
incubated for 30 min. PS was finally added to the tube at a
final concentration of 1 �M (for MB) or 5 �M for CV. The
lamp was placed on top of the Eppendorf tube for the en-
tire duration of the experiment (20 min). 50 �L of solution
was sampled at different irradiation times and left to react
for two h at 37◦C, shielded from light. The peaks formed
upon irradiation were isolated by HPLC, freeze-dried and
analysed via MALDI-TOF to confirm the formation of the
alkylation product.

FID assay

In a typical experiment, 400 �L of 0.5 �M DNA solution in
ammonium acetate buffer (20 mM NH4OAc, 100 mM KCl,
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Figure 1. Schematic illustration of the presented work. A PNA probe equipped with a pro-reactive ligand sequence-specifically alkylates the targeted
secondary structure (iM or G4). Activation of the moiety is achieved through light irradiation.

pH 5.0) were freshly prepared from a 100 �M stock solu-
tion. All DNA samples were annealed by heating at 95◦C
for 5 min and cooling down to room temperature over a pe-
riod of 4 h. Thiazole orange (TO) was subsequently added
from a 250 �M stock solution to a final concentration of
1 �M and the system equilibrated for 10 min before the
collection of the fluorescence signal. For each titration ex-
periment, increasing concentrations of ligand were added to
the solution (0–20 �M, 0–40 equivalents). The fluorescence
emission was measured using a Cary Eclipse fluorescence
spectrophotometer, with a scan rate of 200 nm/min, follow-
ing the emission from 510 to 700 nm wavelength, at an exci-
tation wavelength of 501 nm (36). The integral of the fluo-
rescence emission was calculated in the interval 515–650 nm
and each dataset normalized within respect to the solution
containing 0 eq of ligand. The data were plotted following
the formula:

Dx = 1 −
(

Fx

F0

)
(1)

where Dx is the TO displacement at x equivalents of ligand,
Fx is integral of fluorescence emission at x equivalents of lig-
and, and F0 is integral of fluorescence emission at 0 equiv-
alents of ligand. The TO displacement and the DC50 were
calculated using the built-in non-linear fitting (two-phase
association) by Graphpad Prism (v 8.4.2).

iM ligand oxidation experiments

A 100 �M working solution of Crystal Violet (CV) was
freshly prepared. In a 1.5 mL Eppendorf tube, 300 �L of
air saturated buffered solution (NH4OAc buffer 20 mM, pH
5.0, 100 mM KCl) containing ligand at 50 �M was prepared
and placed in the Eppendorf thermomixer at 37◦C. When
needed, DNA (k-RAS M) was added up to 5 �M concen-
tration prior the addition of the ligand. DNA samples were
annealed by heating at 95◦C for 5 min and cooling down
to room temperature over a period of 4 h. CV was added
to the tube at desired final concentration. The lamp was
placed on top of the Eppendorf tube and the sample irra-
diated for the entire duration of the experiment (60 min).
50 �L of solution was sampled at intermediate irradiation
times and left to react for 2 h at 37◦C, shielded from light.

Ligand oxidation was evaluated by HPLC, through integra-
tion of the 260 nm absorbance of ligand peaks. Integration
was performed using Agilent ChemStation for LC 3D sys-
tems software. Data reported are normalized to integrals at
0 min irradiation.

iM alkylation experiments using small ligands

A 10 �M working solution of PS was freshly prepared from
a 1 mM stock solution. In a 1.5 mL Eppendorf tube, 300
�L of a buffered solution (NH4OAc buffer 20 mM, pH 5.0,
100 mM KCl) containing DNA at 5 �M concentration was
prepared. All DNA samples were annealed by heating at
95◦C for 5 min and cooling down to room temperature over
a period of 4 h. The ligand was then added at a final concen-
tration of 25 �M and the solution incubated for 30 min. CV
was added to the tube at a final concentration of 5.0 �M.
The lamp was placed on top of the Eppendorf tube for the
entire duration of the experiment (30 min). 50 �L of solu-
tion was sampled at different irradiation times and left to
react for 2 h at 37◦C, shielded from light. The peaks formed
upon irradiation were isolated by HPLC, freeze-dried and
analysed via MALDI-TOF to confirm the formation of the
alkylation product.

RESULTS AND DISCUSSION

In a first step towards the development of a specific alky-
lation methodology for tetraplexed DNA structures, we di-
rected our efforts to G4-DNA for the initial optimization.
The first step involved the introduction of an alkylating lig-
and onto a suitable PNA sequence, designed to recognize
the correct flanking region of the G4 of interest. First, dif-
ferent photo-activatable cross-linkers were evaluated. Sub-
sequently, we selected the best-performing one to be in-
cluded in the final ligand-PNA conjugates, and then system-
atically studied their capacity for sequence-specific alkyla-
tion in competition experiments.

Screening of alkylating warheads

We previously developed a G4-alkylating methodology ex-
ploiting furan-decorated G4-ligands (16). In an attempt
to broaden the methodology towards additional warhead
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chemistries, next to the oxidation-triggered furan moiety,
alternative light-triggerable alkylating units (arylazide and
diazirine) were introduced onto the PNA probe and the ori-
enting G4 ligand. For the ligand, pyridine-dicarboxamide
(PDC) 360A was chosen, as it was previously exploited
in covalent targeting approaches in combination with dif-
ferent photo-crosslinking moieties (15,16), as well as for
other non-covalent targeting applications (37–42). The
PNA probes were designed to be complementary to the 5′-
flanking region of the target and to contain the G4-ligand
at their N-terminus, following a spacer and the amino acid
containing the cross-linking moiety. L-Photo-leucine and L-
azidophenyl alanine, activated upon UV irradiation, and
L-furyl-alanine were conveniently introduced as alkylating
units through the commercially available Fmoc-protected
amino acid building blocks. The furan moiety within L-
furyl-alanine can be oxidized into a reactive keto-enal by
singlet oxygen (1O2) (43), which can be generated upon light
irradiation of a co-localized PS, and then react with nucle-
ophilic amines of the G4 DNA-target. The use of a G4-
binding PS allows a pinpoint 1O2 production, avoiding col-
lateral oxidative damage.

Additionally, a (2-(2-aminoethoxy)ethoxy)acetyl spacer
(AEEA) and a �-alanine residue were introduced at the
N-terminus of the PNA probe to separate the crosslinking
moiety from the PNA, giving the ligand sufficient freedom
to better bind to the target G4. The C-terminus of the PNA
was functionalized with two negatively charged residues
(L-glutamic acid) to deliver an overall neutral molecule
and allow a better chromatographic behaviour under the
ion-pairing conditions required for the HPLC analysis of
DNA sequences. The general structure of the probes is re-
ported in Figure 2A. c-KIT-21, which is able to fold into
a stable parallel G4 under physiologically relevant condi-
tions, was used as a model target G4 (c-KIT-T) given its
well-recognised therapeutic importance and the abundance
of structural information available for this G4-forming
sequence (44).

The alkylating abilities of the different systems were eval-
uated using the respective photo-activation conditions: UV-
light irradiation (�max = 350 nm; 10 min) or red light irra-
diation (�max = 660 nm, 20 min) in presence of methylene
blue, a PS able to bind G4-DNA and allow G4-localized
1O2 production (15,45). No DNA consumption was ob-
served for the PNA probe equipped with L-photo-leucine
(PNA-PhLeu), while for PNA-PheN3 (equipped with L-
4-azidophenylalanine) and PNA-FAla (equipped with L-
furyl-alanine) reduction of the peak corresponding to the
DNA starting material was observed (Figure 2B). Along
with the reduction of the DNA peak, the simultaneous ap-
pearance of new peaks at higher retention time was ob-
served, hinting towards the formation of alkylation prod-
ucts. MALDI-TOF analysis of the isolated peaks revealed
the formation of species with a molecular weight compati-
ble with cross-linked species (see ESI, Supplementary Fig-
ure S5). PNA-FAla performed better as compared to PNA-
PheN3, as demonstrated by a more pronounced reduction
of the DNA peak upon light irradiation (30% versus 7%
DNA consumption). The higher DNA consumption and a
more gentle triggering of the system (via localized genera-
tion of 1O2 using red light) justify the selection of the furan-

containing ligands as alkylating warheads in the subsequent
experiments.

Design of G4-alkylating PNA-probes

In order to allow a detailed study with different G4 se-
quences, a slightly modified version of the alkylating furan-
modified G4-ligand was designed for convenient introduc-
tion of the ligand and the furan warhead during solid-phase
synthesis (see ESI Supplementary scheme S1). Despite the
(minor) modification of its structure, PNA bearing this
monomer showed DNA alkylation outcomes in line with
those obtained with PNA-FAla (vide infra). To avoid furan
alkylation during PNA cleavage, the aromatic furan moiety
was temporarily protected through a reversible Diels-Alder
adduct with maleimide (46,47). This allowed for an increase
in the overall synthesis yield of the entire PNA-ligand con-
struct from 5% to 22% (see ESI, section 3).

Two families of probes complementary to either the 3′ or
the 5′ flanking region of c-KIT-T (PNA-G4-3 and PNA-G4-
5 series) were synthesized, to evaluate the influence of the
recognition region on the alkylation outcome. In addition,
the number of spacers between the ligand and the alkylat-
ing warhead on the one hand and the PNA core on the
other hand was systematically evaluated. We synthesized
probes bearing 0, 1 or 2 AEEA spacers, to check the ef-
fect of an increase or decrease in flexibility. Finally, probes
lacking the G4-ligand were synthesized to understand if
the insertion of the G4-binding ligand was truly beneficial
for the G4-targeting. To simplify the nomenclature used
for the PNAs, we adopted the following model: PNA-G4-
XY#. Herein X represents the targeted flanking region (5
or 3), Y the presence of ligand (L) or only alkylating unit
(F) and # indicates the number of spacing units (0–2). An
overview of PNA structures and sequences is provided in
Figure 3A.

Towards sequence-specific G4-alkylation

Each of the synthesized probes was then evaluated for its
alkylation ability in presence of c-KIT-T, in a mixture con-
taining an equimolar concentration of the competing G4-
sequence c-KIT-NT, displaying an identical G4 conforma-
tion but lacking the flanking regions (sequences and PNA
recognition sites are shown in Figure 3B). In this set-up,
for both the PNA-G4-5L# and PNA-G4-3L# series, alky-
lation of the target was achieved with a minimal DNA con-
sumption of 20%. Slightly higher alkylation was obtained
when at least one spacing unit was used, indicating the
need for a minimal spacer length and torsional freedom
to allow docking of the ligand on the targeted structure.
In contrast, for the furan-only-containing probes (PNA-
G4-XF#), both the sequence recognition site and the num-
ber of spacing units had a significant impact on the alky-
lation outcome. In detail, we observed a higher alkylation
yield only when a single-spacing unit was employed, and
a drastic drop of efficiency when targeting the 3′-flanking
regions of c-KIT-T (Figure 4A and B and Supplementary
Figure S8). Similar reaction outcomes were obtained in
experiments performed in absence of c-KIT-NT (Supple-
mentary Figure S7 in ESI). Formation of an alkylation
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Figure 2. Preliminary screening of three different alkylation moieties (L-photo-leucine, L-azidophenyl alanine, furyl-alanine) incorporated in the PNA
probe. (A) Design of the PNA probes containing the alkylating units. (B) Comparison of the alkylation efficiency (DNA consumption) for the three tested
PNA constructs. Experiments were performed in buffered solution (Tris 100 mM, pH 7.4, 10 mM KCl), at 5 �M strand concentration. As a consequence
of the adopted chromatographic conditions (suitable for the correct visualization of DNA), the PNA probes appear as double peaks.

product was confirmed by MALDI-TOF analysis, indicat-
ing a reaction with guanine as a main product and mi-
nor traces of alkylation adducts with adenine and cyto-
sine (Supplementary Figure S12 in ESI). To confirm that
the species observed by MALDI-TOF analysis represents
a genuine alkylation product and not a stable, but non-
covalent, ligand-DNA complex, control experiments with
pre-oxidized PNA probes were performed: no reduction of
the c-KIT-T peak was observed in the chromatogram in that
case and MALDI-TOF spectra only showed the presence of
the oxidized PNA probe (Supplementary Figure S6).

To further validate the system selectivity, the central G4-
forming tract of c-KIT was substituted with a mutated, non-
G4-forming sequence bearing two G→T substitutions on
the central tetrads (c-KIT-mut). As expected, the unfolding

of the quadruplex led to a dramatic drop in alkylation effi-
ciency (Figure 4C) for the probes bearing the ligand. In con-
trast, all the PNAs equipped with the furan warhead alone
showed the ability to alkylate the mutated target, thus fur-
ther highlighting the importance of introducing the ligand
as a second recognition element to increase the selectivity
of the system.

Taken all together, these results demonstrate the impor-
tance of the simultaneous presence of the two recognition
elements, a PNA for recognition of the flanking region and
a G4-ligand for binding the secondary structure, for the se-
lective targeting of the desired sequence and as tool to fa-
cilitate the design of the probes. In fact, if the system is flex-
ible enough (1 or more AEEA spacers), after the recogni-
tion of the flanking region the ligand can orient the alkylat-
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Figure 3. Design and sequences used for the evaluation of the G4-specific alkylation. (A) Structure and sequences of the PNA probes employed. (B) G4
forming DNA sequences. The G4-forming tract is indicated in blue, the guanines involved in the formation of tetrads are in bold, the mutations are
in bold and underlined. O = (2-(2-aminoethoxy)ethoxyacetyl) spacer; L = G4 ligand (derived from PDC-DA-OH, see ESI Supplementary scheme S1),
F = furylpropanoyl; e = glutamic acid; Ac = acetyl. c-KIT-T = target; c-KIT-NT = non-target; c-KIT-mut = mutated quadruplex.

ing unit in a suitable position only if the DNA secondary
structure is present, ensuring the alkylation of the target.
In contrast, probes lacking the ligand can lead to sequence
alkylation but require a more careful design (sequence-
dependence and flexibility dependence) and cannot discrim-
inate between folded and unfolded sequences.

Expansion to alternative G4-forming sequences and cell
lysate experiments

The use of a promiscuous G4-binder, such as the PDC
360A, in principle allows binding and the correct position-
ing of the alkylating warhead for different G4 structures,
resulting in a general methodology for the selective target-
ing of alternative and widely studied G4s of interest (48–52),
with little design and synthetic effort. To test this hypothe-
sis, we designed additional targets bearing a different G4-
forming sequence flanked by the same flanking sequences
used before. The central G4-forming tracts were selected
amongst biologically relevant sequences found in proto-
oncogene promoter regions and able to fold into parallel

and hybrid G4-structures. The alkylation results (Figure 5A
and Supplementary Figure S9) confirm that the designed
system is highly tolerant towards the target G4-forming se-
quence: in fact, moving from c-KIT to other structures (c-
MYC, k-RAS and BCL-2) only marginally affects the alky-
lation outcome.

To show the possibility for applications in biological con-
texts, the alkylation methodology was tested in cell lysate. In
this setup, mixtures with increasing concentrations of cell-
lysate were spiked with the target DNA of interest. Alky-
lation of the target DNA was confirmed under these ex-
perimental conditions (Supplementary Figure S10). Finally,
to further validate the selectivity of the approach, we per-
formed a competition experiment at 25% cell lysate content.
In this set-up, competing G4s bearing non-matching flank-
ing regions were used as controls to test the specificity of
alkylation. To avoid co-elution of the two DNA sequences
during the HPLC analysis, the target c-KIT-T was modi-
fied with a fluorescein (FAM, c-KIT-FAM) tag, to decrease
its polarity and shift its HPLC retention time. Similarly to
what was previously observed in buffered solution, selective
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Figure 4. G4-alkylation experiments assessing the sequence-selectivity of the system. (A) Competition experiment for PNA-G4-5L# and PNA-G4-5F#
in presence of G4-DNA competitor c-KIT-NT. (B) Competition experiment for PNA-G4-3L# and PNA-G4-3F# in presence of G4-DNA competitor
c-KIT-NT. (C) Control experiment in presence of a single-stranded sequence c-KIT-mut. Experiments performed in buffered solution (Tris 10 mM, pH
7.4, 100 mM KCl), at 5 �M strands concentration, and 1 �M MB. # = number of spacers, as indicated on the x-axis.

alkylation of c-KIT-FAM over the non-target sequences was
achieved (Figure 5B and Supplementary Figure S11).

Moving to the complementary strand: development of an
alkylating iM ligand

While alkylating G4-ligands have been developed before by
us and other groups (10–15,53), this was not the case for
iM-structures. Based on our previous experience with the
successful development of a furan-containing G4-targeting
ligand, we set out to explore the broadening of the concept
and design a suitable alkylating iM-ligand, to be later ex-
ploited for the realization of a sequence-selective iM alky-
lation methodology.

As mentioned in the introduction, most of the ligands ex-
hibiting iM binding ability were originally developed as G4
or general DNA intercalating moieties. We rationally de-
signed a new ligand starting from the structure of a candi-
date molecule that showed superior binding affinity for iM
over other DNA structures (54) and which could be easily
functionalized with a furanyl moiety without undermining
the binding to the targeted structures: the PBP1 ligand (Fig-
ure 6) (54).

Rational design of iM alkylating agents and evaluation of
their iM binding affinity

In line with our previously reported method for G4-
alkylation (16), a bimolecular approach based on the
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Figure 5. (A) Alkylation experiments of c-MYC, k-RAS and BCL-2. Target and non-target (NT) sequences were tested. (B) Alkylation of c-KIT-FAM in
presence of cell lysate (25%) and competing G4-DNA sequences k-RAS-NT, BCL2-NT or c-MYC-NT. Experiments performed in buffered solution (Tris
10 mM, pH 7.4, 100 mM KCl), at 5 �M strand concentration and 1 �M MB concentration in absence (A) or presence (B) of cell lysate. NT-sequences
depicted in ochre yellow, target sequences in blue with the yellow sphere representing the FAM label.

Figure 6. Ligands used for iM alkylation. Modifications of the original ligand (PBP1) are highlighted in blue.

co-localization of two elements to enhance the selectivity
for iM over dsDNA was exploited: an iM ligand equipped
with a pro-reactive furan warhead and crystal violet (CV),
a photosensitizer known to be able to bind iM-DNA (55).

Starting from the selected ligand, the reactive furan-
warhead was introduced in three different ways and the ef-
fect of the structural modifications on the binding affin-
ity was evaluated. In first instance, the tertiary amine of
the central pyridine core was substituted with a furan-
containing arm, connected through either a short (PBP-
L1) or a long (PBP-L2) spacing unit, while maintaining
the structure of the lateral arms. Alternatively, replace-
ment of the L-proline residues on the lateral chains with
L-furylalanine (PBP-L3) allowed the simultaneous intro-
duction of two warheads while minimizing perturbation of
the original ligand structure. In all cases, the original 4-oxy
linkage on the central pyridine core was substituted by its
amino version to increase the stability of the system toward

acid treatments, which will be required during the synthesis
of the envisaged PNA probes. The structures of the furan-
containing ligands are shown in Figure 6.

To evaluate if the modifications introduced in the lig-
and do not interfere with iM binding, a fluorescence-
intercalator displacement (FID) assay, based on the dis-
placement of thiazole orange (TO) from the iM-forming
sequences (BCL-2, h-TELO, k-RAS N/F/M, h-RAS, Ta-
ble 1) (36) was performed. CD and UV-melting analyses
were performed to confirm the folding into iMs under iden-
tical buffer conditions (ammonium acetate buffer, pH 5) for
all sequences (Supplementary ESI Table S3, Supplementary
Figure S1–S3) (56,57).

The reported PBP1 ligand was originally proposed as
BCL-2 binder (DC50 value of 0.9 �M) (54). After intro-
ducing the modifications to include either one or two alky-
lating moieties, all ligands still displayed good affinity for
BCL-2. For the two most thermodynamic stable iMs
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Table 1. FID assay: %TO displacement with PBP-L1, PBP-L2 and PBP-L3 in presence of iM forming and dsDNA sequences. Experiment performed in
NH4OAc buffer (20 mM, pH 5.0, 100 mM KCl), 0.5 �M DNA and 1.0 �M TO. ND: Not determined (displacement lower than 50%). Ligand concentration
range: 0 to 20 �M

Kd [�M] (% displacement)

Sequence PBP-L1 PBP-L2 PBP-L3

BCL-2
5′- CAGCCCCGCTCCCGCCCCCTTCCTCCCGCGCCCGCCCCT -3′

3.1 (73.7) 5.4 (66.5) 2.2 (85.0)

k-RAS M
5′-GCCCGGCCCCCGCTCCTCCCCCGCCGGCCCGGCCCGGCCC
CCTCCTTCTCCCCG -3′

4.2 (99.8) 4.0 (99.7) 3.0 (98.7)

k-RAS F
5′- GCCCGGCTCGCCACCCTAGACCGCCCCAGCCACCCCT -3′

2.0 (94.0) 2.4 (92.2) 2.0 (84.7)

h-RAS
5′- CGCCCGTGCCCTGCGCCCGCAACCCGA -3′

3.6 (84.3) 4.1 (81.7) 3.5 (83.5)

h-TELO
5′- TAACCCTAACCCTAACCCTAACCC -3′

ND
(<50%)

ND
(<50%)

ND
(<50%)

k-RAS N
5′- TCCCCTCTTCCCTCTTCCCACACCGCCCT -3′

ND
(<50%)

ND
(<50%)

ND
(<50%)

dsLAC
5′- GAATTGTGAGCGCTCACAATTC -3′

ND
(<50%)

ND
(<50%)

ND
(<50%)

T-Loop
5′- TATAGCTATATTTTTTTATAGCTATA -3′

ND
(<50%)

ND
(<50%)

ND
(<50%)

formed in the k-RAS promotor, k-RAS Mid (k-RAS M)
and k-RAS Far (k-RAS F) (58), high affinities were found,
with near to complete TO displacement for k-RAS M us-
ing all three ligands. As for h-RAS, all ligands displayed
similar affinities and high TO displacement efficiencies. For
h-TELO, the displacement efficiency was minimal (a total
TO displacement lower than 50%, in the ligand concentra-
tion range 0–20 �M). A similar behaviour was found for
k-RAS Near (k-RAS N), the least populated iM of the k-
RAS promotor region in-vivo. To confirm that the synthe-
sized ligands are iM-selective, their displacement efficiency
was also tested in presence of dsDNA sequences (dsLAC
and t-loop) and none of them were able to efficiently dis-
place TO. In general, the ligands showed comparable be-
haviour in stabilizing the iM-forming sequences, although
in all cases PBP-L3 exhibited a slightly higher affinity for
iM-DNA as compared to PBP-L1 and PBP-L2. This can
be ascribed to a higher structural similarity to the original
ligand PBP1, maintaining not only the lateral amino acid
side chains (where L-proline is substituted with L-furyl-
alanine), but also the tertiary N,N-dimethyl propylamine
functionality.

iM alkylation using small molecule ligands

Furan-activation kinetics and the benefit of ligand co-
localization were first tested for PBP-L3 in presence of k-
RAS M, by red-light irradiation of a solution containing
CV. From the data reported in Figure 7A, the presence
of the iM DNA allows for a reduction of the irradiation
time needed for complete furan oxidation, hinting towards
an increased local concentration of singlet oxygen in the
surroundings of the furan warhead. Similar behaviour was
observed with ligand PBP-L1 (Supplementary Figure S4,
ESI). 1O2 quantum yield studies did not show any signifi-
cant 1O2 production variation for CV in presence or absence
of iM-DNA (data not shown).

Next, the alkylation efficiency of each ligand was
tested for different iM forming sequences (k-RAS N/M/F,

h-RAS, BCL-2, dsLAC and t-Loop) and analysed via HPLC
where the disappearance of the iM-DNA was followed, as
an indication of alkylation efficiency. The DNA consump-
tion of all target sequences after CV (1�M) irradiation (1h)
in the presence of each of the three ligands (10 eq) was
plotted (Figure 7B and Supplementary Figures S13-15). It
can be noted that each ligand exhibits different alkylation
efficiencies, which can be explained by the different posi-
tioning of the furan-warheads on the ligands. PBP-L1, de-
spite showing good binding affinities for most of them (vide
supra, Table 1), was not able to alkylate any of the tested
sequences, while PBP-L2 showed moderate alkylation with
BCL-2 (19%) and k-RAS M (43%). This can point towards
the need for a longer spacer to ensure the required proximity
between the activated furan and the nucleophilic residues.
For the bis-furyl ligand PBP-L3, higher alkylation yields
were found for all iM sequences (65% for k-RAS M, 36% for
k-RAS F, 27% for BCL-2, and 17% for h-RAS), for which it
showed a good affinity in the FID assay (vide supra). Under
identical experimental conditions, none of the ligands was
able to alkylate dsDNA sequences (dsLAC and t-Loop, ex-
ample shown in Figure 7D) as well as the iM sequences for
which they displayed a low affinity in the FID assay (k-RAS
N). In summary, PBP-L3 proves to be the best-performing
ligand as a general and high-yielding alkylating tool
for iMs.

The newly formed products observed in the HPLC chro-
matogram (example shown for k-RAS M in Figure 7C) at
higher retention times (Rt = 8.1 min, P3) were purified and
characterized by MALDI-TOF to confirm the formation of
an alkylation product (ESI Supplementary Figure S16).

Sequence-specific iM-alkylation

In line with the developed G4-strategy, we then aimed to
selectively target one specific iM, based on the recognition
of its flanks by ligand-PNA conjugates. To test whether the
developed methodology can be extended to the sequence-
selective targeting of iM DNA secondary structures in
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Figure 7. Development of an iM alkylation methodology. (A) Oxidation kinetics of PBP-L3 with irradiation of a solution containing CV (1 or 5 �M),
in presence (blue lines) or absence (red lines) of iM DNA (k-RAS M). (B) Alkylation efficiency of PBP-L1 (blue bars), PBP-L2 (red bars) and PBP-L3
(green bars) in presence of different DNA sequences. (C) Example of chromatograms resulting from the alkylation of k-RAS-M. (D) Control alkylation
experiment in presence of dsDNA T-Loop. Alkylation experiments performed in NH4OAc buffer 20 mM, pH 5.0, 100 mM KCl at 50 �M ligand, 1 �M
CV, and 5 �M DNA. PBP-L3-OX: oxidized PBP-L3; P3 = alkylation product with PBP-L3.

presence of competing iM sequences, the structure of
PBP-L3 was adapted to allow its insertion into a PNA
strand (Figure 8A). Based on the promising results obtained
for k-RAS-M with the small molecule binder approach, we
used this iM sequence as a model target and included its
natural 5′ and 3′ flanking sequences (now referred to as iM-
target sequence k-RAS-T, depicted in Figure 8B).

Once more, PNA probes were designed to be comple-
mentary to either k-RAS 3′- or 5′- natural flanking regions.
We focussed on the ligand-containing probes equipped with
either 1 or 2 spacing units. In analogy with the previous
probes, a similar nomenclature was maintained for the iM-
targeting PNAs (PNA-iM-XY#). Due to the complexity of
the structure and the lack of available information to cor-
rectly design a mutated sequence that is not able to fold into
iM, we opted for unfolding the iM by changing the pH of
the experiment rather than inserting mutations in the iM-
forming core. Therefore, we tested the alkylation of the sys-
tem at different pH values (5.0, 6.0, 7.0 and 8.0) displaying
progressive unfolding of the targeted iM structure (refer to
CD data in section 5 of the supporting information).

The alkylation efficiency of the PNA-probes bearing the
ligand was tested in presence of the two competing se-
quences k-RAS-T and k-RAS-NT, at equimolar concentra-
tions (Figure 9). As described above, the DNA consump-
tion data were obtained by integration of the HPLC chro-
matogram (with the appearance of the alkylation adduct
as a broad bump, further confirmed by MALDI-TOF, ESI
Supplementary Figures S17–S19). In analogy to the G4
case, sequence specificity was observed, with a significantly
lower consumption of the non-target sequence. Similarly,
the influence of the spacing unit (number of AEEA spac-
ers) was also not important for the alkylation outcome. In
contrast to what was observed for G4, a different efficiency

when targeting from the 5′ or the 3′ side of the iM-forming
core is observed. Moreover, upon increasing the pH value
from 5.0 to 8.0, the alkylation efficiency drops and at pH
8.0 the difference in DNA consumption between k-RAS-T
and k-RAS-NT became less pronounced.

The (significant) difference in terms of DNA consump-
tion when moving from the 5′ to the 3′ flank can be ra-
tionalized by considering the binding mode originally pro-
posed for this family of ligands, which are suggested to be
iM-groove binders. The formation of the PNA:DNA du-
plex on the 5′-side or 3′-side could in fact favour the lig-
and positioning on two different grooves and thus, create a
different environment, explaining the different reactivity on
the two sides. Although the lack of NMR or XRD data of
ligand-iM complexes makes these observations speculative,
the data obtained can support the binding mode proposed
by Dash and colleagues for PBP-1 hypothesized from CD
and fluorescence data (54).

This phenomenon was not observed when targeting the
G4 with the PDC ligand: due to the end-stacking bind-
ing mode described for the molecule (and, by definition, its
docking onto the upper tetrad), its orientation would not
change when targeting different flanking regions (PNA-G4-
5L# versus PNA-G4-3L# series).

The drop in alkylation efficiency with the pH increase can
be explained by the progressive unfolding of the iM struc-
ture. Indeed, the folding of an iM is maximal at pH 5. In
line with what was previously reported, the increase of pH
leads to the formation of a iM/hairpin hybrid at pH 6 and
complete unfolding at pH 8 (58). This was confirmed by
CD analysis (Supplementary Figure S3, ESI). This confirms
that the structure needs to be folded to allow the ligand to
effectively target the secondary structure and correctly ori-
ent the alkylating warhead in a suitable position.
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Figure 8. Design of the sequences used for the iM specific alkylation. (A) Structure and sequences of the PNA probes employed to target 5′- (red) or
3′-flanking (black) region of c-KIT. (B) Sequence of the k-RAS derivatives employed in this section. The iM-forming tract is highlighted in blue. O =
(2-(2-aminoethoxy)ethoxyacetyl) spacer; L = iM ligand (derived from PBP-L3*, see ESI Supplementary scheme S4), # = number of spacers; F = Furanyl-
propanoyl; e = glutamic acid; Ac = acetyl; k-RAS-T = Target; k-RAS-NT = Non-target.

Figure 9. IM competition experiment for PNA-iM-5L# and PNA-iM-3L# in presence of competitor k-RAS-NT tested at different pH values (5, 6 and
7). T = target, NT = non-target, CV = crystal Violet, # = number of spacers, as indicated on the x-axis. Experiments performed in buffered solution
(ammonium acetate pH 5, phosphate buffer pH 6 or 7, and PBS pH 8.0, all supplemented with 100 mM KCl), at 5 �M strand concentration.
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Following a similar workflow as for the G4s, the alkyla-
tion efficiency towards other iM forming sequences (k-RAS
F, h-RAS and BCL-2) was investigated. This was done us-
ing the same flanking region sequences as recognition ele-
ments. The data in Supplementary Figure S18 demonstrate
that expanding the methodology to other sequences is pos-
sible, with moderate alkylation for each targeted structure.
These results clearly indicate that, providing that the PNA
can recognize the target flanking region, the ligand can an-
chor itself in the iM docking site and orient the furan in a
suitable position.

CONCLUSIONS

In conclusion, we herein describe a sequence-specific
tetraplex-alkylation methodology, which takes advantage of
the recognition of G4 or iM flanking regions to target one
unique structure in a mixture of different sequences. By in-
corporating selective G4 or iM binders in a suitable PNA
probe, the alkylating moiety can be efficiently directed to-
wards the envisaged target, further enhancing the selectiv-
ity of the methodology over non-tetraplex structures. To
achieve this, in addition to the previously developed G4-
alkylating ligands, we here developed the first example of
a selective iM-alkylating ligand.

While there is a wealth of research data available on the
development and use of small molecule ligands on the one
hand and oligonucleotide-based probes on the other hand,
the developed method rests on the rationally designed con-
nection of both modalities, with further strengthening of the
alkylation selectivity thanks to the inclusion of a triggerable
warhead. The use of a pro-reactive furan moiety, activated
by localized 1O2 production, ensures this additional element
of selectivity. In this work, we primarily focused on two fam-
ilies of ligands, but further extension of our work to other
binders, as well as to alternative alkylating warheads, can
be foreseen for future applications. Moreover, further fine-
tuning of the methodology is possible in terms of the chosen
co-localizing photosensitizers and the corresponding irradi-
ation wavelength used for their activation (cfr. Red light for
deeper tissue penetration). In view of the capacity of PNA
to bind both DNA and RNA strands, this methodology can
be conveniently adapted to target RNA G4 structures. In
addition, the methodology can be further exploited for ‘on-
bench’ applications, such as for the pull-down of specific
G4 and iM-forming sequences, exploiting the reversibility
of this type of alkylation at high temperatures (59).

Concerning future cellular applications, it is no secret
that the delivery of oligonucleotides and their analogues has
been challenging. In the past few years, however, many ap-
plications featuring PNAs have been successfully demon-
strated in cells, thanks to the development of delivery strate-
gies able to increase the cellular uptake of these probes (60–
63). Also in vivo applications in the context of gene therapy
have been described, e.g. for the correction of cystic fibro-
sis in murine models (64–66). Different PNA-based strate-
gies have been developed in the field of G4-targeting, in cel-
lulo and in pre-clinical murine models. An overview of these
approaches is reported in our recent literature review (20).
A further challenge for the success of the approach would
be the tailored generation of reactive 1O2 in a cellular en-

vironment. In this work, we performed the alkylation us-
ing photosensitizers that are not the best G4 or iM-binders.
Even if some of these have already reached clinical applica-
tions (e.g. MB, which has a well-established clinical appli-
cation in the context of photodynamic therapy (67)), fine-
tuning the localized activation of the pro-reactive moiety
will be needed to achieve high alkylation specificity with-
out collateral oxidative damage and adverse toxicity effects.
A potential solution could reside in adopting or developing
more specific PS-binders, readily available for G4 (68), but
not for iM. Furthermore, PS-PNA conjugates targeting the
opposite flanking region could be advantageously used in
this context. Indeed, limiting the production of 1O2 to the
nearby surroundings of the furan activation site has proven
useful to prevent collateral oxidative damage, lowering the
concentration of PS needed and ensuring, at the same time,
the efficient activation of the furan moiety (47).

Given the high level of selectivity, off-target G4 or iM
alkylation can be avoided. In view of the continuous dis-
coveries of new G4 and iM structures and the interest in
unravelling their biological function, we anticipate that the
described methodology could find applications for the de-
velopment of highly specific molecular tools contributing in
the understanding of the role of specific G4 or iM structures.
The presented approach expands the repertoire of available
tools not only for specific G4-targeting, but also for iM tar-
geting, which we believe to be necessary in the quest for elu-
cidation of the biological role of these important, yet rela-
tively underexplored, secondary structures.
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