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The anticancer peptide LL-IIl binds with nanomolar affinity
to human telomeric and cMyc G-quadruplexes

ChemComm

The anticancer peptide LL-Ill specifically binds G-quadruplex
structures over DNA duplex and single strands. The highest
affinity of LL-lll was observed for the cMyc and human
telomeric quadruplexes both involved in carcinogenesis,
thus opening new avenues for therapeutic applications.

See Luigi Petraccone et al.,
Chem. Commun., 2023, 59, 6179.
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LL-111 is a natural anticancer peptide able to cross the membrane of
cancer cells and to localize in the nucleolus, but its intracellular
target is unknown. Here, we show that LL-Ill is able to bind with nM
affinity to specific G-quadruplex structures known to be relevant
anticancer targets.

Anticancer peptides (ACPs) are low-molecular-weight cationic
peptides composed of 10-60 amino acids with antitumor
activity." Most of these peptides act by inducing membrane
disruption or by translocating into the cytoplasm, recognizing
an intracellular target. To describe the action mechanism of
ACPs, several models have been proposed.”> However, the exact
mechanism strictly depends on the peptides’ physico-chemical
properties (e.g., their charge and hydrophobicity), as well as the
properties of the lipid bilayer (e.g, the lipids’ lateral organiza-
tion, fluidity and charge density) or the intracellular targeted
molecule.>* The peptide LL-IIT (VNWKKILGKIIKVVK-NH,) is
a family member of Lasioglossins, three bioactive peptides
extracted from the venom of the bee Lasioglossum laticeps,
which exhibits a low toxicity towards healthy eukaryotic cells
and is active in vitro against some cancer cell lines.” Particu-
larly, it has been reported that LL-III is able to translocate
across the negatively charged tumour cell membranes in a non-
disruptive manner and to localize in the cell nucleolus, suggest-
ing that nuclear DNA could be a possible intracellular target.®”
Prompted by these observations, we decided to study the
interaction of this peptide with DNA sequences able to adopt
a G-quadruplex structure (GQ) known to be involved in carcino-
genesis. GQs are non-canonical DNA helical structures charac-
terized by stacked G-quartets each of which consists of a
planar cyclic arrangement of four guanines held together by
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The anticancer peptide LL-1ll binds with
nanomolar affinity to human telomeric
and cMyc G-quadruplexesf
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Hoogsteen hydrogen bonds and stabilized by monovalent
cations.® These structures are thought to be implicated in
important biological processes such as aging, cancer and, more
generally, in the regulation of gene expression.”" Herein, we
show that LL-III is able to bind with nanomolar affinity to
mixed-type human telomeric (Tel-23) and cMyc G-quadruplex
structures which are relevant anticancer targets.®'> Interest-
ingly, LL-IIT showed much lower affinity towards other parallel
and anti-parallel GQs as well as towards the DNA duplex and
single strands, highlighting its specificity for Tel-23 and cMyc.
Overall, our results shed light on the mechanism of action of
LL-III and demonstrate that its short primary structure can be
used as a lead sequence for the development and application
of anticancer peptides that specifically bind to G-quadruplex
structures.

To monitor the binding of LL-III to the quadruplex forming-
oligonucleotides, we performed fluorescence anisotropy mea-
surements using labeled-oligonucleotides as previously reported
(see ESIL, section 1.2)."* Briefly, we measured the variation of the
fluorescence anisotropy due to the formation of the higher
molecular weight peptide-DNA complex in comparison with the
free DNA. First, we evaluated the affinity of LL-III for the Tel-23
(FAM-labelled) in K" containing buffer as this DNA sequence is
known to adopt a mixed-type topology under these conditions."*
Analysis of the obtained binding curve (see ESIT) reveals that
LL-III binds the Tel-23 mixed-type quadruplex with a K, of 90 nM
(Fig. 1). To verify whether this high binding affinity was specific
for the G-quadruplex structure, we performed the same experi-
ment in a Li'-containing buffer which prevents quadruplex for-
mation as also confirmed by the inspection of the corresponding
CD spectrum (Fig. S1, ESIT). Under these conditions, we found a
13-fold higher Ky (1220 nM), indicating that LL-III specifically
binds to the Tel-23 mixed-type G-quadruplex structure (Fig. 1).
To further verify if the results obtained were influenced by the use
of different cations in the experiments, we repeated the titration
in K" with a mutated Tel-23 (Mut_Tel-23) that does not form
quadruplex even in the presence of K (see ESIi Fig. S2). The
LL-III affinity for Mut_Tel-23 in K" (1110 nM) was similar to that of
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Fig. 1 (A) Schematic representation of the DNA structures explored in this

study; (B) representative binding curves of LL-IlIl with the mixed-type
Tel-23 (red), unfolded Tel-23 (cyan), and the 12CG-duplex (blue) obtained
by fluorescence anisotropy measurements; (C) column bar reporting the
Kp values (in nM) obtained for each complex. The sequences and the
cations are reported on the x-axis, the corresponding DNA structures are
indicated at the top of each column. All the binding experiments were
performed at 20 °C in the proper buffer at a DNA concentration of 50 nM.

Tel-23 in Li" demonstrating that the nature of the cation does not
affect the binding properties of LL-II (Fig. S3, ESIf). Next, we
performed the binding experiments in Na'-buffer as it is known
that in this buffer Tel-23 adopts an antiparallel topology.'* In Na™-
buffer, we found a 10-fold higher Ky, value (900 nM) with respect
to the value determined in K'-buffer, revealing that LL-II is
able to discriminate among the mixed-type and the antiparallel
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conformation of Tel-23 (Fig. 1B and Fig. S3, ESIt). Thus, among
the Tel-23 topologies, the strength of the interaction follows the
order: mixed-type > antiparallel > disordered.

We then checked the affinity of LL-III for the DNA duplex
by using a labelled double helix with a similar number of
nucleotides (and negative charges) as the Tel-23 sequence
(see ESIT). Again, the affinity for the double helix was even
lower (Kp = 2000 nM) than the one measured for the unfolded
strand and similar both in sodium and potassium buffer (Fig. 1
and Fig. S3, ESIY).

Having established the affinity of LL-III for the mixed-type
and antiparallel conformation of Tel-23, we decided to evaluate
the affinity of the peptide for G-quadruplex sequences known to
adopt the parallel conformation in K'-buffer. Particularly, we
selected cMyc and the cKIT1 GQs appropriately labelled with
Tx-Red (see ESIT). We found a Kp of 60 nM for cMyc, which
is about 1.5-fold lower than that measured for the mixed-type
Tel-23 (Fig. 1B and Fig. S3, ESIf), revealing a stronger binding
for this GQ. Interestingly, the affinity for the cKIT1 was about
4-fold higher (Kp = 230 nM) than for cMyc, suggesting that
LL-III is able to discriminate among GQs with the same parallel
topologies (Fig. 1C and Fig. S3, ESIT). To test whether the LL-III
binding induces a change in the conformation of the DNA, we
collected CD spectra of all the DNA-peptide complexes. We did
not observe any significant spectral changes in the region
240-310 nm where only DNA contributes significantly to the
CD signal (Fig. S5, ESIT), suggesting that LL-III binds to the
different GQ structures without altering their conformation.
To look for conformational changes of the peptide, we analysed
the spectra in the 200-240 nm region after subtracting the DNA
contribution. The spectrum of LL-III alone in buffer is typical of
a random coil conformation, and we observed that the presence
of Tel-23 in the presence of both K" and Na' cations does not
significantly alter the spectral features, suggesting that LL-III
retains a disordered conformation in the complexed state
(Fig. 2A). Interestingly, the peptide spectrum changes signifi-
cantly in the presence of the two parallel quadruplexes cKIT1
and cMyc, showing a minimum at 222 nm (Fig. 2A), indicating
the formation of an a-helical structure. The calculated helical
fraction increases from 0.15 for the peptide alone to 0.26 and
0.49 in the presence of cMyc and cKIT1, respectively (Table S1,
ESIT). This result reveals that LL-III partially adopts a helical
structure when binding to parallel G-quadruplexes, but not to
mixed-type and antiparallel Tel-23. The formation of a par-
tially helical conformation has been previously reported for
short peptides upon binding to a parallel G-quadruplex.’***
Interestingly, a similar mode of interaction of an a-helix with a
parallel GQ was also observed in crystal structures of protein-
quadruplex complexes.">"” These observations suggest
that helix formation is a general requirement for parallel
G-quadruplex recognition.

On the contrary, in a previous study a loss of helical content
was observed for a longer peptide upon binding to the human
telomeric mixed-type GQ."® This is consistent with our observa-
tion that binding to the mixed-type Tel-23 quadruplex does not
induce helical formation in LL-III. These peptide conformational

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (A) Normalized CD spectra of LL-Ill in the absence (black curve)
and in the presence of Tel-23 K* (red curve), Tel-23 Na* (green curve),
cKIT1 (orange curve) and cMyc (magenta curve) at a 1:1 molar ratio.
The peptide signal was obtained after subtracting the signal of the
G-quadruplex from the corresponding spectrum of the complex.
(B) Stern-Volmer plots for each LL-lIl = DNA complex obtained by
following the intrinsic peptide Trp fluorescence. The above experiments
were performed at 20 °C and in the proper buffer solution (see ESI).

differences could be key to the future design of peptides capable
of discriminating different quadruplex topologies.

Seeking further structural details of the interaction of LL-III
with the various G-quadruplexes, we then investigated the
solvent accessibility of the Trp residue of the peptide upon
complex formation employing the steady-state fluorescence
emission quenching methodology with acrylamide as quencher
molecule (see ESIT).'®> We found that the Trp residue in the
complexes is partially hidden from the solvent compared to the
free peptide (Fig. 2B). This observation clearly indicates that
the Trp residue is involved in the complex formation, which is
in agreement with previous studies reporting the key role of
the aromatic amino acids in binding to G-quadruplexes.'®>°
On the other hand, the magnitude of the Ksy value differs
among the quadruplexes studied, revealing subtle differences
in the binding mode (Table S1, ESIt). Indeed, the highest Kgy
was observed for the complex of LL-III with the mixed-type
Tel-23, followed by the antiparallel Tel-23, then cKIT1 and
cMyec. Of note, the largest difference in Ksy values was observed
for the two quadruplexes cMyc and mixed-type Tel-23, with the
higher and comparable affinity, revealing that the Trp residue
plays a different role in the binding process with the two
quadruplexes.

Finally, we explored the energetics of peptide-quadruplex
binding by means of isothermal titration calorimetry (ITC).
Particularly, we designed the ITC experiments to measure the
binding enthalpy and calculated the other thermodynamic
quantities using the affinity constant (see ESI{).?"**> We found
for all the complexes that the binding is entropically driven
(=TAS,,° < 0) with an unfavorable enthalpic contribution (AH;” > 0)
(Fig. 3 and Table S1, ESIt). This thermodynamic signature
points toward a hydrophobic driving force of the binding
process (which is accompanied by a release of hydration water),
suggesting that LL-III recognizes a ‘“hydrophobic pocket” of the
G-quadruplex structure, most likely represented by the G-tetrad
plane most exposed to the solvent. The magnitude of the two
thermodynamic contributions differs among the quadruplexes

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Thermodynamic profiles for LL-Ill binding to the DNA G-
quadruplexes. The sum of the binding enthalpy, AH,°, (red) and the binding
entropy multiplied by the absolute temperature, —TAS,°, (green) provides
the binding Gibbs energy, AG,° (blue). All the thermodynamic parameters
are given at 20 °C (T = 293 K).

studied, revealing significant differences in the formation of
the LL-III-quadruplex complexes. Interestingly, the value of the
enthalpy change, AH,° increases with the degree of LL-III
helicity in the complexes (Table S1, ESIT), suggesting that the
extent of the hydrophobic interaction increases with the helical
content of the peptide. This could be due to the amphipathic
nature of the LL-III helix®® which allows to maximize the
contact between its aromatic and hydrophobic residues and
the exposed G-tetrad plane. In conclusion, our data show that
the anticancer peptide LL-III has a higher affinity for DNA
G-quadruplex structures compared to single-stranded and
double helical structures and demonstrate some degree of selec-
tivity among different G-quadruplexes. Interestingly, LL-III has a
higher affinity for the mixed-type Tel-23 and cMyc quadruplexes,
both of which have been implicated in carcinogenesis. This
information is particularly important because we have shown in
a previous work that LL-III is able to selectively recognize and
cross the tumor membrane.”® Putting all this information
together, we can speculate on a possible mechanism of action
of LL-III against cancer (Fig. 4): the peptide firstly recognizes and
crosses the negatively charged tumor membrane, gaining access
to the inner part of the cell. Then LL-III binds to the human
telomeric and cMyc quadruplex, which are known to be excellent
targets for anticancer therapy.® In this framework, the low cyto-
toxicity observed for the peptide would be explained by its
selectivity towards the membrane of the tumor cell rather than
by its affinity to quadruplexes, which plays a central role once the
peptide enters the tumor cell, however. Of note, LL-III is a natural
and short peptide (15 amino acids) with a sequence that differs
considerably from those of other peptides reported to bind to
quadruplexes (Table S2, ESIT)."*'***?** Further, it belongs to a
class of peptides (AMPs and ACPs) whose ability to bind to
G-quadruplexes is almost unexplored. For this reason, it may
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Fig. 4 Schematic representation of the proposed action mechanism for
the anticancer activity of LL-lIl. In a first step, the peptide selectively
recognizes and interacts with the negatively charged membrane of tumor
cells. Through a peptide-induced alteration of the membrane microscopic
and mesoscopic properties (e.g., domain formation),?* the LL-1Il translo-
cates in the cytoplasm and reaches the nucleus, where it recognizes (a) the
human telomeric and (b) cMyc promoter G-quadruplexes, thereby impair-
ing tumor cell functions and leading to its death. Figures are not to scale,
and LL-Il is shown as an a-helix for display purposes.

represent a new lead sequence for further optimization. Overall,
these findings shed new light on the mechanism of action of LL-
III and open exciting new avenues for the design and application
of a new class of peptide-based anticancer drugs.
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