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G-quadruplex structures (G4s) in guanine-rich regions of DNA play critical roles in various biological
phenomena, including replication, translation, and gene expression. There are three types of G4
topology, ie., parallel, anti-parallel, and hybrid, and ligands that selectively interact with or stabilize
a specific topology have been extensively explored to enable studies of topology-related functions.
Here, we describe the synthesis of a new series of G4 ligands based on 6LCOs (6-linear consecutive
oxazoles), i.e., L2H2-2M2EA-6LCO (2), L2A2-2M2EAc-6LCO (3), and L2G2-2M2EG-6LCO (4), which bear
four aminoalkyl, acetamidealkyl, and guanidinylalkyl side chains, respectively. Among them, ligand 2
stabilized telomeric G4 and induced anti-parallel topology independently of the presence of cations. The
anti-parallel topology induced by 2 was identified as chair-type by means of °F NMR spectroscopy and
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Guanine-rich sequences in single-stranded DNA or RNA form
a characteristic secondary structure known as the G-quadruplex
(G4).* G4 structures were originally found in telomeres®> and
some gene promoter regions,® and next-generation sequencer
analysis suggested the existence of over 700 000 kinds of G4-
forming sequences in the human genome.* G4s have been re-
ported to regulate critical biological phenomena, including tran-
scription of oncogenes® and inhibition of ribosome biogenesis in
cancer cells,® by targeting specific proteins.” The G4 structure can
adopt a variety of topologies depending upon the sequence and the
conditions (especially the presence of cations), and these can be
classified into three groups, i.e., parallel, hybrid, and anti-parallel
topologies.? In particular, telomere sequences with TTAGGG
repeats are structurally diverse and can form all three topologies.®
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fluorescence experiments with 2-aminopurine-labeled DNA.

Control of the topology in G4 is of great interest as a means of
potentially regulating the activities of G4s by modulating their
specific interactions with their target proteins. For example, HP1
(heterochromatin protein 1), which is involved in the maintenance
of heterochromatin, binds only to the parallel form of telomeric
G4."° Further, Rif1, a protein controlling the replication timing in
yeast, specifically interacts with its target G4, which adopts parallel
topology.”* Thus, ligands that selectively interact with or control
each topology in G4 are expected to be useful tools for elucidating
the biological functions of G4 structures.

G4 contains three characteristic motifs, i.e., the G-quartet
plane, the loops and the grooves. The G-quartet is a common
structure in each type of G4, while the loops and grooves are
specific to each topology. Thus, most of the G4 ligands devel-
oped to date have targeted not only the G-quartet plane through
-1 interaction, but also the loops or the grooves. We have
developed a series of macrocyclic hexaoxazole compounds
(60OTDs) as G4 ligands.*> The 60TDs are similar in size to the
planar structure of the G-quartet, and interact efficiently with
the G-quartet through m-m interaction. However, they lack
topological selectivity. Recent efforts to develop topology-
selective G4 ligands have targeted the loops or grooves in
G4.®" In 2011, Teulade-Fichou and co-workers reported
a groove binder, TOxaPy, which selectively interacts with anti-
parallel-type telomeric G4." The TOxaPy-related linear
pyridine-oxazole ligands developed by several groups can
induce anti-parallel topology of telomeric G4 in the presence of
K'.*® In addition, Chang and co-workers developed a carbazole-
type ligand, BMCV-8C30, which induces parallel-type topology
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of telomeric G4 from the hybrid form in the presence of K*."”
Although, some topology-selective interacting ligands have
been reported so far, details of the relevant topologies, such as
hybrid-1 or hybrid-2, or anti-parallel with chair-type or basket-
type, remain unclear.

In this study, we designed linear-type hexaoxazole compounds
of 6LCO (6-linear consecutive oxazole) as possible G4 ligands
based on the hypothesis that one set of trioxazoles would interact
with the G-quartet and the other set would recognize the grooves
in a specific topology. Specifically, we synthesized L2H2-2M2EA-
6LCO (2), L2A2-2M2EAc-6LCO (3), and L.2G2-2M2EG-6LCO (4),
which have four aminoalkyl, acetamidealkyl, and guanidinylalkyl
side chains, respectively (Fig. 1).'®* We evaluated the ability of
these ligands to interact with G4 structure as well as their selec-
tivity for the topologies in G4. For this purpose, we used the
telomere sequence, which is known to form all three typical
topologies of G4 under various conditions.

First, the ability of the linear ligands 6LCOs 2-4 and L2H2-
60TD (1)™* to interact with and stabilize telomeric G4 (Flu-
telo21; Table S1t) was examined by means of FRET (Forster
resonance energy transfer) melting experiments® in the pres-
ence of K' cation (Fig. 2A). In the case of ligands 2 and 4, which
have cationic functional groups (amine or guanidine) in their
side chain, the telomeric G4 was efficiently stabilized with AT,
values of 18 °C and 15 °C, respectively, which are the same level
with that of the compound 1. Notably, ligand 2 was selective for
telomeric G4 over duplex DNA even in the presence of 100
equivalents of double-stranded DNA (Fig. 2A). Titration experi-
ments showed that ligand 4 interacts with both telomeric G4
and dsDNA. Ligand 3 with the acetamidealkyl, group in its side
chain did not show any interaction with or stabilization of
telomeric G4. Similar tendencies for stabilization of telomeric
G4 by ligands 2-4 were observed in the presence of Na'* (Fig. 2B).

Next, the topologies of G4 formed in the presence of ligands
2-4 were evaluated by means of CD titration analysis, using
telomeric sequences of 24TTA in the presence of K and Na*
(Fig. S11). We found that ligand 2 changed the hybrid topology
of telomeric G4 into an anti-parallel topology in the presence of
K'. Ligand 4 did not change the topology of telomeric G4, but
reduced the intensity of the CD spectra upon titration. Since
ligand 4 interacts with telomeric G4 as well as dsDNA, as
determined by FRET melting analysis (Fig. 2), the ligand seems
to interact non-specifically with DNAs, presumably via its

L2H2-2M2EA-6LCO (2) R =NH;
L2A2-2M2EAc-6LCO (3) R = NHAc
L2G2-2M2EG-6LCO (4) R = NHC(NH)NH2

L2H2-60TD (1)

Fig. 1 Structures of ligands L2H2-60TD (1), L2H2-2M2EA-6LCO (2),
L2A2-2M2EAC-6LCO (3), L2G2-2M2EG-6LCO (4).
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Fig.2 AT, values of Flu-telo21 (dual-labelled sequence, 0.2 uM) with
1.0 pM of L2H2-2M2EA-6LCO (2), L2A2-2M2EAC-6LCO (3), L2G2-
2M2EG-6LCO (4), and L2H2-60TD (1), respectively, in the presence of
(A) K* or (B) Na*, determined by FRET melting assay. Each AT,, value
was obtained in the presence of duplex DNA (0-20 uM) as
a competitor.

guanidine functional group. Ligand 3 did not change the
topology of telomeric G4 induced by K', as determined by CD
titration experiments. Based on these observations, the char-
acteristic anti-parallel structure-inducing ability of 2 can be
attributed to both the linear-type structure and the amine
functional groups in the ligand.

Next, the characteristic topology-inducing ability of the
ligand 2 was further investigated by using telomeric DNAs with
various sequences and lengths: 22AG,**2° 23TAG,* 24TTA,* and
25TAG.”* 22AG and 24TTA form both hybrid-1 and hybrid-2
structures, while 23TAG and 25TAG preferentially form
hybrid-1 and hybrid-2, respectively, in the presence of K cation
(Table S1t). Upon titration of 2 into these sequences (one to five
equivalents), we found that the CD spectra changed, and anti-
parallel topologies were efficiently induced in all cases
(Fig. 3). We further examined the CD titration of 2 with 22AG in
the presence of Na'. Under these conditions, the anti-parallel
topology of 22AG was maintained (Fig. S2t). These results
indicate that L2H2-2M2EA-6LCO (2) interact with telomeric G4s
and tend to switch their topology to anti-parallel form regard-
less of the presence or absence of K™ and Na'.

Since it is difficult to determine whether a complex has
a single topology or not by means of CD spectral analysis, the
structure of 22AG induced by ligand 2 was further examined by
NMR analysis of the "°F-labeled telomere sequence (**F-22AG;
Table S11).2* The 'F NMR spectrum showed two characteristic
singlet peaks at —63.05 and —62.95 ppm (green circle), which
correspond to the topologies of hybrid-1 and hybrid-2, in the
presence of K'. When ligand 2 was added (0.5, 1.0, and 1.5
equivalents), the two singlet peaks assigned to hybrid-1 and
hybrid-2 disappeared, and a broad singlet appeared at
—63.17 ppm (cyan circle), as shown in Fig. 4. Since the CD
experiments demonstrated that the sequence of 22AG was
changed from hybrid to anti-parallel topology upon titration

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The CD spectra of telomeric DNA (2 uM; (A) 22AG, (B) 23TAG,
(C) 24TTA, (D) 25TAG in 50 mM Tris—HCl with 100 mM KCl in the
presence of 0—5 equivalents of L2ZH2-2M2EA-6LCO (2).

with 2 (Fig. 3), the singlet peak at —63.17 ppm observed in the
F NMR spectrum suggests the presence of the anti-parallel
form as a single topology under these conditions. So far, two
types of anti-parallel structures, i.e., chair and basket types,
have been characterized in telomere sequences.>* The telomeric
DNA of ""F-22AG is reported to form anti-parallel topology of
basket type in the presence of Na', featuring a signal at
—62.96 ppm (magenta circle) in '°F NMR.>® The chemical shift
of the peak of '’F-22AG in the presence of the ligand 2 was
observed at —63.17 ppm, which suggested the topology of *’F-
22AG would be an anti-parallel form with a chair type.

To identify the specific type of anti-parallel topology in 22AG
induced by ligand 2, we next performed fluorescence experi-
ments using a 2-aminopurine (Ap)-containing telomere
sequence, whose adenine residue at the 13™ position was

&
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Fig. 4 °F NMR spectra of °F-22AG (200 uM) with K* during titration
with ligand 2 (0—1.5 equiv.), and spectra for *°F=22AG in the presence

of Na™.
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replaced with 2-Ap (22AG-Ap; Fig. 5A and Table S11). In the case
of the hybrid or chair type of the anti-parallel form, 2-Ap in the
22AG will be located at the lateral loop, while in the basket type
it will be in the diagonal loop. Since 2-Ap in the diagonal loop is
reported to show stronger fluorescence, we can distinguish the
topological change from the hybrid to the chair and basket
forms of anti-parallel topology by following the fluorescence
intensity of the 2-aminopurine.*

We confirmed that the modification with Ap did not influ-
ence the formation of topologies in the presence of K" or Na*
cations as detected by CD analysis (Fig. S47). Indeed, topology
change to the anti-parallel form was observed in 22AG-Ap upon
addition of ligand 2 in a similar manner to that of unmodified
22AG (Fig. 3 and Fig S27). The ligand alone showed no signifi-
cant fluorescence in the presence of K (Fig. 5B, dotted line).
Then, the fluorescence intensity of 22AG-Ap was investigated in
the presence of K" or Na' (Fig. 5B). In the presence of K, weak
fluorescence was observed, which indicates that 22AG-Ap forms
a hybrid-type topology with Ap located in the lateral loop (black
line). The fluorescence increased in the presence of Na',
showing that 22AG-Ap forms a basket-type anti-parallel
topology with the aminopurine located in the diagonal loop
(gray line; black to gray: ca. 2-fold). When we added ligand 2 in
the presence of K', the intensity was much weaker than that
with Na* alone, but stronger than that with K* alone, as shown
with a magenta line in Fig. 5B (black to magenta: 1.3-fold).

The 2-Ap quenching analysis addresses two questions, ie.,
(1) whether 2-Ap is flipped out from the G-quartet plane, and (2)
whether 2-Ap is located in the lateral or diagonal loop.
Regarding the first point, there is generally a fluorescence

. . - hair-
Hybrid-1 Hybrid-2 Basket-type Chair-type
anti-parallel anti-parallel
B
2500
22AG-Ap with Na
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Fig. 5 2-Ap-based fluorescence quenching analysis in 22AG. (A)
Schematic structures of G4 topologies formed in 22AG with 2-Ap
modification (indicated by a red circle). (B) Fluorescence spectra of
22AG-Ap (2 puM) with K* (black), Na™ (gray), or K* plus 4 uM ligand 2
(magenta), or 4 uM ligand 2 (dotted magenta).
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enhancement of over ca. 3-fold when 2-AP is flipped out of the
G4 plane.” Indeed, we observed 3.1-fold fluorescent enhance-
ment upon addition of L2H2-60TD (1) to 22AG in the presence
of K” (black to cyan: 3.1-fold in Fig. $57), because L2H2-60TD (1)
is known to stack with the G-quartet plane and to displace the
neighboring 2-Ap."* Regarding the second point, there is
generally a ca. 2-fold difference in fluorescence intensity
between the cases where 2-Ap is located at the lateral and
diagonal loops. We observed a ca. 2-fold fluorescence difference
for 22AG-Ap in the presence of K' and in the presence of Na',
where the topology takes hybrid (i.e., Ap is located laterally), and
basket (i.e., Ap is located diagonally) forms, respectively. Since
the ligand 2 induced little fluorescent change of 22AG-Ap (black
to magenta: 1.3-fold in Fig. 5), it seems likely that 2-Ap in the
22AG is still located at the lateral loop in the presence of ligand
2 and K'. Thus, the results of the CD experiments and 2-Ap
quenching analysis indicate that 2 induces chair-type anti-
parallel topology in the presence of K'.

It is not yet clear why the linear polyoxazole induces chair-
type anti-parallel topology of telomeric G4, regardless of the
presence of cations. Preliminary docking simulation studies of
L2H2-2M2EA-6LCO (2) with chair-type (Fig. 6A) and basket-type
structures (Fig. 6B) of telomeric G4 gave values of the ligand
binding free energy for chair- and basket-types of
—78.98 kcal mol " and —61.23 kcal mol ?, respectively (Fig
S67). Interaction of the trioxazole moiety with the groove may
favor the chair-type structure (Fig. 6A). According to the docking
models, ligand 2 does not influence the location of the 13™
adenine (colored magenta, Fig. 6A) in the chair-form G4, which
is consistent with the observation that ligand 2 did not enhance
the fluorescence in a manner that would indicate flipping out of
2-Ap (Fig. 5B). In terms of the recently proposed folding path-
ways of G4,”® the topological change from the hybrid to the

hair- nti-parallel with 2

Side view Top view

Basket-type anti-parallel with 2

Side view Top view

Fig. 6 Docking models of the ligand 2 with human telomeric G4; (A)
chair-type anti-parallel G4 with 2, (B) basket-type anti-parallel G4 with
2 (G-quartet plane: cyan, 13th position of Ad: magenta, ligand: yellow).
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chair-type anti-parallel structure takes fewer steps than the
change to basket-type structure, and this could be a factor.

Conclusions

We have developed a new series of G4 ligands based on linear
consecutive polyoxazole structure. The ligands with cationic
functional groups preferentially interact with telomeric G4. Among
them, L2H2-2M2EA-6LCO (2), with aminoalkyl side chains, inter-
acts with telomeric G4s and induces anti-parallel topology
regardless of the presence of cations (K" and Na'). Furthermore,
ligand 2 is suggested to induce “chair-type” anti-parallel topology,
based on the results of °F NMR and 2-Ap quenching studies.
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