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Simple and fast screening for structure-selective G-quadruplex
ligands

We developed new structure-selective G-quadruplex ligands
utilizing a simple and fast screening system, which was able to be
carried out even in the presence of excess DNA duplex. The
identified G-quadruplex ligands demonstrated a structural
selectivity-cytotoxicity relationship of G-quadruplex ligands.
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Structural selectivity of G-quadruplex ligands is essential for cellular
applications since there is an excess of nucleic acids forming duplex
structures compared to G-quadruplex structures in living cells. In this
study, we developed new structure-selective G-quadruplex ligands
utilizing a simple and fast screening system. The affinity, selectivity,
enzymatic inhibitory activity and cytotoxicity of the structure-
selective G-quadruplex ligands were demonstrated along with a
structural selectivity—cytotoxicity relationship of G-quadruplex
ligands.

Guanine-rich sequences can form G-quadruplex (G4) structures,
which encapsulate two to four planar layers of four guanine bases
(G-quartets) via Hoogsteen hydrogen bonds."” The human genome
contains about 7 x 10° putative G4-forming G,_sN; G, sN; -
G,sN; ,G,_5 sequences® which are frequently observed in human
telomeres and promoters of genes, especially oncogenes.* The most
well-known and extensively studied G4-forming sequence in the
human genome is the telomere, which is at the ends of chromo-
somes and is composed of d(GGGTTA),. At the very 3’-end, the
telomere has a characteristic single-stranded G-rich overhang
which has a propensity to form G4 and inhibit telomerase
activity.”® This finding has spurred huge interest in the develop-
ment of G4-targeting small molecules (G4 ligands) to inhibit
telomerase activity and to obstruct telomere elongation by binding
and stabilizing the telomeric G4. The human genome comprises ca.
6 x 10° bases, most of which fold into canonical duplex structures.
The telomere overhang regions involve 200 bases in each of the 46
chromosome ends, and approximately 1.8 x 10* bases in total.
However, the number of duplex-forming bases is over 10° times
that of the number of G4-forming telomeric bases. G4 ligands
therefore require high structural selectivity towards the duplex for
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cellular applications but only a few structure-selective G4 ligands,
such as pyridostatin and telomestatin, have been reported.'®'!
Zhang et al. developed a key intracellular ligand displacement
assay and demonstrated that small molecules, which bind to G4
in the presence of excess DNA duplex in a test tube experiment, can
bind G4 in living cells.'? This G4 ligand screening assay which can
be used in the presence of excess DNA duplex is a promising
approach to identifying G4-selective ligands that remain functional
in cells. However, although G4 screening methods have been
developed,*™ a simple, one-pot screening system applicable in
the presence of excess DNA duplex has yet to be reported.

Here, we developed a thioflavin T (ThT)-displacement assay
(TD assay). ThT was identified as a G4-selective fluorescence
indicator,'® raising the possibility of screening for G4 ligands
in the presence of excess DNA duplex to identify G4 ligands
with high selectivity for G4 over duplex. In the proposed
scheme (Fig. 1), ThT binds G4 and emits fluorescence even in
the presence of excess DNA duplex. If the test molecule binds
G4 but cannot bind duplex, ThT is displaced, leading to a
decrease in fluorescence intensity. However, fluorescence
intensity would not change if the test molecule has affinity
for duplex or if it binds neither G4 nor duplex.

We confirmed that ThT binds to a G4-forming target oligo-
nucleotide derived from human telomere DNA (22AG: 5'-
AGGGTTAGGGTTAGGGTTAGGG-3') in a structure-selective
manner. 22AG was titrated into ThT in the absence or presence
of excess calf thymus DNA duplex (CT-DNA) (2 mM nucleotide
concentration). The fluorescence intensity of ThT at 485 nm
(F4g5) drastically increased upon the addition of 22AG (Fig. S1A,
ESIt) under both conditions. In addition, the binding stoichio-
metry of ThT and 22AG G4 was confirmend to be 1:1 (Fig. S2,
ESIT). The dissociation constant, Kq.tht, at 25 °C was calculated
to be 7.0 uM and 13 uM in the absence and presence of 2 mM
CT-DNA, respectively (Fig. S1B, see ESITt for details regarding
evaluation of the Ky.r values of ThT). This result confirmed
that ThT binds to 22AG G4 selectively and maintains its
binding affinity even in the presence of excess DNA duplex.
Note that it was reported that ThT boound to DNA duplex,
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Fig. 1 Schematic illustration of G4-selective ligand screening with the
TD-assay. ThT binds to 22AG G4 in the presence of excess duplex and
emits fluorescence. When a compound binds to G4 in the presence of
duplex DNA, ThT is displaced by the compound, resulting in a decrease in
the fluorescence of ThT.

although its fluoresence emission with DNA duplex was much
weaker than that with DNA G4."” The small difference between
the Ky values may reflect the ThT binding with CT-DNA. From
these results, ThT is a suitable fluorescence probe for the
screening of G4 ligands in the presence of excess DNA duplex.

The affinity index (Iagniy) Showing the degree of ThT
displacement by a test compound was evaluated from the Fygs
value of ThT as follows: (F 45 with the compound)/(F,s5 without
the compound). The smaller the Ixgniy, value, the higher the
affinity of the compound with 22AG, which forms a mixed G4
under these experimental conditions.'® We demonstrated the
concept behind the TD assay by using the two G4 ligands
TMPyP4 and pyridostatin (PDS) (Fig. 2A). TMPyP4," a non-
selective G4 ligand, provided Ixsiniyy values of 0.18 and 0.79 in
the absence and presence of excess DNA duplex, respectively. In
contrast, PDS, a typical G4-selective ligand, exhibited Ixsiniyy
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Fig. 2 (A) Iafrinity Of PDS and TMPyP4 in the absence (blue bar) or presence

(red bar) of 2 mM CT-DNA. (B) Plots of Iafinity @s a function of [PDS]
(orange) and [TMPyP4] (black) in the absence (dotted line) or presence
(solid line) of 2 mM CT-DNA. All measurements were carried out in KCl
buffer at 25 °C.
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values in the absence (0.09) and presence (0.12) of excess DNA
duplex, showing that PDS maintains G4 binding affinity even in
the presence of excess DNA duplex. Furthermore, we measured
the Fyg5 value of ThT with various concentrations of TMPyP4
and PDS and evaluated the observed Ky (K;) values in the
absence and presence of excess DNA duplex (please see ESIT
for evaluation of the K; values of the compounds). The K; values
of TMPyP4 were 0.95 £ 0.07 pM and 5.5 = 0.3 uM in the
absence and presence of excess DNA duplex, respectively
(Fig. 2B), whereas the values for PDS were 0.43 + 0.03 uM
and 0.72 %+ 0.08 pM, respectively. Although other factors, such
as a direct binding of ThT with the added compound with ThT
and a fluorescence quenching of ThT by the added compound,
these K; values confirm that the TD assay is suitable for
screening structure-selective G4 ligands."

We conducted the TD assay for an in-house library composed
of 35 small molecules (Fig. S3, ESIt) which we considered to
show structure-selective G4 binding. Fig. 3 shows the Iagsiniy
values in the absence (blue) and in the presence of excess DNA
duplex (red). The compounds were arranged in the order of
increasing Ipginity value in the absence of excess DNA duplex.
Many of the compounds with small Ix¢pie, values in the absence
of excess duplex showed larger values in the presence of excess
duplex. For example, the Ixniy values of compound 1 (methyl
violet 2B; MV) were 0.22 and 0.76, respectively, demonstrating
that the binding of MV is reduced by excess DNA duplex. The five
compounds that showed the lowest Iy¢nie, values in the presence
of excess DNA duplex are listed in Table S1 (ESIT), together with
their K; values. Furthermore, the selectivity index (selectivity), an
indicator of selectivity of a compound, was evaluated as follows:
Iselectiviy = (Ki without excess DNA duplex)/(K; with excess DNA
duplex). A compound with an Isejectiviey Value close to 1 is more
selective. The Isciectiviey values of TMPyP4 and PDS were 0.17 and
0.59, respectively, consistent with previous findings and support-
ing the validity of the TD assay.

We identified compound 3 (crystal violet; CV, Fig. 4A) as a
moderate G4-selective compound, although it was previously
reported as a structure-selective G4 ligand.”® We also identified
compound 1 (methyl violet; MV) and compound 5 (ethyl violet;
EV), which possess the same structural scaffold as CV but have
different lengths of terminal alkyl chains (Fig. 4A). The K; values
of these compounds are evaluated (Fig. 4B) and listed in Table S1
(ESIt). The binding affinities of these compounds in the absence
of excess DNA duplex were MV > CV > EV, whereas in the
presence of excess DNA duplex the binding affinity order was the
opposite. Thus, the order of the Isejectiviy values is EV > CV >
MV (Table S1, ESIt and Fig. 4C), suggesting that the bulkiness of
the terminal alkyl chain, which impedes non-selective electro-
static interaction of the positive functional groups with
negatively charged DNA duplex, is an important factor for the
structural selectivity of G4 ligands. In addition, structural and
thermal studies of 22AG showed that a local structure change
and thermal stabilization were induced by MV, CV, and EV (Fig.
S4, ESIt), confirming the binding of the compounds to 22AG.

Based on the K; values of the compounds screened, we
further attempted to evaluate the inhibitory effects of EV on

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Affinity index (/asinity) of 20 pM compounds in the absence and presence of excess DNA duplex. All measurements were carried out in KCl buffer at

25 °C. Error bars represent mean + SD; n = 3.
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Fig. 4 Chemical structure of (A) methyl violet 2B (MV), crystal violet (CV)
and ethyl violet (EV). (B) Plots of /asinity @s a function of [MV] (black), [CV]
(green), and [EV] (blue) for Iasinity in the absence (dotted line) or presence
(solid line) of 2 mM CT-DNA. All measurements were carried out in KCl
buffer at 25 °C. (C) The Iseiectiviy Value of MV, CV, and EV for 22AG. Error
values represent mean + SD; n = 3.

the transcription reaction. We used two transcription reaction
templates: 22AG template containing the 22AG sequence (Table S2,
ESIt) which folds into a mixed G4, and mut22AG template contain-
ing a mutated 22AG sequence which cannot fold into the G4
structure. T7 RNA polymerase stop assays with the two templates
were performed in the absence and presence of excess DNA duplex
(Fig. 5A). Inhibition of the polymerase reaction by G4 results in a
short transcript (about 35 nucleotides long) and the amount of
completed transcript (79 nucleotides long) is decreased. Fig. 5B
shows a denaturing polyacrylamide gel of the transcripts at 0 uM
and 100 pM EV in the absence of excess DNA duplex, demonstrat-
ing the inhibitory effect of EV on transcription. As shown in
Fig. S5 (ESIf) and Fig. 5C, the amount of arrested (shown in
orange) and completed (shown in blue) transcript increased and
decreased, respectively, with increasing concentration of EV, when
the G4 template was used in the absence of excess DNA duplex
(squares with dotted line). In contrast, the transcription reaction
with the mut22AG template was not inhibited regardless of the

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (A) Schematic illustration of the T7 RNA polymerase stop assay with
the G4-forming template strand. (B) Transcripts from the 22AG template in
the absence or presence of a 100 uM EV. (C and D) Relative amounts of
completed (blue) and arrested (orange) transcripts at various concentra-
tions of EV with the 22AG template (C) or with the mut22AG template
(D) in the absence (squares) or presence (circles) of excess DNA duplex.

concentration of EV (squares with dotted line in Fig. 5D): the
relative amounts of the transcripts (completed and arrested) were
independent of the EV concentration. Therefore, transcriptional
inhibition by EV is likely mediated by the G4 formed in the
template. More importantly, this trend was maintained even in
the presence of excess DNA duplex (circles with dotted lines in
Fig. 5C and D). Although similar results were obtained for MV and
CV, their inhibitory effects were weaker than that of EV (Fig. S6,
ESIY). These results demonstrate that the binding of and transcrip-
tional inhibition by EV are preserved even in the presence of excess
DNA duplex and occur in a G4 structure-specific manner.

Based on the G4-specific binding of and enzyme inhibition
by EV, we examined the effects of MV, CV, and EV, as well as
TMPyP4 and PDS on the proliferation of HeLa cells. Fig. S7
(ESIT) shows images of HeLa cells 48 hours after the addition of
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Fig. 6 (A) Relative viability of Hela cells 48 hours after the addition of

various concentrations of TMPyP4, PDS, MV, CV, or EV. (B) Plots of the ICsq
values of the ligands on cell proliferation versus the Iseiectivity Values of
TMPyP4, PDS, MV, CV, and EV. Error bars represent mean + SD; n = 3.

100 pM of each test compound. No significant decrease in cell
viability was observed with TMPyP4, consistent with a previous
study,”* whereas the other compounds decreased cell viability.
Fig. 6A shows the viability of HeLa cells in the presence of various
concentrations of TMPyP4, PDS, MV, EV, or EV. The IC;, value of
the compounds were obtained from plots in Fig. 6A (see ESI} for
the evaluation of the ICs, values). We then plotted the ICs, value
versus the Iseiectiviey Values to find a relationship between structural
selectivity and anti-proliferative effect (Fig. 6B). Interestingly, there
is a strong correlation between the anti-proliferative effect and the
structural selectivity, showing that the structural selectivity of the
G4 ligand is essential for the anti-proliferative effect on cancer
cells. In addition, EV, a simple and relatively small compound,
exhibits sufficient structural selectivity to reduce cancer cell
viability.

Although the strong correlation between the selectivity and
the anti-proliferative effect was observed, these componds may
bind not only DNA G4 but also proteins. We then attempted to
carry out the TD assay and the T7 polymerase assay of MV, CV,
and EV in the presence of excess protein, HSA (human serum
albmin). In the TD assay, it was found that the fluoresence
decremet ThT was observed in the presence of HSA, although
the degree of the decrement was smaller than that in the
presence of exess DNA duplex (Fig. S8, ESIT). Moreover, the
results of T7 RNA polymerase assay in the presence of 0, 5, 10, or
20 UM HSA showed that these compounds preserve the G4-
specific inhibititory effect on T7 RNA polymerase (Fig. S9, ESIT).
These results suggest that these compounds barely maintain the
bindng affinity and selectivity in the presence of the protein,
although further studies with other proteins are required. Thus, it
is possible to consider that the between the anti-proliferative
effect and the structural selectivity is reasonable.

In summary, we have established a new structure-selective G4
ligand screening system, the TD assay, which allowed the
identification of novel structure-selective G4 ligands that showed
a G4-specific transcriptional inhibitory effect and cell prolifera-
tive inhibition. These results clearly demonstrate that structural
selectivity by G4 ligands is critical for cellular applications.
Moreover, we quantitatively evaluated the effect of bulkiness of
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the positively charged functional group on the affinity and
selectivity of the G4 ligands. Although the rational design of
structure-selective G4 ligands remains difficult, a series of
structure-selective G4 ligands identified using the TD assay will
be useful for the rational design of structure-selective G4 ligands.
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