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Introduction

The role of spatial arrangement of aromatic rings
on the binding of N,N’-diheteroaryl guanidine
ligands to the G2C4/G2C4 motif DNAT

Eitaro Murakami, 2)® Tomonori Shibata,
and Kazuhiko Nakatani () *@

*3 Megumi Tomemori,” Gota Kawai (2 °

Non-canonical DNA structures formed by aberrantly expanded repeat DNA are implicated in promoting
repeat instability and the onset of repeat expansion diseases. Small molecules that target these disease-
causing repeat DNAs hold promise as therapeutic agents for such diseases. Specifically, 1,3-di(quinolin-
2-yl)guanidine (DQG) has been identified to bind to the disease-causing GGCCCC (G2C4) repeat DNA
associated with amyotrophic lateral sclerosis and frontotemporal dementia (ALS/FTD). In this study, we
investigate the structure-binding relationships between DQG analogs and double-stranded DNA (dsDNA)
containing a G2C4/G2C4 unit. Our findings, derived from UV melting temperature, circular dichroism
spectra, and surface plasmon resonance (SPR) analyses of DQG analogs, highlight the crucial role of the
spatial arrangements of aromatic rings in binding to the G2C4/G2C4 unit. Among the tested DQG
analogs, N,N’-di(quinazolin-2-yl)guanidine (DQzG) stands out for its ability to form seven planar
conformers. These conformers enable ADD-DAA hydrogen bonding with cytosine and multiple spatial
arrangements of aromatic rings, including those resembling DQG. Our binding analyses revealed that
DQzG exhibits the highest affinity binding for the G2C4/G2C4 unit. NMR analysis of the DQzG-bound
G2C4/G2C4-dsDNA further suggested that DQzG binds to the G2C4/G2C4 unit via hydrogen bonding.
Moreover, SPR analysis demonstrated that DQzG binds more strongly to G2C4 repeat DNA compared
to DQG. These results position DQzG as a promising lead compound for targeting the G2C4
repeat, offering potential therapeutic avenues for the treatment of ALS/FTD and other repeat expansion
diseases.

abnormal RNA aggregates, known as RNA foci, leading to the
sequestration of RNA-binding proteins. Additionally, repeat-

Aberrant expansion of repeat DNA in the human genome is
associated with neurodegeneration and repeat expansion
diseases."” A prominent cause of amyotrophic lateral sclerosis
and frontotemporal dementia (ALS/FTD) is the expansion of the
GGGGCC (G4C2) repeat DNA sequence located within the first
intron of the chromosome 9 open reading frame 72 (C9orf72)
gene. This expansion is observed in over 40% of familial and
8% of sporadic ALS/FTD cases.>® In ALS/FTD patients, the
number of G4C2 repeats can surpass 250, while unaffected
individuals typically have fewer than 20 repeats.>® The patho-
genesis involves RNA gain-of-function due to the formation of
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associated non-AUG translation (RAN translation) produces
abnormal peptide repeat protein aggregates.”° The presence
of RNA foci leads to loss of function of RNA-binding proteins,
causing impaired splicing and nuclear-cytoplasmic transport.
Another reported pathological mechanism is the repression
of CO9ORF72-coding mRNA expression in affected individuals,
termed haploinsufficiency.’® Reduced levels of the COORF72
protein exacerbate the toxicity mediated by the repeat expan-
sions, contributing to ALS/FTD.'' Despite these insights, the
molecular mechanisms underlying the root cause of repeat
diseases, specifically the aberrant expansion, remain to be fully
elucidated.

We have developed mismatch-binding ligands (MBLs)
capable of recognizing mismatched base pairs in both DNAs
and RNAs through complementary hydrogen bonding with
nucleobases."””™> Among these ligands, naphthyridine-aza-
quinolone (NA) was identified to selectively bind to the CAG/
CAG motif, a key component of the hairpin structures formed
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by CAG repeats. NMR structural analysis revealed that NA forms
hydrogen bonds with nucleobases and engages in stacking
interactions with adjacent nucleobases. In preclinical models,
NA induced the contraction of expanded CAG repeats in
Huntington’s disease mice and improved motor phenotypes
in dentatorubral-pallidoluysian atrophy (DRPLA) mice.">"®"”
These findings suggest that small molecules capable of binding
to disease-causing repeat DNA have therapeutic potential by
contracting aberrantly expanded repeat sequences.

Previous studies have explored small molecules that target
the hairpin and G quadruplex formed by the G4C2 repeat.'®™'
Our study focused on the antisense repeat GGCCCC (G2C4),
which is predicted to form hairpins and i-motif structures.*
Based on a design concept utilizing hydrogen bond comple-
mentarity and stacking with adjacent nucleobases, we identified
1,3-di(quinolin-2-yl)guanidine (DQG; Fig. 1a) as a promising core
unit for binding to the G2C4 repeat.”® DQG significantly increased
the melting temperature (Ty,) of the model duplex 5'-GCAT
GGCCCC TACG-3//3'-CGTA CCCCGG ATGC-5' containing the
G2C4/G2C4 unit. Given that the guanidyl group of DQG is proto-
nated at neutral pH, an intramolecular hydrogen bond forms
between the N1 nitrogen of quinoline and the guanidium N-H,
resulting in several conformers with donor-donor (DD) hydrogen
bonding groups. This pattern partially complements the hydrogen
bonding surface of cytosine with donor-acceptor-acceptor (DAA)
groups. The lowest energy conformation of DQG (DQG conf-1)
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Fig.1 (a) Chemical structure of DQG. For the discussion of the two
aromatic rings, the ring directly attached to the guanidyl group is identified
as ring A, and the other is referred to as ring B throughout this study.
(b) Plausible hydrogen-bonding scheme of the lowest energy conforma-
tion of DQG (DQG conf-1) with cytosine. (c) Chemical structures of DQG
analogs used in this study: D3iQG, D1iQG, Q3iQG, DQzG, DQU, DNpG,
and QG.
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binds to cytosine with two hydrogen bonds without steric repul-
sion (Fig. 1b). This hydrogen-bonding model suggests that by
changing the substitution position of the guanidyl group on
quinoline, the aromatic ring arrangement required for stacking
interactions with adjacent base pairs can be adjusted. Substitution
of quinoline with quinazoline may yield hydrogen-bonded surfaces
with an acceptor-donor-donor (ADD) pattern. As the association
constant of the ADD/DAA hydrogen-bonded complex is reported to
be approximately 50-fold higher than that of the AA/DD hydrogen-
bonded complex,>* designing a DQG analog with an ADD hydro-
gen bonding pattern may enhance its binding property. Here, we
present the synthesis of DQG analogs and evaluate their binding
properties to the G2C4/G2C4 unit in dsDNA. Our analyses encom-
passed UV melting, circular dichroism (CD) spectra, surface
plasmon resonance (SPR) assays, and nuclear magnetic resonance
(NMR) spectra measurements. Notably, among the tested DQG
analogs, N,N’-di(quinazolin-2-yl)guanidine (DQzG) demonstrated
the highest binding affinity. Conformational analysis of DQG
analogs, along with spatial alignment of conformers, revealed a
similar spatial orientation of aromatic rings for both DQG and
DQzG upon hydrogen bonding to cytosine. This similarity under-
scores the critical role of stacking interactions, complementing
hydrogen bonding, in the high-affinity binding of DQzG to the
G2C4/G2C4 unit.

Results
Molecular design of DQG analogs

To develop DQG analogs that adopt different orientation of two
heteroaromatic rings in planar conformation, we designed
N,N'-di(isoquinolin-3-yl)guanidine (D3iQG), N,N'-di(isoquinolin-1-
yl)guanidine (D1iQG), and N-(isoquinolin-3-yl)-N’-(quinolin-2-
ylguanidine (Q3iQG) as structural isomers of DQG (Fig. 1c).
These DQG analogs containing isoquinoline can adopt planar
conformations with intramolecular hydrogen bonding between N2
position of isoquinoline and guanidyl group in a manner similar
with DQG. N,N'-di(naphthalen-2-yl)jguanidine (DNpG) and N,N'-
di(quinolin-2-yl)Jurea (DQU) were synthesized as control com-
pounds. Furthermore, we designed DQzG, which consisted of two
quinazoline rings linked by a guanidine. The ADD hydrogen
bonding surface in planar conformations of DQzG can be com-
plementary to DAA hydrogen boding surface of cytosine. The
synthesis of these molecules is described in the Experimental
section. Briefly, DQG analogs were synthesized in one or two steps
by a Buchwald-Hartwig reaction of guanidine nitrate with the
corresponding haloarene.>® DQU was synthesized from triphosgene
and 2-aminoquinoline.”® In these reactions, multiple byproducts,
including monomers and trimers, were detected by mass spectro-
metry (MS), along with the presence of unreacted haloarenes,
which contributed to the low yield. Further investigation into the
synthetic method is required to improve the reaction efficiency.

Conformational analysis of DQG analogs

To gain insights into the formation of planar conformations in
DQG and DQG analogs, conformational analysis was performed
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Table 1 Relative potential energies of conformers calculated for DQG
analogs’
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Table 2 Melting temperatures of G2C4/G2C4-dsDNA with DQG and
DQG analogs®

DQG D3iQG D1iQG Q3iQG DQzG Ligand Ty (+)? ATy’

conf-1 0.00 0.00 0.00" 0.00 0.00 DQG 49.4 (0.3) 19.5
2 2.24° 217" 3.41° 0.13 0.46 D3iQG 41.3 (1.7) 11.4
3 2.28” 1.03 D1iQG 43.2 (0.7) 13.4
4 1.18 Q3iQG 48.5 (0.4) 18.7
5 1.42 DQzG 50.0 (0.7) 20.2
6 2.22 QG 33.2 (0.8) 3.4
7 2.41 DNpG 31.1 (0.4) 1.3
DQU 30.3 (1.0) 0.4

“ Relative potential energy (kcal mol™!) of the conformers of DQG,
D3iQG, D1iQG, Q3iQG, and DQzG calculated at the ©B97XD/
6-31G+(d,p) level. All conformers listed here have the planar conforma-
tion. The entire list of conformational energies can be found in ESI.
b These conformers are ineligible for stable hydrogen bonds formation
with cytosine due to steric repulsion.

using a force field, OPLS4 in an aqueous environment. The
conformations of DQG analogs within 5 kcal mol " of the most
stable conformer were obtained from 10000 conformations
generated by molecular mechanics (MM) calculations. Further-
more, quantum mechanical calculations were performed for all
conformers obtained by MM calculation using DFT ®wb97xd/
6-31G+(d,p) in Gaussian 16 (Table 1 and Table S1, ESIt). The
numbers of conformers within 3.5 kcal mol™" of the lowest
energy conformer obtained for DQG, D3iQG, D1iQG, Q3iQG,
and DQzG were 2, 2, 2, 3, and 7, respectively, and all these
conformers are planar structures. The conformations are
shown in Fig. S1 (ESIt). While DQG has two planar conforma-
tions, the conf-2 of DQG could not form stable hydrogen bonds
to cytosine due to the steric repulsion between the amino N-H
and aromatic C-H (Fig. S1a, ESI{), indicating that the conf-1 of
DQG would be likely responsible for the binding to C in the
G2C4/G2C4 unit to form two hydrogen bonds (¢f Fig. 1b).
Likewise, D3iQG conf-2, D1iQG conf-1, D1iQG conf-2, and Q3iQG
conf-3 were ineligible for the hydrogen bonding with cytosine.
In contrast, all seven conformers of DQzG were eligible to form
three hydrogen bonds with cytosine. DQzG conf-6 and conf-7 are
more than 2 kecal mol * above the lowest energy conf-1, and it is
reasonable to assume that these conformers have little contribution
for the complexation with cytosine. Thus, further discussion on the
spatial orientation of heteroaromatic rings in the bound complexes
would be focused on the ten conformers of DQG conf-1, D3iQG
conf-1, D1iQG conf-1, Q3iQG conf-1 and 2, and DQzG conf-1, 2, 3,
4, and 5. To discuss the special orientation of heteroaromatic rings,
the ring directly attached to the guanidyl group is identified as ring
A, and the other is referred as ring B (¢f: Fig. 1a).

UV melting temperature analysis

To examine the effect of the DQG analogs on the thermal
stability of a 14-mer double-stranded DNA 5’-d(GCAT GGCCCC
TACG)-3/3’-d(CGTA CCCCGG ATGC)-5’ containing the G2C4/
G2C4 motif (G2C4/G2C4-dsDNA), we measured the Ty, of the
G2C4/G2C4-dsDNA without and with DQG analogs (Fig. S2,
ESIT). The differences in the melting temperature (ATy,) in the
presence and absence of DQG analogs are shown in Table 2.
As reported previously, the T, of the G2C4/G2C4-dsDNA in the

This journal is © the Owner Societies 2025

¢ Thermal melting curves were measured for dsDNA [5'-d(GCAT
GGCCCCTACG)-3'/3'-d(CGTACCCCGGATGC)-5'] (5 pM) in sodium
phosphate buffer (10 mM, pH 7) containing sodium chloride (100 mM)
and 5% DMSO. ” T, values of DNA duplexes in the presence of DQG or
DQG analogs (20 pM). The melting temperature is calculated by using
the median method. All measurements were made three times or more
and standard deviations are shown in parentheses. © AT, (°C) is
calculated as the difference of T,, (°C) in the absence Ty, (—) (29.8 °C
(0.5)) and presence Ty, (+) of ligands.

absence and presence of DQG were 29.8 and 49.4 °C (AT, =
19.5 °C), respectively.>® To examine the influence of quinoline
and guanidyl group moieties on the interaction between DQG
and G2C4/G2C4-dsDNA, we performed T,,, measurements using
DNpG and DQU. The control compounds, DNpG and DQU, did
not show any significant increase in the T;, of G2C4/G2C4-
dsDNA, suggesting that quinoline and guanidyl group are
indispensable for DQG binding to G2C4/G2C4-dsDNA. The
AT., of D3iQG, D1iQG, and Q3iQG were 11.4, 13.4, and
18.7 °C, respectively, showing a decreased T,, compared with
DQG. In contrast, DQzG showed ATy, of 20.2 °C, indicating that
the substitution of quinoline on DQG by quinazoline slightly
increased the thermal stability of the ligand-bound complex.

CD spectral change on ligand binding

To obtain insights into structural information of complexes bound
by DQG analogs, we carried out CD titration experiments with
DQG analogs against G2C4/G2C4-dsDNA (Fig. 2). The CD spectrum
of G2C4/G2C4-dsDNA showed negative and positive bands around
250 and 275 nm, respectively. As previously reported, the addition
of DQG resulted in the appearance of a positive band around
260 nm and characteristic induced CD bands around 300-345 nm
(Fig. 2a).”® In the case of D3iQG and Q3iQG, the CD spectra
showed two distinctive positive bands around 250 and 275 nm
in the DNA region (Fig. 2b and d). The induced CD bands of
D3iQG and Q3iQG were observed around 305 and 300-360 nm,
respectively. Broad induced CD bands around 320-360 nm and a
positive CD band around 255 nm with shoulder were observed in
the presence of DQzG (Fig. 2e). In contrast, the CD spectrum in the
presence of D1iQG showed a ligand-derived induced CD band in
the 330-360 nm region and the disappearance of the negative CD
band around 250 nm, but the positive CD band in DNA region
around 275 nm did not show any significant changes (Fig. 2c).
These data suggested that the binding of DQG analogs except for
D1iQG induced large conformational change of G2C4/G2C4-
dsDNA. The mode of D1iQG binding to the G2C4/G2C4 unit would
be different from those of other DQG analogs.

Phys. Chem. Chem. Phys., 2025, 27, 3341-3350 | 3343
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Fig.2 CD spectra of dsDNA [5'-d(GCATGGCCCCTACG)-3'/3'-d(CGT
ACCCCGGATGC)-5] (5 uM) were measured without (blue) and with (a)
DQG, (b) D3iQG, (c) D1iQG, (d) Q3iQG (0, 10, 20, 30, 40, 50 (red) uM), and
(e) DQzG (0, 5, 10, 15, 20, 25 (red) uM) in sodium phosphate buffer (10 mM,
pH 7) containing sodium chloride (100 mM) and 5% DMSO.

Binding analysis by SPR

SPR measurements were performed to assess the binding
affinity of DQG analogs for the G2C4/G2C4 unit using sensor
chip with immobilized 32-mer hairpin-DNA containing the
G2C4/G2C4 unit (Fig. 3). All ligands were sequentially injected
at increasing concentrations, resulting in concentration-
dependent increases in response unit (RU). The sensorgrams
showed a similar shape of SPR response curves among all
ligands except for DQzG. The injection of DQG, D3iQG, and
Q3iQG at a concentration of 4 uM resulted in the RU of 30-35
(Fig. 3a, b, and d). On the other hand, sequential injection of
D1iQG reached a plateau of RU at 15 when the concentration
was 2 pM (Fig. 3c). The difference in RU at the saturation point
was likely due to a different mode of binding in D1iQG. When
DQG and Q3iQG were injected, the RU was almost the same
under the condition of same concentrations, suggesting that
the binding affinity of Q3iQG was comparable with that of
DQG. In contrast, the injection of D3iQG exhibited lower
RU than DQG under the condition of same concentrations,
implying that the binding affinity of D3iQG was lower than that
of DQG. The sensorgram obtained for DQzG showed slow
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Fig. 3 SPR single cycle kinetic analyses of ligand binding to hairpin DNA
containing the G2C4/G2C4 unit. Ligands were applied to the DNA-
immobilized surface for 60 seconds, and the sensor surface was subse-
quently washed by the running buffer for 60 seconds before the next
injection of the ligand. The ligands (a) DQG, (b) D3iQG, (c) D1iQG, (d)
Q3iQG, and (e) DQzG were sequentially added at 0.025, 0.050, 0.1, 0.2,
0.4 uM (black line) and 0.25, 0.50, 1.0, 2.0, 4.0 uM (red line).

dissociation kinetics, which is different from those of the other
DQG analogs (Fig. 3e). In the case of DQzG, the significant
increase in RU was observed under the condition of one order
of magnitude lower concentrations than that of DQG. We also
confirmed that saturation point for RU after injection of DQzG
was approximately 30 at a concentration of 0.4 uM. These
results suggested that DQzG showed the highest binding affi-
nity among DQG analogs we tested. We confirmed that the
injection of all DQG analogs for fully matched DNA duplex-
immobilized sensor chip did not show any significant increases
in RU, indicating the preferential binding of DQG analogs to
the G2C4/G2C4 unit (Fig. S3, ESIt). The apparent dissociation
constants (Kpapp) of ligands binding to the hairpin DNA con-
taining the G2C4/G2C4 unit were determined using BIAevalua-
tion software integrated into the SPR equipment. The Kpapp
values were calculated based on the assumption of a 1:1
binding model and are as follows: DQG, 1.0 uM; D3iQG,
10 pM; D1iQG, 3.4 uM; Q3iQG, 1.4 uM; and DQzG, 63 nM.
These values are fully consistent with the trends of Ty,

This journal is © the Owner Societies 2025
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measurements. It is important to emphasize, however, that this
assumption was made solely for the purpose of comparing the
affinities of the five molecules. The possibility of other binding
stoichiometries cannot be excluded, as discussed later.

NMR analysis of DQzG-bound G2C4/G2C4-dsDNA

To obtain further insights into the interaction between DQzG and
G2C4/G2C4-dsDNA, we performed NMR titration experiments with
molar ratios from 1:0 (DNA:DQzG) to 1:4 in 20 mM phosphate
buffer (pH 6.5) containing 50 mM NaCl and 10% D,O and
monitored the changes in signals of exchangeable protons from
10 to 14 ppm (Fig. 4). In the absence of DQzG, the signals of imino
protons in A-T and G-C base pairs appeared at 13-14 ppm and
12-13 ppm, respectively. As the concentration of DQzG was
increased, the appearance of signals around 10-12 ppm was
observed with concomitant changes in the signal around 12-14
ppm. These new signals around 10-12 ppm were likely to corre-
spond to guanidine protons of DQzG. These results suggested that
DQzG bound to G2C4/G2C4-dsDNA resulting in the formation of
hydrogen bonded complex.

SPR analysis of the binding to G2C4 repeat

Having confirmed the superior properties of DQzG in the
binding to the G2C4/G2C4 unit in dsDNA compared with the
parent molecule DQG, we investigated the DQzG binding to the
d(G2C4)9 repeat by SPR. DQzG showed a significant response
at 0.2 pM with a characteristic slow binding and dissociation
profile (Fig. 5b). The SPR profile is similar to that obtained for
the G2C4/G2C4 unit in dsDNA (c¢f: Fig. 3e). DQG showed SPR
response only at 1 uM (Fig. 5a). Q3iQG showed a similar
response to DQG (Fig. S4, ESIY).

Discussion

Hydrogen bonding and n-stacking play crucial roles in the
interactions between small molecules and nucleic acids.>”*®

DNA-CC-CC : DQzG

-

14

LD

i

T T T T T T T
135 13.0 125 12.0 11.5 11.0 10.5 10.0 95 ppm

Fig. 4 NMR analysis of DQzG binding to G2C4/G2C4-dsDNA [5'-
d(GCATGGCCCCTACG)-3'/3'-d(CGTACCCCGGATGC)-51 (300 pM) in
sodium phosphate buffer (20 mM, pH 6.5) containing 50 mM NaCl.
Titration of G2C4/G2C4-dsDNA with DQzG at molar ratios of 1:0
(dsDNA:DQzG) to 1: 4.
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Fig. 5 SPR single cycle kinetic analyses of ligand binding to the G2C4
repeat DNA. Ligands were applied to the DNA-immobilized surface for
60 seconds, and the sensor surface was subsequently washed with the
running buffer for 60 seconds before the next injection of the ligand. (a)
DQG and (b) DQzG were sequentially added at 0.25, 0.50, 1.0, 2.0, 4.0 uM
(red line) and 0.025, 0.050, 0.1, 0.2, 0.4 pM (black line).

Using molecular design based on complementary hydrogen
bonding with mismatched nucleotide bases and n-stacking
with adjacent bases, we have developed mismatch-binding
ligands (MBLs).">***°* In our ongoing studies focused on
nucleic acid-targeted ligands, we previously reported on DQG,
which binds to the G2C4/G2C4-dsDNA. DQG adopts planar
conformations due to a m-conjugated system comprising
two quinoline rings and the guanidyl group, facilitated by
intramolecular hydrogen bonding. Conformational analysis
revealed that the DQG conf-1 conformation is the only one
suitable for complex formation with cytosine in the G2C4/G2C4
unit of dsDNA. To investigate the relationship between hydro-
gen bonding capability and stacking interactions with adjacent
bases, we designed and synthesized six DQG analogs.

A critical factor influencing the binding of DQG analogs is
the planarity of the ligand molecule. Conformational analyses
revealed that, except for DNpG, the lowest energy state for six
analogs is a planar conformer (Fig. S1, ESIt). For instance, DQG
exhibits two planar conformers, conf-1 and conf-2 (Fig. Sla,
ESIf). The non-planar conformer, conf-3, is 9.37 kcal mol™*
higher in energy than conf-1. DNpG does not have a planar
conformer due to steric repulsion between the guanidyl N-H
and C-H in the naphthyl ring. While this non-planar conformer
offers a hydrogen-bonding group with a DD arrangement
(Fig. S1g, ESIt), UV-melting analyses show a minimal ATy,
(1.3 °C) for DNpG (Table 2). In contrast, DQG exhibits a ATy,
of 19.5 °C under the same conditions, indicating that a planar
conformation is essential for binding to the G2C4/G2C4 unit.
Among the five analogs with planar conformers, DQU fails to
bind to G2C4/G2C4-dsDNA. Its lowest-energy conformer is
planar but lacks hydrogen-bonding donors with a DD arrange-
ment (Fig. S1f, ESIt). Although the next stable conformer has
the required hydrogen-bonding arrangement, it is 4.33 kecal mol *
higher in energy than conf-1, suggesting limited binding potential.
Additionally, DQU lacks a positive charge essential for nucleic acid
binding. The monomeric ligand QG has a planar conformation and
hydrogen-bonding donors with a DD arrangement but only weakly
stabilizes G2C4/G2C4-dsDNA (AT,,: 3.4 °C). Based on these findings
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for DNpG, DQU, and QG, the requirements for DQG analogs to
bind effectively to G2C4/G2C4-dsDNA include planar conforma-
tions with two heterocycles and a DD arrangement of hydrogen-
bonding donors. Five molecules, namely DQG, D3iQG, D1iQG,
Q3iQG, and DQzG, meet these criteria.

Among the five molecules tested, D3iQG and D1iQG exhib-
ited a significant decrease in ATy, compared to the other three
molecules. D1iQG displayed marked differences from the other
molecules in both CD spectral changes and SPR analyses. In CD
measurements, D1iQG induced fewer structural changes in
G2C4/G2C4-dsDNA upon binding (Fig. 2c). The SPR response
with D1iQG was lower than that of other DQG analogs at a
ligand concentration of 4 uM (Fig. 3c). Additionally, the UV
melting profile of D1iQG showed a steeper rise in absorbance
upon the melting of the ligand-bound DNA duplex compared to
the other DQG analogs (Fig. S2c, ESIt). These observations
suggest that the binding mode of D1iQG differs from that of
the other four molecules. The likely determinant of D1iQG’s
binding mode is the orientation of its two isoquinoline rings
relative to the hydrogen-bonding donors. The lowest-energy
conformer of D1iQG has DD hydrogen bonding groups but
cannot form stable hydrogen bonds with cytosine due to
interference by the isoquinoline C-H at C8 (Fig. Sic, ESIT).
The second lowest-energy conformer experiences even stronger
steric repulsion. These steric hindrances likely contribute to the
distinct binding mode of D1iQG compared to the other DQG
analogs.

The low AT}, observed for D3iQG provides valuable insights
into the favorable arrangement of aromatic rings in the ligand-
bound complex. Both DQG and D3iQG possess two planar
conformers with similar energy differences. However, the
conf-2 conformer of both molecules cannot bind to cytosine
due to steric repulsion between the cytosine C4-NH, group and
the C3-H of quinoline in DQG conf-2, and between the cytosine
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C4-H and the C4-H of isoquinoline in D3iQG conf-2 (Fig. S1,
ESIt). Consequently, DQG and D3iQG bind to cytosine using
their conf-1 conformers. When both molecules bind to cyto-
sine, the spatial arrangement of aromatic ring A is consistent
between them, but not for ring B. This discrepancy suggests
that the spatial arrangements of rings A and B may contribute
differently to the complex stability of DQG analogs.

The spatial arrangements of ring A and B of each conformer
of DQG analogs were compared by superimposing the expected
hydrogen-bonded pair with cytosine. Conformers of DQzG
(conf-1 and 2), D3iQG (conf-1), and Q3iQG (conf-1 and 2) were
superimposed onto DQG conf-1 with cytosine as the reference.
The three minor conformers (conf-3, 4, and 5) of DQzG exhib-
ited properties similar to conf-1 and 2 (Fig. S5, ESIt). In Fig. 6,
ring A of the six conformers was colored magenta, while DQG’s
ring A was colored cyan. In the superimposed figures, the
overlapped ring A would be shown only in cyan, otherwise both
cyan and magenta colored ring As were visible. Consistent with
previous discussions, two ring As in D3iQG conf-1 are over-
lapped with those of DQG conf-1, therefore only cyan-colored
ring A was identified. Interestingly, both conf-1 and conf-2 of
Q3iQG showed full overlap of ring A with DQG conf-1.
In contrast, ring As of DQzG conf-1 and conf-3 did not overlap
with those of DQG at all. The conf-2 of DQzG showed overlap of
one of two ring As.

Fig. 7 illustrates the overlap of ring Bs. Contrary to the
results for ring A superimposition, DQzG exhibited a notable
similarity in spatial arrangement to DQG for ring B. Both conf-1
and conf-2 of DQzG showed complete overlap of both ring Bs,
while conf-3 overlapped with one of its two ring Bs. In contrast,
D3iQG showed no overlap for ring B. Q3iQG’s conf-1 and conf-2
displayed overlap with one of their two ring Bs. The align-
ment of ring A and B in DQG analogs with those in DQG is
summarized in Table 3.

D3iQG conf-1 (0.00) Q3iQG conf-1 (0.00) Q3iQG conf-2 (0.13)

N =

Fig. 6 Spatial alignment comparison of ring A of DQG analogs upon hydrogen bonding to cytosine. DQG conf-1 was superimposed with DQzG conf-1
and conf-2, D3iQG conf-1, and Q3iQG conf-1 and conf-2 with respect to cytosine. Ring A of DQG conf-1 was colored in cyan, whereas those of others
are colored in magenta. In the superimposed figures, the overlapped ring A is shown only in cyan; otherwise, both cyan and magenta-colored ring A are
visible. The numbers in parentheses indicate the energy difference (kcal mol™) from the lowest energy conformation. Plus sings (+) were omitted from

the superimposed structures for clarity.
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D3iQG conf-1 (0.00)

Q3iQG conf-1 (0.00)

Q3iQG conf-2 (0.13)

A

Fig. 7 Spatial alignment comparison of ring B of DQG analogs upon hydrogen bonding to cytosine. DQG conf-1 was superimposed with DQzG conf-1
and conf-2, D3iQG conf-1, and Q3iQG conf-1 and conf-2 with respect to cytosine. Ring B of DQG conf-1 was colored in cyan, whereas those of others
are colored in magenta. In the superimposed figures, the overlapped ring B is shown only in cyan; otherwise, both cyan and magenta-colored ring A are
visible. The numbers in parentheses indicate the energy difference (kcal mol™) from the lowest energy conformation. Plus sings (+) were omitted from

the superimposed structures for clarity.

Table 3 Summary of the superimposition of ring A and B and the expected H-bonding pattern

QG DQzG D3IQG Q3iQG

conf-1 conf-1 conf-2 conf-1 conf-1 conf-2
Ring A“ — 0 1 2 2 2
Ring B¢ — 2 2 0 1 1
H-bondingj’ DD/AA ADD/DAA ADD/DAA DD/AA DD/AA DD/AA
ATy (OC) 19.5 20.2 11.4 18.7

“ The number of ring A and B overlapped with that of DQG conf-1. b Hydrogen bonding pattern between DQG analogs and cytosine.

Table 3 highlights the relationships between the spatial
orientation of rings A and B, the hydrogen-bonding pattern
with cytosine, and the stability of the ligand-bound complex.
Both D3iQG and DQG share the orientation of ring A relative to
cytosine and the DD/AA hydrogen-bonding pattern, but differ in
ring B arrangement. The significant AT, difference (19.5 °C vs.
11.4 °C) suggests that the spatial arrangement of ring B likely
accounts for this variation. Q3iQG, which overlaps one of its
two ring Bs with DQG and shares the ring A orientation and
hydrogen-bonding pattern with D3iQG, exhibits only a slight
decrease in stability compared to DQG. This underscores the
importance of ring B arrangement in the Q3iQG-bound
complex. DQzG’s conformers feature ADD hydrogen-bonding
groups and are susceptible to hydrogen bonding with cytosine.
The lowest-energy conf-1 of DQzG shares the ring B spatial
arrangement with DQG, while conf-2 also shares ring A arrange-
ment. Conf-3 of DQzG shared the arrangement of one of
two ring Bs similarly to conf-1 and conf-2 (Table S2, ESI}).
A slight increase in stability can be attributed to the ADD-DAA
hydrogen-bonding with cytosine. Thus, DQzG has an advantage
over DQG due to its ADD hydrogen-bonding groups while
maintaining the spatial arrangement of heteroaromatic rings.
Conf-4 and conf-5 also share similar features with conf-3.

This journal is © the Owner Societies 2025

Further discussion on these minor conformers of DQzG is
provided in ESL

In summary, the pronounced and consistent SPR responses
of DQzG to G2C4 repeat DNA, when compared to those of DQG,
strongly indicate the potential of DQzG as a superior lead
compound for targeting G2C4 repeat DNA. The SPR response
of DQzG towards G2C4 repeat DNA closely parallels that
observed for the G2C4/G2C4 unit in double-stranded DNA. This
suggests that double-stranded DNA containing the G2C4/G2C4
unit is a suitable model for drug discovery studies focused on
G2C4 repeat.

In the SPR data analysis of DQzG binding to the hairpin DNA
containing G2C4/G2C4, the binding stoichiometry could be
estimated using the following equation:

Rmax = MW, X R/MW,, X n,

where n is stoichiometric ratio (number of binding sites per
immobilized DNA); R;,ax (RU) is maximum binding response
(30 RU); Ry, (RU) is immobilization level of DNA (515 RU), MW,
(Da) is molecular weight of DNA (10927 Da); and MW, (Da) is
molecular weight of DQzG (315 Da). This analysis suggests a
binding stoichiometry of 2 for DQzG binding to G2C4/G2C4.
(Fig. 3 and Table S3, ESIT) In contrast, CD titration experiments
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showed saturation at a DNA:DQzG ratio of 1:4 (Fig. 2), and
NMR titration experiments similarly indicated a DNA:DQzG
ratio of 1:4 as peaks corresponding to the initial DNA duplex
disappeared (Fig. 4). These discrepancies likely arise from
differences in DQzG concentrations used in each measure-
ment: ~4 uM for SPR, 50 uM for CD titration, and 1200 uM
for NMR titration. This suggested that at lower concentrations
(below 4 pM), the binding stoichiometry is 2, while at higher
concentrations it increases to 4. The G2C4/G2C4 unit contains
four mismatched cytosines, which could potentially bind up to
four DQzG molecules via hydrogen bonding. At lower concen-
trations, two of these cytosines are likely bound by DQzG to
form the initial complex. At higher concentrations, the binding
transitions to a complex involving all four DQzG molecules. The
interaction between two DQzG molecules in the initial complex
and their potential stacking interactions with neighbouring
base pairs are key questions. However, structural determina-
tion of the complex will be necessary for further discussion and
validation of these hypotheses.

Conclusions

In conclusion, our comparative analysis of binding charac-
teristics among DQG analogs underscores the importance of
the spatial arrangement of aromatic rings. The interplay of
electrostatic attraction, hydrogen bonding, and stacking inter-
actions with neighboring bases demonstrates a compensatory
relationship, with DQzG exhibiting an optimal combination of
these interactions, resulting in enhanced binding to the G2C4
repeat compared with the parent ligand, DQG. This study offers
valuable insights into the molecular design of ligands targeting
GGCCCC repeats, leveraging guanidine and heteroaromatic rings.
Such insights pave the way for developing next-generation ligands
with potential applications in the study and treatment of ALS/FTD
and other repeat diseases. The elucidation of the DQzG-bound
structure to G2C4 repeat DNA is pivotal for deeper understanding
of the critical factors influencing molecule binding to the repeat.
Ongoing research in our laboratories is focused on further explor-
ing these aspects, promising further advancements in this field.

Experimental section
Synthesis of ligands

Reagents and solvents were purchased from standard suppliers
and used without further purification. Reactions were moni-
tored with TLC plates precoated with Merch Silica Gel 60 F254.
Spots were visualized with UV light or ninhydrin. Wako gel
C-200 was used for silica gel flash chromatography. High
performance liquid chromatography (HPLC) was performed
by a Gilson 811C Dynamic Mixer system with a UV detector
set at 254 nm using a Cosmosil 5C;5-MS-II column (150 X
20 mm) with a dual solvent system of 0.1% AcOH/H,O (solvent
A) and CH;CN (solvent B). "H NMR and >C NMR spectra were
measured with ECS400 (JEOL), ECA600 (JEOL), and Avance III
700 (BRUKER). The chemical shifts are expressed in parts per
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million (ppm) relative to a residual solvent as an internal
standard. Chemical shifts were reported in ppm and coupling
constants (J values) in hertz. "H NMR chemical shifts were
referenced to the residual solvent peak at 3.31 ppm in CD;OD
and at 2.50 ppm in DMSO-dg. *C NMR chemical shifts were
referenced to the center solvent peak at 49.00 ppm for CD;OD
and at 39.52 ppm for DMSO-d¢. High-resolution mass spectra
(HRMS) were recorded on a Thermo LTQ Orbitrap XL mass
spectrometer in electron spray ionization mode.

Conformational searches

Conformational searches were performed for the initially
selected structures of DQG, D3iQG, D1iQG, Q3iQG, DQzG,
DQU, and DNpG by using Maestro version 13.0.135 (Schrodin-
ger Inc.) under the following conditions: low-frequency-mode
conformational search with probability of TORS/MOLS steps of
0.5 and OPLS4 force field in solvent water. Among 10000 con-
formations generated, the lowest conformer within 5 kcal mol
after energy minimization were saved. The saved conformers of
DQG, D3iQG, D1iQG, Q3iQG, DQzG, DQU, and DNpG were found
21, 19, 32, 36, 11, 9, and 32 conformers, respectively. Structure
optimization of DQG, D3iQG, D1iQG, Q3iQG, DQzG, DQU, and
DNpG was performed by Gaussian 16 using parameter of ®B97XD/
6-31G+(d,p). All conformers saved in conformational searches of
DQG, D3iQG, D1iQG, Q3iQG, DQzG, DQU, and DNpG were used as
the initial structures.

UV-melting analysis

All samples were mixed with 5 uM solutions of DNA, 10 mM
sodium phosphate buffer (pH 7.0), 100 mM NacCl, 20 uM ligand,
and 5.0% DMSO. The melting temperature was determined by
measuring the absorbance of samples at 4 = 260 nm from 2 to
80°C (1 °C min~'). Thermal denaturation profiles were mon-
itored on a UV-2700 spectrophotometer (Shimadzu) equipped
with a 10 mm path-length cell and a TMSPC-8 temperature
controller. T,, was calculated by using the median method.

Circular dichroism (CD) measurements

CD spectra were recorded with a J-725 CD spectrometer (JASCO)
using a 10 mm path length cell. CD spectra of DNA (5 uM DNA
duplex) in the absence and presence of ligand (DQG, D3iQG,
D1iQG, Q3iQG (10, 20, 30, 40, 50 uM), and DQzG (5, 10, 15, 20,
25 uM)) were measured in sodium phosphate buffer (10 mM,
pH 7.0), NaCl (100 mM), and 5.0% DMSO.

Surface plasmon resonance (SPR) analysis

5'-Biotinylated DNAs (G2C4/G2C4, (G2C4)9, and fullmatch)
were immobilized on the streptavidine-coated surface of Series
S Sensor chip SA (GE Healthcare, Life Science). All immobiliza-
tion reactions were performed in HBS-EP + buffer (0.01M
HEPES, pH 7.4, 0.15M NaCl, 3 mM ethylenediaminetetraacetic
acid (EDTA), 0.05% (v/v) surfactant P20) by using a Biacore T200
instrument (GE Healthcare, Life Science) at 25 °C. The amounts
of immobilized G2C4/G2C4, (G2C4)9, and fullmatch on the
chip surface were 515, 521, and 490 response units (RU),
respectively. Sensorgrams were obtained in the ligand
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concentrations of 0.25, 0.50, 1.0, 2.0, 4.0 uM and 0.025, 0.050,
0.1, 0.2, 0.4 UM in single-cycle mode (flow rate 60 uM min *,
contact time 30 s, and dissociation time 120 s). All sensorgrams
were corrected by reference subtraction of blank flow cell
response and buffer injection response. The data collected were
analyzed with the Biacore T200 evaluation software (version
2.0), and kinetic parameters were derived through the applica-
tion of both the kinetic analysis and curve fitting techniques,
assuming a 1:1 binding interaction.

Sample preparation and NMR measurement

The chemically synthesized DNA oligomers 5’-GCATGGCC
CCTACG-3'/3'-CGTACCCCGGATGC-5" were purchased from
commercial suppliers (FASMAC). DQzG at molar ratios of 0,
1, 2, 3, and 4 was dissolved in 20 mM sodium phosphate buffer
(pH 6.5), 100 mM NacCl, 300 uM DNA duplex, and 10% D,O. The
solution was heated at 80 °C for 1 h and cooled to 4 °C
overnight. Using these solutions, 'H-NMR were measured on
BRUKER Avance III 700.

Data availability

Raw data are available from the corresponding author upon
request.
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