
Bioorg. Med. Chem. Lett. 73 (2022) 128886

Available online 11 July 2022
0960-894X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Identification of sugar-containing natural products that interact with 
i-motif DNA 

Rupesh V. Chikhale, Dilek Guneri, Robert Yuan, Christopher J. Morris, Zoë A.E. Waller * 
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A B S T R A C T   

There are thousands of compounds shown to interact with G-quadruplex DNA, yet very few which target i-motif 
(iM) DNA. Previous work showed that tobramycin can interact with iM- DNA, indicating the potential for sugar- 
molecules to target these structures. Computational approaches indicated that the sugar-containing natural 
products baicalin and geniposidic acid had potential to target iM-DNA. We assessed the DNA interacting prop-
erties of these compounds using FRET-based DNA melting and a fluorescence-based displacement assay using iM- 
DNA structures from the human telomere and the insulin linked polymorphic region (ILPR), as well as com-
plementary G-quadruplex and double stranded DNA. Both baicalin and geniposidic acid show promise as iM- 
interacting compounds with potential for use in experiments into the structure and function of i-motif form-
ing DNA sequences and present starting points for further synthetic development of these as probes for iM-DNA.   

The stability of DNA varies depending on the sequence, which in turn 
affects the potential intermolecular interactions, base stacking and 
hydrogen bonding.1–2 In particular GC-rich sequences have a higher 
thermal stability compared to AT-rich sequences and genome wide GC 
content varies between organisms due to many reasons: selection, life- 
history traits, genome size, mutational bias and the biased 
recombination-associated DNA repair.3–5 In addition to B-form double 
stranded (ds) DNA, GC-rich sequences can form various alternative 
structures like Z-DNA, hairpins, G-quadruplex (G4) and i-motif (iM) 
DNA structures.6–9 The G-quadruplex is a G-rich quadruple helical 
structure that has been shown to form in both the telomeric and gene 
promoter regions of the genome.9 In GC-rich genomic DNA, opposite 
where there are G-rich regions the complementary C-rich regions can 
form another type of quadruplex DNA, known as i-motif.10–12 G-quad-
ruplex and i-motif DNA structures have been identified to form in vivo 
and are potential targets for development of novel drug molecules to-
wards cancer and other genetic diseases13–15 as well as targets for in-
fectious diseases.16–18. 

X-ray crystallography and NMR spectroscopy has provided detailed 
information on the structures of double stranded DNA, G4-DNA, and iM- 
DNA (Fig. 1).19–20 iMs and G4s are found not only in the telomeric region 
but also in promoter region of oncogenes including c-MYC, BCL2, cKIT, 

HIF-1A and other regulatory regions such as the insulin linked poly-
morphic region (ILPR)21, which suggest possible roles in gene 
expression.6 

Stabilisation of G4s and iMs in the human telomere can inhibit the 
telomerase activity leading to telomeric uncapping, DNA damage 
response and apoptosis.22–23 The ILPR is known to affect the human 
insulin protein production.24 The ILPR 5′-(ACAGGGGTGTGGGG)2TGT 
sequence can fold into a G4 at physiological pH and iM at slightly acidic 
pH, but these two species have been shown to be mutually exclusive 
using laser tweezer experiments.25–26. 

The interaction between small molecule ligands and the alternative 
DNA structures is not completely understood, especially for iM-DNA. 
There are thousands of ligands known to interact with G4s but 
comparatively few to target iMs. Various techniques have been applied 
to identify ligands interacting with G4s and iMs, such as Fluorescence 
Resonance Energy Transfer (FRET) melting,27 Fluorescent Intercalator 
Displacement (FID),28 Electrospray Ionization Mass Spectrometry (ESI- 
MS),29 Small-Molecule Microarrays (SMMs)30 surface plasmon reso-
nance (SPR),28 and molecular modelling studies.31–33 In our pursuit of 
iM-interacting compounds, we have previously investigated and re-
ported that several compounds, including mitoxantrone, tobramycin, 
tilorone, harmalol and quinalizarin, interact with the telomeric and c- 
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MYC iMs.28 Tobramycin28 is an aminoglycoside antibiotic derived from 
S. tenebrarius, used in the treatment of Gram-negative bacterial in-
fections. In our screen it was found to interact with the iM-forming se-
quences from the human telomere (hTeloC, SPR Kd = 17 ± 2.0 μM), and 
the promoter region of c-MYC (SPR Kd = 13 ± 1.8 μM) as well as ds-DNA 
(SPR Kd = 18 ± 1.1 μM). Although tobramycin was observed to be a 
generic DNA binding compound, this work motivated us to investigate 
the further potential the naturally-occurring saccharides as possible iM- 
interacting compounds. Recent improvements in the molecular docking 
algorithms and forcefields for molecular dynamics (MD) simulations can 
help in screening large datasets of ligand libraries. Here we employed a 
well-established workflow of high throughput virtual screening34 com-
bined with molecular dynamics simulation and binding energy calcu-
lation35 towards identification of iM-DNA binding ligands from a set of 
natural products containing sugars and related metabolites. 

To begin looking at a large range of natural products containing 
sugar moieties, we devised an in silico workflow (Fig. 2) which involved 
steps starting from selection of databases and target DNA structures to 
Molecular Mechanics-Generalized Born Solvent Accessibility MM-GBSA 
calculations. Detailed methodological information is provided in the 
supplementary information (SI). A set of natural products containing 
sugars comprising 255 molecules were curated from the Selleckchem 
database and extracted from the database in.sdf format. This set com-
prises of glycosides, saponins, saccharides, flavones, pyranosides and 
various other conjugated sugar moieties (SI).36 These ligand molecules 
were converted from 2D to 3D in the ligprep module of the Maestro- 
Glide and all possible conformations were generated to yield 2062 
conformation in total. Our aim was to identify iM-DNA interacting 
compounds, but we wanted to have an indication of their potential in-
teractions with other types of DNA structure. We therefore prepared 
models of B-form ds-DNA (1BNA)37 as well as the G4 (1KF1)13 and iM 
(1ELN)12 structures from the human telomere. These were obtained 
from the protein databank and prepared in the Glide software using the 
protein preparation wizard. The grids for all the target structures were 
generated based on the Qsite tool.38 Molecular docking of ligands was 
performed in the standard precision (SP) and extra precision (XP) 
modes. Based on the consensus from the SP and XP modes and ligand- 
DNA interactions and RMSD, a cut-off of − 5.0 dock score and − 30.0 
kcal/mol of Glide energy score was considered for filtering and selecting 
the ligands. Accordingly, 25, 26 and 21 molecules with RMSD < 2.0 Å 
were selected for iM, G4 and ds-DNA respectively for further studies. 

There were several high dock score molecules found common in all 
the three subsets obtained from the molecular docking studies, these 
were later included in the MDS. The molecular docking experiments 
provided with the Dock Score and Glide energy scores (Table 1). As we 
were interested in potential compounds that could be used as probes for 

iM-DNA, the docking results filtered out common sugars present in the 
human body. Several foodstuff-derived chemicals showed high dock 
scores towards the iM structure: baicalin was found to dock in the minor 
groove with several interactions between the surrounding bases, with a 
dock score of − 6.50 and glide energy of − 51.43 kcal/mol. The DNA- 
ligand interaction forms various contacts including hydrogen bonding 
and electrostatic interactions, the O8 and O9 in baicalin from the tri-
hydroxyoxane ring forms a hydrogen bond interaction with the iM- 
Cytosine10-OP1 (OP1–O8 bond length = 2.70 Å and OP1–O9 bond 
length = 2.86 Å), and iM-Cytosine11-OP1 (OP2–O7 bond length = 2.77 
Å) (Fig. 3 and SI16). The highest dock score molecules were mostly from 
the ds-DNA subset with daidzin as the highest scorer (Dock score =
-8.74, Glide Energy = -68.14 kcal/mol) (Fig. SI3), it docks in the minor 
groove of the DNA, the O8 on glucopyranosyl ring forms a hydrogen 
bond with the N2 of DNA-Guanine17 (N–O bond length = 2.76 Å). The 
compound aesculin ranked highest from the G4 subset (Dock score =
-6.26, Glide Energy = -40.82 kcal/mol) (Fig. SI8), it docked over the top 
of the loop forming hydrogen bond between G4-Adenine5 N3 and O6 of 
the glucopyranosyl ring (N–O bond length = 2.68 Å). After careful ex-
amination of the docked ligands from the SP and XP docking experi-
ments (Fig. SI1-21) across the different DNA structures we identified 
baicalin and genoposidic acid as potential hits that were found to target 
iM-DNA that did not come up in the top-ranking compounds for G4 or 
ds-DNA (SI Table 5). Given their similarity in structure, we decided to 
also assess the analogues geniposide, daidzin, aesculin and genistin for 
comparison (Fig. 4). We also examined lactulose as it is a commonly- 
used drug and was found to score highly against iM and G4-DNA but 
not ds-DNA. 

To understand the binding of these molecules on each of the DNA 
structures and understand the stability over a period of time we per-
formed MD simulation on these DNA-ligand complexes for 100 ns in an 
explicit solvent model, and then performed MM-GBSA calculations on 
all the frames from the trajectories to calculate the binding energies (full 
details in the SI). The molecular docking studies of selected complexes 
showed good interactions between the ligand molecules and the iM. The 
aesculin-iM complex showed the formation of various hydrogen bond 
interactions. Aesculin binds in the major groove, the coumarin ketone 
oxygen (O3) forms interaction with the iM-Thymine N3 (O–N, bond 
length = 2.93 Å), the 7-OH forms hydrogen bond with iM-Cytosine 5-N4 
(O–H–N, bond length = 2.84 Å) (Fig. SI 15). The glucopyranosyloxy ring 
formed three hydrogen bonds with the iM DNA; iM-Cytosine 6-N4 with 
aesculin O7 (O–H–N, bond length = 2.80 Å), iM-Cytosine 11-OP2 with 
aesculin O6 (O–H–O, bond length = 2.75 Å), and iM-Cytosine 11-OP2 
with aesculin O9 (O–H–O, bond length = 2.64 Å). These intermolec-
ular interactions, dock score and Glide energy score of − 5.20 and 
− 42.98 kcal/mol indicates formation of stable complex between 

Fig. 1. Structures used in the in silico study (A) ds-DNA (PDB: 1BNA), structure of B-form DNA with Watson and Crick base pairing, (B) G-quadruplex DNA (PDB: 
2BLY) structure and Hoogsteen base pairing in a G4 with metal ion (M+), (C) i-Motif DNA (PDB: 1EL2) structure and hemi-protonated cytosine-cytosine base pairing. 
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aesculin and iM DNA. The dock score and the Glide energy score for the 
iM-diadzin complex were − 5.67 and − 44.81 kcal/mol respectively. The 
ligand DNA interaction was observed between the glucopyranosyloxy 
ring and the bases but the interaction with the flavone ring was not 
observed (Fig. SI 17). The iM-Cytosine 12-OP2 forms hydrogen bond 
with the daidzin O7 (O–H–O, bond length = 2.63 Å), iM-Cytosine 11- 
OP2 forms hydrogen bond with the daidzin O8 (O–H–O, bond length 
= 2.62 Å), and iM-Cytosine 4-O2 formed a hydrogen bond with the 

daidzin O9 (O–H–O, bond length = 2.62 Å). In this case the hydrogen 
bonds were short and thus considered strong interactions, but there is no 
interaction with the flavone ring which makes this complex weaker 
compared to other iM-ligand interactions. 

The iM-geniposide complex showed dock score and Glide energy 
scores of − 5.20 and − 38.41 kcal/mol respectively with the ligand 
binding linearly forming various interactions (Fig. SI 18). The glycosidic 
hydroxy (O10) forms a hydrogen bond with the iM Cytosine 5-N4 (O–H– 

Fig. 2. Experimental workflow and steps involved in the screening of ligand molecules during in silico and in vitro experiments.  

Table 1 
Results from the molecular docking studies, molecular dynamics simulations and MM-GBSA binding energy calculations.  

Compounds 
(CAS) 

B-DNA (ds) hTeloG (G4) hTeloC (iM) 

Mol. Docking* MM- 
GBSA# 

MD-RMSD 
(Avg)$ 

Mol. Docking MM- 
GBSA 

MD-RMSD 
(Avg) 

Mol. Docking MM- 
GBSA 

MD-RMSD 
(Avg) 

Dock 
Score 

Glide 
Energy 

ΔGbind 

(SD) 
DNA Ligand Dock 

Score 
Glide 
Energy 

ΔGbind 

(SD) 
DNA Ligand Dock 

Score 
Glide 
Energy 

ΔGbind 

(SD) 
DNA Ligand 

Aesculin 
(531–75-9)  

− 6.07  − 41.05 − 22.17 
(3.87)  

3.37  4.15  − 6.26  − 40.82 − 27.77 
(3.84)  

2.48  3.18  − 5.20  − 42.98 − 8.80 
(3.24)  

6.07  21.35 

Baicalin 
(21967–41- 
9)  

− 6.9  − 45.34 − 15.12 
(4.41)  

2.81  5.59  − 5.21  − 43.22 − 16.91 
(3.21)  

2.67  2.93  − 6.50  − 51.42 − 7.78 
(4.81)  

3.19  2.84 

Daidzin 
(552–66-9)  

− 8.74  − 68.14 − 25.78 
(12.77)  

3.78  5.92  − 5.17  − 40.96 − 26.71 
(4.93)  

2.44  4.80  − 5.67  − 44.81 − 26.50 
(3.76)  

1.75  3.79 

Geniposide 
(24512–63- 
8)  

− 5.74  − 41.64 − 10.33 
(8.10)  

3.43  3.78  − 5.58  − 47.16 − 14.54 
(2.34)  

3.52  9.67  − 5.20  − 38.41 − 6.80 
(1.60)  

7.80  26.27 

Geniposidic 
Acid 
(27741–01- 
1)  

− 7.71  − 61.38 − 23.03 
(0.13)  

3.18  3.83  − 5.76  − 46.71 − 22.43 
(3.53)  

2.97  8.00  − 5.03  − 34.92 − 19.70 
(5.08)  

4.83  17.07 

Genistin 
(529–59-9)  

− 7.01  − 49.74 − 22.31 
(5.11)  

3.13  3.04  − 5.87  − 45.57 − 27.75 
(3.46)  

3.27  10.05  − 5.27  − 45.70 − 18.38 
(2.61)  

4.93  3.59 

Lactulose 
(4618–18- 
2)  

− 5.32  − 40.56 − 12.65 
(6.16)  

6.60  33.28  − 5.12  − 46.04 − 10.44 
(4.46)  

2.41  1.61  − 5.82  − 56.28 − 8.01 
(2.98)  

6.22  25.59 

*The docking results are presented as dock score and the Glide energy in kcal/Mol, #MM-GBSA binding energy is presented in ΔGbind in kcal/mol with standard 
deviation in parentheses, $molecular dynamics root mean square deviation (RMSD) averages for the DNA and bound ligand is presented in Å. 
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N, bond length = 3.01 Å). The hexopyranosyloxy group forms two 
separate hydrogen bonds; iM-Thymine 5-O4 with geniposide O6 (O–H– 
O, bond length = 2.66 Å), and iM-Cytosine 12-OP2 with geniposide O3 
(O–H–O, bond length = 2.75 Å). Geniposidic acid docked in the iM 
major groove with the carboxylic acid from the cyclopentapyran ring 
forming interaction with the iM-Cytosine (geniposidic acid O9–H–N4 of 
iM-Cytosine, bond length = 2.75 Å), and the geniposidic acid hydroxy 
O10 forming a hydrogen bond with the iM-Cytosine N4 (O10–H–N4, 
bond length = 3.04 Å) (Fig. SI 19). The geniposidic acid O7 forms 
hydrogen bond with iM Cytosine 11-N4 and iM-Cytosine 6-N4 with bond 
length 2.89 and 2.91 Å respectively. The dock score, Glide energy and 
binding energy of the iM-geniposidic acid complex was − 5.03, − 34.92 
and − 19.70 (5.08) (ΔGbind (SD)) kcal/mol respectively, which indicates 
higher stability of this complex. The docked complex of lactulose shows 
fewer interactions between the ligand and iM bases. The dock score and 
Glide energy for this complex was − 5.82 and − 56.28 Kcal/mol 
respectively. The iM-Cytosine 10-OP1 formed two interactions with the 
lactulose O2 and O6 of bond length 2.86 and 2.74 Å respectively. The 

interaction between lactulose and the iM is less stable and the ligand 
breaks away from the complex towards the end of the molecular dy-
namic simulations (Fig. SI 21) leading to high ligand RMSD (SI Table 4). 

The iM-ligand complexes gave a clearer picture in MDS with two 
ligands baicalin and genistin showed low RMSD and matched that with 
the iM RMSD. The iM-baicalin RMSD remained low throughout the MDS 
with an average for ligand at 2.84 Å and for the iM at 3.1 Å suggesting a 
stable complex (Fig. 3). The ligand binds in the major groove with for-
mation of three hydrogen bonds during the docking experiment. After 
MDS minimisation, simulated annealing and NPT, NVT optimisation 
steps baicalin retained its bond with the iM-Cytosine11 (Bond length =
2.76 Å). The slight fluctuations in the MDS RMSD does not affect the 
binding and an example is presented in the Fig. 3(B) where, the ligand 
achieves several conformations while retaining its hydrogen bond with 
the iM. The iM-baicalin complex was high ranking complex in the mo-
lecular docking simulation with a dock score of − 6.50 and Glide binding 
energy at − 51.42 kcal/mol which is highest in case of G4 and iM com-
plexes. However, the binding energy of this complex is to the lower side 

Fig. 3. (A) iM-Baicalin complex from the molecular docking experiment, (B) Ligand (baicalin) RMSD (Blue) and iM RMSD (Red) over 100 ns of molecular dynamics 
simulation. The ligand bound to the iM is presented with different conformations adopted during the MDS while retaining its hydrogen bond interaction with the iM. 

Fig. 4. Ligands obtained from the molecular docking and molecular dynamics simulation screening and tested for their interaction with DS, G4 and iM-DNA by FRET 
and FID methods. 
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(ΔGbind (SD) = -7.78 (4.81)). There was no instance of iM-DNA un-
winding during the MDS of the iM-baicalin complex. iM-genistin is 
another complex which showed better stability compared to other iM- 
ligand complexes in this study. The average ligand RMSD during MDS 
for this complex was 3.59 Å and the DNA RMSD was averaged to 4.93 Å. 
The initial frame of the MD production for iM-genistin show two 
hydrogen bonds between ligand and the iM-DNA, genistin O9 formed 
hydrogen bond interaction with the iM-Cytosine-6 N4 (O—H—N bond 
length = 2.94 Å). The genistin O10 formed interaction with the iM- 
Adenine-3 OP2 (O–H–O, bond length = 2.69 Å), of these two in-
teractions the first one was retained where as a new interaction was 
observed between iM-Cytosine11-OP2 and genistin O2 (bond length =
2.61) while the ligand adopted a planer conformation toward the end of 
the simulation. The binding energy of iM-genistin complex (ΔGbind (SD) 
= -18.38 (2.61)) was higher than that of baicalin. The iM became un-
stable leading to unwinding from the 3′end (Fig. SI 20) but not from the 
5′ end where the ligand was bound to the base pairs. It is possible that 
genistin stabilises the iM to a lesser extent compared to the baicalin. 

G4-ligand interaction analysis over the time course of the MDS show 
three ligands with low RMSD, aesculin, baicalin and lactulose displayed 
average ligand RMSD as 3.18 Å, 2.93 Å and 1.61 Å, respectively. The G4 
RMSD was within the range of 1–4 Å for all the complexes with excep-
tion of G4-geniposide with slight rise in the RMSD to 6 Å. This might be 
due to the larger fluctuations in the G4-geniposide complex. The G4- 
aesculin complex initially showed a lower ligand RMSD for first 30 ns 
which gradually rose and fluctuated between 6 and 7 Å (Fig. SI22 C and 
D), the ligand did not form a typical hydrogen bond with the G4 but had 
an electrostatic interaction and carbohydrate-π stacking between the 
pyranosyl ring and the G4-Guanine-2. It also shows interactions between 
aesculin O6 and G4-Adenine-5 O4. The ΔGbind for this complex was 
− 27.7 (3.84) kcal/mol with large contribution from the electrostatic 
energy component (ΔEELE = -45.31 (12.4) kcal/mol) (SI Table 2). The 
G4-baicalin complex had a low RMSD for ligand and the G4 as well, 
however, baicalin showed several incremental fluctuations between 30 
ns with slight rise in RMSD from 2 to 5 Å. This reduced back to the 
baseline towards the last 25 ns of the MDS. Visual analysis of the com-
plex did not show any hydrogen bond interaction between the ligand 
and the DNA, but it formed carbohydrate-π stacking between the pyr-
anosyl ring of baicalin and the G4-Guanine-14, this interaction holds up 
throughout the MDS suggesting for stacking over the bases in G4 as the 
main mode of interaction and formation of stable complex. The ΔGbind 
for this complex was − 16.91 (3.21) kcal/mol with large contribution 
from the van der Waals contribution from the MM force field (ΔEVDW =

–32.73 (4.42)) and electrostatic energy component (ΔEELE = -745.20 
(14.81) kcal/mol) (SI Table 2). Binding of lactulose with the G4 struc-
ture showed a different binding mode compared to geniposide and 
baicalin. The ligand RMSD for lactulose was not very high, it raised from 
2 Å at 10 ns to 3 Å at 90 ns, this is attributed to its conformation change 
during the MDS. In the initial phase of MDS the lactulose O1 and O3 
forms hydrogen bonding with G4-Guanine2 N2 and G4-Thymine 5 N3 of 
bond length 2.78 and 3.30 Å, respectively. The same interactions were 
observed towards the end of the MDS with a new bond forming between 
the lactulose O2 and Adenine7 N6 with bond length 2.88 Å (Fig. SI14). 
This observation suggests that in case of the G4 DNA these three mole-
cules lactulose, baicalin and geniposide show good interaction and 
stable complexes. 

During the time course of the MD simulations for the ds-ligand 
complexes (Fig. SI22 A and B, SI table 4), the ligand RMSD for most of 
the compounds was low. Specifically, it was below 10 Å for most of the 
ligands except for the lactulose (Avg. ligand RMSD = 33.28 Å) and for 
the ds-DNA, RMSD was almost below for 6 Å except for lactulose bound 
ds (Avg. DNA RMSD = 6.60 Å). It was observed that geniposidic acid and 
genistin had the lowest RMSD, below 5 Å averaging to 3.83 Å and 3.04 Å 
respectively, throughout the 100 ns of MDS (Table 1). Visual inspection 
of the complex through the simulation trajectory revealed the retention 
of a hydrogen bond between the ds-Adenine27-N3 and geniposidic acid- 

O10 (Fig. SI5). Genistin changed its conformation from a slightly angled 
pose to planar during the MDS and strengthened its interaction by 
forming double hydrogen bonds with the minor groove bases i.e., the 
genistin-O7 formed hydrogen bond interactions with ds-Thymine O2 
and ds-Guanine17 N2 of bond length 2.8 Å and 3.02 Å respectively. 
These two ds-ligand complexes with the highest binding energies 
(ΔGbind) were ds-geniposidic acid = –23.0 (0.13) kcal/mol and ds-gen-
istin = –22.31(5.11) kcal/mol indicating that the complexes are quite 
stable. 

To support our computational studies, we performed biophysical 
experiments. Ligand-induced stabilisation was assessed by Förster 
resonance energy transfer (FRET) melting40 and relative binding was 
assessed by fluorescent intercalator displacement (FID) assay.28,40 We 
assessed each compound against dsDNA as well as both G4 and iM se-
quences from the human telomere and the ILPR21,22. 

FRET-based DNA melting experiments are commonly used for 
assessment of ligand-induced changes in the stability of DNA. FRET 
melting experiments have advantages over other DNA-based melting 
experiments in that screening of a large range of conditions/ligand 
concentrations is possible; lower ligand concentrations are required and 
it avoids the problem that many ligands absorb in the same region as 
DNA, which may interfere with the absorbance or ellipticity signal 
resulting from complex dissociation. Although the technique can give 
rise to experimental artefacts from inherently fluorescent ligands and 
compounds which interact with the fluorophores, as the sugar- 
containing molecules herein are chiral, FRET based melting represents 
an advantage over circular dichroism melting experiments. We used 
FRET labelled oligonucleotide probes that were complementary to the 
sequences employed in the MD simulations (see SI) as well as iM and G4 
forming sequences from the ILPR.23 All sequences were examined at 
physiological pH (7.4), which reflects physiological conditions, but the 
iMs from the human telomere and the ILPR are not fully folded at this 
pH, so the iMs were also tested at pH 5.5, where the structures are fully 
folded. The results are shown in Table 2 and Fig. SI23. 

The FRET results show no compounds that were able to stabilise 
DNA. This is not unexpected, given tobramycin was not a hit on our 
original FRET-based screen against i-motif,39 but was in our FID-based 
screen.28 Interestingly, only geniposide (ΔTm − 6.1 ± 1.1 ◦C for hTe-
loG) and aesculin (ΔTm of − 7.6 ± 0.0 ◦C for hTeloG) were found to have 
any significant effect on the stability of the DNA sequences used in the 
computational studies. For geniposide, the interaction pattern in the G4- 
geniposide complex where the pyranosyl ring forms several hydrogen 
bond interactions like geniposide-O5 and G4-Adenine7-N6 (bond length 
= 2.87 Å). The geniposide-O3 forms two separate hydrogen bonds with 
G4-Guanine2-N2 (bond length = 3.25 Å) and G4-Guanine3-O4 (bond 
length = 2.76 Å) respectively (Fig. SI 11). These interactions could have 
led to the higher stability of this complex which is reflected in the 
comparatively better ΔTm. Although there are thousands of G4- 
interacting ligands and a large proportion of those have high stabilisa-
tion of G4-structures, there are actually few G-quadruplex ligands that 
have been shown to destabilise the structure: TMPyP4,35,41 a triar-
ylpyridine derivative,42 an anthrathiophenedione derivative43 and a 
stiff-stilbene derivative.44 This thus potentially represents another 
compound to add to that repertoire. Baicalin, geniposidic acid, genistin 
and lactulose were also found to significantly destabilise the G4 from the 
ILPR. Only one compound was found to significantly change the stability 
of iM, aesculin showed a ΔTm of − 6.4 ± 1.5 ◦C for hTeloC at pH 7.4. At 
this pH the DNA is not fully folded, but this compound was shown to 
perturb the structure further. Notably none of the other compounds 
were found to affect the stability of iM-DNA structures and none of the 
compounds examined were found to significantly affect the stability of 
ds-DNA. 

Complementary FID assays were performed in analogous sequences 
for each of the G4 and iM structures (Table 3 and Fig. SI24). The FID 
assay is a relative binding assay and reflects the displacement of the 
DNA-binding compound, thiazole orange. This molecule is fluorescent 
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when bound to folded DNA but not when in the unbound state. This loss 
of fluorescence can be reflected as a percentage displacement. We 
assessed the ligand-induced displacement of TO at 10 and 100 eq. of 
compounds. All types of DNA were examined at pH 7.4, but hTeloC and 
the ILPR are not fully folded at this pH. Some of the displacement values 
are negative and this can indicate a ligand-induced shift in the equilib-
rium in solution towards more folded iM present once ligands are added 
(hence more TO binds and higher fluorescence, rather than less fluo-
rescence) so we also examined the iMs at pH 5.5, to observe displace-
ment of TO from the fully folded structure. Out of all the compounds, the 
TO displacement was lowest for ds-DNA. For the iM-ligands in the 
computational studies we identified genistin and baicalin as potential 
iM-interacting ligands. It is interesting that baicalin shows the highest 
displacement from hTeloC compared to the other ligands in the study at 
12.2 ± 2.0% displacement at 10 eq. and 36.5 ± 8.2% at 100 eq. of 
ligand. At 10 eq of ligand baicalin displaces TO, whereas none of the 
other compounds do at this lower ligand concentration. This compound 
also displaces TO from the iM from the ILPR better than the other 
compounds in the study. This provides support that baicalin is the best 
for interacting with iM-DNA out of the compounds examined in this 
study. 

Herein we describe the process of the hybrid of in silico and bio-
physical methods to identify iM-interacting ligands. Computational ap-
proaches indicated that baicalin and genoposidic acid had potential to 
target iM-DNA. Neither of these compounds was found to affect the 
stability of iM-DNA by FRET melting, but both were found to have 
relatively good binding affinity for the iM-DNA structures from the 
human telomere and the ILPR, with baicalin having higher relative 
binding affinity compared to genoposidic acid. This work has identified 
new potential sugar-containing natural products as iM-probes and pre-
sent the starting points for further synthetic development of these as 
probes for iM-DNA. 
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