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1. Introduction

Insights on the binding and selectivity of surfen
towards different DNA topologies

Laxmi Kashyap, Kritika Varshney and Manoj Munde = *

Surfen is widely recognized for its anticoagulant properties in clinical applications. Recent interest,
however, has shifted toward exploring its potential interactions with DNA, which may pave the way for
novel therapeutic strategies, particularly in areas where regulation of DNA structure and function is
critical. In view of this, we have investigated surfen’s interaction with various DNA topologies, namely
double stranded DNA (dsDNA), antiparallel G-quadruplex (AP GQ-DNA), hybrid G-quadruplex (HB GQ-
DNA) and triplex DNA (tDNA) through a combination of experimental approaches and molecular
dynamics simulations. This integrated strategy provided a comprehensive understanding of surfen’s
binding preferences and its structural impact on different DNA topologies. Experimental data, including
conformational and binding analysis, demonstrated that surfen stabilizes dsDNA more effectively than
G-quadruplex and triplex forms through the groove binding mode. Fluorescence intensity, lifetime
changes, and competitive drug displacement data support the minor groove binding mode for surfen
with dsDNA. These findings are supported by molecular dynamics (MD) simulations, which revealed a
higher number of stable hydrogen bonds and a notable decrease in the radius of gyration (Rg) for
dsDNA upon surfen binding, indicating compaction and structural stabilization. In contrast, surfen
binding to AP and HB G-quadruplexes led to increased RMSD values and fluctuating hydrogen bond
profiles, suggesting more transient and less stable interactions. Notably, HB GQ-DNA exhibited a
dynamic structural transition during the simulation, implying a possible conversion to a more stable anti-
parallel form upon extended drug interaction, also supported by circular dichroism (CD) study. The
docking study emphasizes the critical role of DNA groove architecture, surfen shape, and functional
group positioning in molecular recognition. These combined results highlight surfen’s structural
preference for duplex DNA and its potential to selectively stabilize specific DNA conformations, with
implications for therapeutic targeting of genomic regions with distinct structural motifs.

on the critical role of functional control sequences in DNA for
gene regulation. In this direction, duplex DNA binding small

Since the discovery of the structure of DNA, it has become a key
target for a wide range of therapeutically important small
molecules, including anticancer drugs, antibiotics, and other
pharmacological agents. These compounds exert their effects
not only by binding directly to DNA but also by interacting with
DNA-associated proteins or interfering with DNA-related bio-
logical processes. Thus, the targeting of biologically relevant
forms of DNA such as double stranded DNA (dsDNA),
G-quadruplex DNA (GQ-DNA), and triplex DNA (tDNA) by
DNA-binding agents is an exciting area of study due to the
unique structural characteristics and the functional roles that
these DNA forms play in the genome." These forms of DNA offer
distinct opportunities for targeted therapeutic intervention and
gene regulation. Recently, the ENCODE project® has shed light
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molecules have been identified as having great therapeutic
potential.*® Further, GQ-DNA binding agents such as bisqui-
nolinium salts, acridine derivatives, and porphyrins have also
been identified as potential anticancer agents.®® Similarly,
triplex-forming oligonucleotides (TFOs) have garnered a lot of
attention due to their potential to bind to double-stranded DNA
and inhibit transcription.’ Notably, compounds like acridines,
benzopyridoindoles, and benzopyridoquinoxalines have been
reported as effective triplex-binding agents.">"!

However, a critical challenge in designing DNA binding
small molecules is ensuring that the active compounds exert
their biological effects only on the desired DNA sequence. They
should not bind indiscriminately to other sequences within the
genome in the same concentration range, as this could lead to
off-target effects that may be harmful. Therefore, in targeting
specific DNA sequences, the challenge remains in designing
ligands that can stabilize one type of DNA with high selectivity
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and specificity over other diverse DNA forms. Interestingly,
quadruplex, duplex and triplex structures of DNA differ com-
pletely from each other in terms of contrasting geometries and
functional groups, and these differences can be exploited to
design newer compounds with better selectivity.

Evidence of selective targeting, such as the ability to target
G-quadruplex DNA,"” and the success of minor groove-binding
agents in clinical settings,"® clearly supports the possibility of
utilizing DNA-targeting compounds for therapeutic develop-
ment. While agents that meet these criteria do exist, they are
rare. The difficulty lies in the fact that there are no established
rules for designing such selective DNA-targeting agents. On the
other hand, understanding the finer details of DNA structure
might help researchers design more effective molecules that
can specifically target certain DNA sequences while avoiding
non-specific binding to others. Emerging research on the local
microstructural states of DNA could provide insights into how
selective DNA-targeting agents work.'*"®

In view of this, we have explored the small molecule, bis-2-
methyl-4-amino-quinolyl-6-carbamide, called surfen (Fig. 1), for
its binding ability and selectivity towards a variety of DNA
structures. Surfen was initially used as an excipient in depot
insulin formulations in 1938." It has been shown to have mild
heparin-neutralizing effects in rat oral feeding experiments.
Surfen is thought to potentially disrupt heparin’s capacity to
bind and activate antithrombin."” Subsequently, surfen was
also shown to have trypanocidal properties.'® Biophysical stu-
dies of surfen with various glycoaminoglycans have been
reported previously.'® To our knowledge, detailed information
on its binding mode and selectivity towards a variety of DNA
structures is not available in the literature. Understanding how
surfen interacts with DNA could open new avenues for expand-
ing its therapeutic applications, particularly in contexts where
modulation of DNA structure and function is crucial. Therefore,

Structure of surfen
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(5'GGGTTAGGGTTAGGGTTAGGG-3")

Triplex Sequence: -

3'-CTC TCC TCT CTC TTC TCC TTC-5',
5'-GAG AGG AGA GAG AAG AGG AAG-3!,
3'-CTC TCC TCT CTC TTC TCC TTC-5'

Fig. 1 Chemical structure of surfen and DNA sequences of GQ-DNA and
triplex DNA used in the study.
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the objective of this paper is to gain molecular insights into
how surfen affects the G-quadruplex (hybrid and antiparallel)
DNA, dsDNA and tDNA through the use of fluorescence spectro-
scopy, time-resolved photoluminescence, and circular dichro-
ism (CD) and molecular dynamics (MD) studies.

2. Materials and methods
2.1. DNAs, buffers and reagents

Our study focuses on 21-mer human telomeric DNA oligo-
nucleotide (5'GGGTTAGGGTTAGGGTTAGGG-3'), as well as tri-
plex sequences: 5-GAG AGG AGA GAG AAG AGG AAG-3', 5'-CTC
TCC TCTCTC TTC TCC TTC-3’, and 5’-CTC TCC TCT CTC TTC
TCC TTC-3', all of HPLC grade. Furthermore, oligomer
sequences such as AT-DNA d(5-GCAAATTTGC-3') GC-DNA
d(5’-GCGCGCGCGC-3’) were also used for the selected study.
All DNA sequences were purchased from Integrated DNA Tech-
nologies (IDT) and used without further purification. DNA from
the calf thymus (ctDNA) was purchased from Sigma-Aldrich
Corporation. The molar extinction coefficient used for ctDNA is
13200 M ' ecm . After verifying the drug’s purity through
impurity emission testing in the targeted wavelength range
using an extinction coefficient of 74400 M~' em™',*°
procured surfen hydrate (98% pure) from Sigma and used it
in our investigation. For the formation of G quadruplex DNA,
the strands were individually dissolved in 10 mM HEPES, 1 mM
ethylenediaminetetraacetic acid, and 100 mM KCI or NaCl at
pPH 7.4 to create oligonucleotide solutions. The telomeric
strands were first annealed for five minutes at 90 °C, gradually
cooled down to room temperature and then they were stored for
forty-eight hours at 4 °C. Before each experiment, CD was used
to confirm the formation of hybrid GQ-DNA topology under K
ions (Fig. 1A) and the antiparallel basket-type GQ-DNA topology
under Na' ions (Fig. 1). For the formation of triplex DNA,
equimolar amounts of the relevant strands were combined
with a phosphate buffer (10 mM PBS, 100 mM NaNO; at pH
7.4) to create triplex DNAs." The mixture was heated to 90 °C
and then gradually cooled to room temperature. Before every
experiment, CD was used to confirm the desired structure of
the DNA.

we

2.2. UV-vis and fluorescence

We recorded the steady-state absorption spectra to calculate the
concentration of the sample utilizing an absorption spectro-
photometer (Cary 100 UV-vis). Fluorescence emission spectra
were recorded using a Cary Eclipse fluorescence spectrometer
to evaluate the interaction of surfen (1 uM) during the titration
of GQ-DNA (with Na” and K" ions present), tDNA, and ctDNA.
In every experiment, rectangular quartz cells with a path length
of 1 cm were used. Scatchard plots were used for analysing
the dissociation constant (Ky), especially in receptor-ligand
interactions.
The non-linear Scatchard plot can be expressed as:

F_FO_LXBmax (1)
Fy  Kq+L
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Here, F represents the complex’s fluorescence intensity and F,
denotes the fluorescence intensity of the free drug. [L] corre-
sponds to the concentration of GQ DNA. From the graph

Bmax

Y-intercept =
p K

. 1

, X intercept = Bp,y and slope = — X Non-
d

linear regression methods can provide more accurate estimates

of the dissociation constant (K;) and maximum binding capacity
(Bmax) by directly fitting the original data to a hyperbolic model.

2.3. CD spectroscopic studies

We recorded CD spectra using a Chirascan Applied Photo
Physics CD spectrometer that was attached to a thermostable
cell holder using 10 mM HEPES with a salt concentration of
100 mM for all the DNAs in the absence and presence of surfen.
At 20 °C, a cuvette with a 0.1 cm path length was employed.
After performing baseline correction with the blank buffer, the
spectra were recorded in the wavelength range of 220-320 nm,
obtained by averaging five scans at a speed of 75 nm min~".
The measurements were conducted with a concentration of
10 uM for the GQDNA (in Na* or K*) and tDNA, and 100 uM
for ctDNA.

2.4. Time-resolved fluorescence estimation

A time-resolved photoluminescence spectrofluorometer (Horiba)
was used to acquire time-resolved fluorescence decay data. With a
wavelength of 350 nm and a pulse width of 64.2 ps, a picosecond
pulsed diode laser was used to excite the samples, which included
surfen (3 pM) and its 1: 1 complex with GQ-DNA (surfen-GQ DNA).
The emission was detected at wavelengths between 400 and
600 nm to perform time-resolved fluorescence measurements.
A 4096-channel analyser with a time resolution of 24 ps per
channel was used to record all decay traces. The peak counts
were approximately 7000. Fitting > values between 1 and 1.3
were obtained by analysing the data using a reconvolution
method that included the instrument response function
(IRF). The data were fitted to the following multiexponential
fitting for lifetime measurements:

A + B1 x exp(—i/T1) + B2 x exp(—i/T2) + B3 x exp(—i/T3)

2.5. Fluorescence displacement assay (FDA)

The fluorescence displacement assay (FDA) was carried out
using a spectrophotometer (Cary Eclipse). A quartz cuvette with
a 1 cm path length and a scanning speed of 60 nm per minute
was used for the experiments, which were conducted at room
temperature. The surfen was titrated into the ligand-DNA
complex to investigate ligand displacement by surfen from
the complex. In this study, TMPyP4 was used as a ligand
(dye), which exhibited emission at 432 nm, with the emission
spectrum recorded across the 600-800 nm wavelength range.
For the GQ-DNA experiments, a buffer of 10 mM HEPES along
with 100 mM NaCl/KCl was used. In ctDNA experiments, a
buffer of 10 mM PBS along with 100 mM NaCl was used, while
for the experiments of triplex DNA, 10 mM PBS and 100 mM
NaNO; were used. All experiments were conducted at room
temperature.

This journal is © the Owner Societies 2026
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2.6. Molecular docking

To determine the precise binding mode of surfen to double
stranded DNA (PDB ID: 1BNA),*° and hybrid (PDB ID: 2JSM)**
and antiparallel (PDB ID: 143D)** G-quadruplex DNAs, blind
docking was performed using surfen (PubChem CID-71166) to
the above mentioned DNA structures using AutoDock 4.0.
During the docking process, surfen and G-quadruplexes were
given the Gasteiger-Marsili atomic charges and Kollman united
atom partial charges, respectively. Grid maps covering the
entire DNA molecule were created with the resolution set to
0.375 A. With a maximum generation count of 27 000, an initial
population of 150 individuals, 20 runs per docking operation,
and a maximum of 2 500 000 energy evaluations, the Lamarck-
ian genetic algorithm was employed. For crossover and muta-
tion, the default values were set to 0.8 and 0.02 respectively. The
same cluster was assigned to results with a root-mean-square
deviation (RMSD) of 2.0 A. Apart from RMSD clustering, Auto-
Dock was used to evaluate the ligand’s binding free energies in
each active site, and the lowest-energy conformations were
chosen from the largest cluster. Groove binding, end stacking,
and other binding types were categorized. For G4, an even
number of user-specified grid points = 42 x-points, 36 y-points,
46 z-points. For dsDNA, an even number of user-specified grid
points = 56 x-points, 72 y-points, 120 z-points.

2.7. All-atom molecule dynamics simulation

Gromacs package 2018.1 was used for MD studies.>® All-atom
molecular dynamics (AA-MD) was initiated by employing the
Parmbsc1 forcefield®* for DNA and the TIP3P model for water.
ctDNA, hybrid and anti-parallel DNA were taken. Ligand para-
meters were generated using the acepype server (https://www.
bio2byte.be/acpype/). To achieve this, the DNA or the complex
was placed within a triclinic box, ensuring a minimum distance
of 1 nm between the DNA and the nearest box face. Subse-
quently, the systems were solvated and ions were introduced to
neutralise the system while attaining a NaCl concentration
of 100 mM for anti-parallel and ctDNA. While for the hybrid
100 mM KCl was added to mimic the experimental studies.
The LINCS algorithm was used to constrain all bond lengths
along with the hydrogen bonds. Minimization was performed
exploiting the steepest descent method for 50 000 steps set as
the upper limit. The system was further equilibrated under the
isochoric-isothermal (NVT) ensemble for 200 ps with a 2 fs
time step using a modified Berendsen thermostat for main-
taining a temperature of 300 K. Furthermore, the system was
equilibrated under isothermal-isobaric (NPT) conditions for
800 ns using a modified Berendsen thermostat and Parrinello-
Rahman barostat to stabilize both temperature and pressure at
300 K and 1 bar, respectively. Until this point the polymorphs of
DNA and surfen were position restrained using a spring con-
stant of 1 keal mol™* A~ For neighbour searching, the Verlet
cutoff scheme was utilized. The smooth particle mesh Ewald
summation method (PME) along with the cubic interpolation
method and a Fourier grid spacing of 16 A was used for long
range electrostatic determination. All nonbonded interactions
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were evaluated using a cutoff of 1 nm and were gpu accelerated.
Then, the position restraints were removed and the system was
further equilibrated for 2 ns. A production run was performed
for 150 ns. Velocity snapshots were generated using the render
option in Visual Molecular Dynamics (VMD),>” and finally,

Origin Pro 2025 was utilized for graph generation.

3. Results and discussion
3.1. DNA conformational changes using CD spectroscopy

To gain deeper insights into the configuration and topology
behaviour of DNAs in the presence of surfen, we have per-
formed CD experiments. As shown in Fig. 2A, GQ-DNA in the
presence of sodium (Na') exhibits positive peaks near 295 nm
and 245 nm, along with a negative band at 265 nm, indicating
the formation of antiparallel GQ-DNA (AP GQ-DNA).”>?® Upon
addition of surfen, there is a progressive decrease in these
bands, indicating the binding of surfen to AP GQ-DNA; however
the overall configuration remains unchanged (Fig. 2A), imply-
ing that AP GQ-DNA preserves its original structure upon surfen
binding. Groove binding has been shown to induce changes in
magnitude of 290, 265 and 243 nm bands, whereas end stacking
does not show any significant change. Therefore, external groove
binding may occur in the present investigations.”” The CD
spectrum of GQ-DNA in K" exhibits a broad positive peak at
290 nm, a smaller peak at 273 nm, and a negative band in the
234-240 nm region, indicating the formation of hybrid
G-quadruplex DNA (HB GQ-DNA), as shown in Fig. 2B. The
gradual addition of surfen to mixed hybrid GQ DNA led to a
decrease in these bands and the appearance of a negative peak
around 275 nm and 250 nm, which suggests a likely switch in
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Fig. 2 (A) CD spectra for AP GQ-DNA (10 puM) at different concentrations
of surfen (2-10 uM), (B) CD spectra for (3 + 1) HB GQ-DNA (10 puM) at
different concentrations of surfen (2-10 uM), (C) CD spectra for ctDNA
(100 pM) at different concentrations of surfen (2-10 pM)), and (D) CD
spectra for tDNA (10 uM) at different concentrations of surfen (2—-10 uM).
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configuration from the hybrid to an antiparallel one. Similar
results have been observed for other ligands in the past.*®*°

Next, the CD spectrum of duplex DNA (ctDNA) shows a
positive band in the 273-280 nm range and a negative band
at 245 nm, confirming its right-handed helicity. The intensities
of the positive and negative bands of ctDNA increase with
increasing surfen concentration (Fig. 2C), suggesting that there
are significant interactions between surfen and ctDNA. Gener-
ally, this type of binding is shown by minor groove binders
confirming that surfen binds in the minor groove.*’™
In Fig. 2D, the negative peak at approximately 247 nm and
the positive peak at approximately 277 nm increased due to
base stacking, accompanying a negative peak at approximately
225 nm, indicating the formation of triplex DNA.>* Upon
addition of surfen, there is a continuous reduction in CD signal
intensity suggesting that the drug binding may lead to aggrega-
tion of DNA.

3.2. Binding studies using fluorescence emission
spectroscopy

Fluorescence emission studies were performed to investigate
the binding interaction of surfen with GQ-DNA, ctDNA and
tDNA. In this instance, the surfen excitation wavelength at
340 nm was used to excite the sample, and the emission spectra
were collected in the range of 400 to 600 nm. The resultant
spectra and corresponding binding plots are shown in Fig. 3.
As illustrated in Fig. 3A and B, the fluorescence intensity of
surfen increased as AP GQ-DNA and HB GQ-DNA were gradually
added. This increase in fluorescence is due to the transfer of
surfen from the aqueous environment to the hydrophobic
environment within DNA.>* This transfer reduces solvent expo-
sure, leading to enhanced fluorescence intensity. AP GQ-DNA
shows a ten times stronger binding to surfen (2.1 x 10° M)
compared to HB GQ-DNA (2.0 x 10> M '). This moderate
2binding affinity was supported by the CD melting study (Fig. S1),
in which surfen induced only a 2-3 °C thermal stabilization of
the AP and HB GQ-DNA structures.

Next, adding ctDNA to surfen (Fig. 3C) results in a sharp
increase in the intensity, indicating the formation of a strong
surfen-ctDNA complex (8.3 x 10® M™"). In contrast, there is a
very weak binding between tDNA and surfen as shown by its
weaker intensity change in Fig. 3D. Thus, the binding constant
values indicate that the order of binding affinity of surfen for
different DNA sequences is ctDNA > AP GQ-DNA > HB GQ-
DNA > tDNA (Table 1).

Next, in order to explore the binding specificity of surfen
within duplex sequences, we performed a selective fluorescence
binding experiment with AT- and GC-rich duplex DNAs
(Fig. S3). The results reveal that surfen exhibits much more
enhanced fluorescence intensity in the presence of AT-rich DNA
compared to GC-rich DNA. This preferential binding can be
attributed to structural and electronic features of the AT-rich
regions.*>*® The minor groove of AT-rich DNA is considered
as narrower and deeper, providing a more favorable binding
pocket for small cationic ligands and groove binders.?™>?%3°
It is well established that the absence of the exocyclic amino

This journal is © the Owner Societies 2026
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Fig. 3 Fluorescence titration was performed by gradually increasing the concentration of DNA into surfen (1 uM) for (A) AP GQ-DNA, (B) HB GQ-DNA,
(C) ctDNA, and (D) tDNA. Also, (E)—(H) are their respective binding plots to determine the binding constant, K.

Table 1 Binding constants of surfen in the presence of AP GQ-DNA, HB
GQ-DNA, ctDNA and tDNA

Complex KM

Surfen-ctDNA 8.3 x 10°
Surfen-GQ DNA(AP) 2.1 x 10°
Surfen-GQ DNA(HB) 2.0 x 10°
Surfen-tDNA 4.9 x 10*

group at the C2 position of guanine in the AT base pairs
reduces steric hindrance and enhances hydrophobic and van
der Waals interactions between the ligand and the groove.*
In contrast, GC-rich regions have a wider minor groove and
higher base stacking energy, which generally hinders the
accommodation of such small molecules.*®

3.3. Binding stoichiometry using fluorescence-based
continuous variation experiment (Job plot)

Job plots serve as a valuable tool for analysing binding stoi-
chiometries in molecular systems. In fluorescence spectro-
scopy, the binding stoichiometry of the surfen-DNA complex
was determined using the continuous variation method, also
known as Job’s plot.>” Variations in the molar ratio of surfen to
DNA were achieved while keeping the total molar concentration
constant. Emission intensities at 488 nm were plotted against
mole fraction, as depicted in Fig. 4. The least-squares fitted
lines for DNA and surfen intersected at a mole fraction of ~0.5.
The Job’s plot yielded a binding stoichiometry ratio, n of ~1:1,

v Mole fraction value of surfen(Xy,)
"~ Mole fraction value of DNA(Y;,)

which corresponds to the binding of one surfen molecule per
one DNA strand of AP and HB GQ-DNA (Fig. 4A and B). In the
case of ctDNA (Fig. 4C), the stoichiometry of 1:1 means one
surfen molecule binding per 10 base pairs. As reported in the
literature, employing a fluorescence Job’s plot, the interaction of

This journal is © the Owner Societies 2026

0.3
oy 0.5 n=Xm/Ym 9:23
= A 7 0.5/0.5=1:1 = B 0.5
& =020
<
£ 024 &
2 20.15
g 5
= =
==0.10
g 0.1 g
2 MF of Surfen 2 | MF of Surfen
2 (Xm)=0.5 20.054 F=xm/ym | i
5 MF of GQ (AP) & 05051 1 MF of GQ(H)
(Ym)=0.5 ; (Ym)=0.5
0.0 T T T T 0.00 T T T T i
0.0 02 04 06 08 1.0 Surfen 00 02 04 06 0.8 1.0surfen
i 08 06 04 02 0Goar 1 08 06 04 02 0com
Mole Fraction of GQ (AP),Surfen Mole Fraction of GQ (H),Surfen
1.0 0.4
MF of Surfen(Xm)=0.5 -
s C MF of Ct DNA(Ym)=0.5 E D 0.5
2 8 xmry < e
& n=Xm/Ym
= |osws=1a1 95 = "
Z @»
£ 0.6 ¢ £ 1
§ A = 0.3 |
= 0.4 ' = !
= ! S 1
2 : 2 MF of Surfen |
% 0.2 ' ‘8 ("1‘;")7“;) I n=Xm/Ym
3 : = el ! 05/0.5=1:1
0.0 T T T T 0.2 —
00 02 04 06 08 10Suk 0.0 02 04 06 08 1.0surfer
1 0.8 0.6 04 02 0 ct DN 1 0.8 06 04 02 0 TD

Mole fraction of ct DNA. Surfen Molar Ration of Triplex DNA, Surfen

Fig. 4 Job's plot showing (A) the mole fraction of AP GQ-DNA added to
surfen plotted versus emission intensity, (B) the mole fraction of HB GQ-
DNA added to surfen plotted versus emission intensity, (C) the mole
fraction of duplex DNA (ctDNA) added to surfen plotted versus emission
intensity and (D) the mole fraction of triplex DNA added to surfen plotted
versus emission intensity at 488 nm at pH 7.0.

Hoechst 33258 with calf thymus DNA revealed a binding ratio of
one dye molecule per 10 bp strand of DNA.*® Similarly, previous
studies have shown that most groove-binding molecules tend to
interact with DNA in a ratio of approximately one ligand per DNA
strand of 10 base pairs.***>*° Thus, we used this estimate to
calculate the stoichiometry in the Job’s plot in Fig. 4. As far as
triplex DNA is concerned, due to weak binding of surfen, the
stoichiometry value may have error on the higher side (Fig. 4D).

3.4. Time-resolved studies

To elucidate deeper insights into the binding phenomenon,
we further performed time-resolved studies. Measuring the
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Fig. 5 (A) Surfen (3 uM) fluorescence lifetime decay profiles in (A) AP GQ-DNA, (B) HB GQ-DNA and (C) ctDNA. Experiments were done at 1:1

DNA : drug ratio in buffer with pH 7.0.

Table 2 Time-resolved fluorescence decay parameters of surfen mea-
sured with and without DNA

Complex Average lifetime (t,) (ns) 7
Surfen 1.459 1.13357
Surfen-GQ(AP) 2.195 1.050276
Surfen-GQ(HB) 1.968 1.031221
Surfen-Duplex DNA 4.235 1.23653

fluorescence lifetime is an effective method for studying the
excited-state environment of fluorophores as well as to under-
stand the binding interactions between DNA and ligand. Surfen
displays a single exponential decay characterised by a lifetime
of approximately 1.45 ns as shown in Fig. 5. It is observed that
upon adding DNA to surfen, there is an increase in the lifetime
decay profile (Fig. 5), indicating that surfen’s environment
changes, leading to the creation of a drug-DNA complex.
We have not performed an experiment for triplex DNA as its
binding with surfen was not significant.

As shown in Fig. 5, the fluorescence lifetime of surfen increases
significantly in the presence of duplex DNA (4.23 ns) compared
to AP GQ-DNA (1.96 ns) and HB GQ-DNA (2.19 ns). This
suggests that the surfen chromophores are more effectively
shielded from solvent interactions when bound to duplex
DNA. The increased fluorescence lifetime upon binding to both
duplex and GQ-DNA indicates that DNA protects surfen from
solvent quenching, thereby promoting its interaction with DNA.
The lifetime enhancement reflects the quenching mechanism
of surfen in the presence of DNA (Fig. 5 and Table 2), and the
data imply that quenching occurs via excited-state collisions or
diffusion. Therefore, the quenching mechanism is consistent
with a dynamic (collisional) quenching process.*"**

3.5. Fluorescent displacement assay

To investigate the mode of drug-DNA interactions, a variety of
well-characterized DNA-binding fluorescent dyes are frequently
employed.**** These dyes have well-established binding modes,
making them valuable tools in competitive displacement assays. In
such assays, the ability of a small molecule to displace a pre-bound
dye from DNA suggests that the molecule interacts with DNA in a
similar binding mode as the displaced dye. The resulting changes
in fluorescence provide a straightforward and reliable means to
interpret the nature of the small molecule’s interaction with DNA.
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Here, fluorescent displacement assays were conducted to
evaluate the ligand binding mode of surfen with GQ-DNA
(AP and HB) and ctDNA. In the case of GQ-DNA, a mixture of
DNA and TMPyP4 was titrated with surfen. TMPyP4 exhibits
emission peaks at 661 nm and 713 nm upon excitation of
432 nm. The short bands of permitted n—n* are responsible for
the two peaks, which are the Q(0,0) and Q(1,0) band*”*®
electronic transitions (Fig. 6). Surfen emission does not inter-
fere in this range. Here, the addition of GQ-DNA (AP and HB) to
TMPyP4 results in a decrease in fluorescence intensity, which
suggests m-m* stacking interactions between TMPyP4 and
GQ-DNA (in both KCI and NacCl). This supports earlier studies
involving crystallography and NMR that have demonstrated
that TMPyP4 binds to G4-DNA in end-stacking mode with G4
tetrads.”® Here, if addition of surfen to the TMPyP4-G4 complex
causes quenching of the fluorescence intensity, it means that
surfen displaces TMPyP4 and end-stacks with the G-quadruplex
DNA. However, upon gradually adding surfen to TMPyP4-GQ DNA
(AP and HB), there is no measurable change in the fluorescence
intensity, indicating that there is no displacement of TMPyP4
from the TMPyP4-G4 complexes. This clearly rules out end stack-
ing interaction between surfen and GQ-DNA (in Na* and K").

Furthermore, the intercalation of small molecules between
the tetrads of GQ-DNA is generally considered difficult, as GQ
structures are extremely stable and rigid. Each G-tetrad is
stabilized by eight hydrogen bonds significantly more than
the two or three hydrogen bonds found in AT or GC base pairs,
respectively. Consequently, any distortion of the G4 structure
would entail a high energetic cost.*® Therefore, based on this
and the CD results, binding of surfen within the grooves of the
GQ-DNA would represent the most probable mode of inter-
action, which would also be energetically more favourable.*”
Several peptide-hemicyanine conjugates have been proposed to
be specific for binding to quadruplex grooves and loops without
significant n stacking with DNA bases.*®

Next, in order to test the binding mode of surfen in duplex
DNA, DAPI as a minor groove agent was used.**** The DAPI-
ctDNA complex results in an increase in the fluorescence
intensity as shown in Fig. 6C, indicating that DAPI binds in
the minor groove of DNA. However, when surfen was added to
the DAPI-ctDNA complex, there is a decrease in fluorescence
intensity, indicating that surfen successfully displaces DAPI
from the minor groove of ctDNA.
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3.6. Molecular docking

In order to obtain a clearer picture of the DNA binding mode
and atomic-level interactions of surfen with DNA, a molecular
docking study was performed using the AutoDock 4.0 software
suite. This approach enabled the prediction of the most favour-
able binding orientations, identification of key interacting
bases, and analysis of non-covalent interactions between the
ligand and the DNA. Docking results (Fig. 7A) revealed that
surfen preferentially binds within the groove region of the AP
GQ-DNA, adopting a single dominant binding conformation
associated with the lowest binding free energy among all the

tested structures (Table 3). This favourable interaction is stabi-
lized by four interactions between surfen and the DNA (Fig. 7D);
the -NH, group of the aminoquinoline ring forms a hydrogen
bond with the exocyclic amino group of G20, specifically
targeting the nitrogen attached to the C2 carbon of the guanine
base. Two -NH groups of the aminoquinoline ring engage in
hydrogen bonding with the phosphate backbone (the OP2 atom
is a non-bridging oxygen of the phosphate group connected to
G16). An additional hydrogen bond is observed between the
same -NH, group with the phosphate backbone (the OP2 atom
connected to thymine T17). The shallower groove of the AP GQ-DNA

Fig. 7 3D docked representation of (A) AP GQ-DNA (PDB ID: 143D) with surfen, (B) HB GQ-DNA (PDB ID: 2JSM) with surfen and (C) dsDNA ((PDB
ID: 1BNA) with surfen. Representation of hydrogen bonding interactions between surfen and (D) dsDNA, (E) AP GQ-DNA, and (F) HB Q-DNA, highlighting

key contacts that stabilize each complex.
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Table 3 Binding energies obtained from docking studies for surfen with various DNAs

S. no. DNA Sequence Binding energy (kcal mol )
1 AP GQ_DNA A1G2G3G4T5T6A7G8G9G10T11T12A13G14G15Gl6T17T18A19G20G21G22 —7.92
2 HB GQ_DNA T1A2G3G4G5T6T7A8G9G10G11T12T13A14G15G16G17T18T19A2()G21G22G23 77.39
3 dsDNA C1G2C3G4A5A6T7T8C9G10011G12G24C23G22C21T20T19A18A17G16C15G14013 _1170

facilitates optimal molecular recognition that contributes to the
stability of the surfen-DNA complex.

In contrast, the docking analysis of HB GQ-DNA (Fig. 7B and
E) reveals that surfen binds in the groove with only two
hydrogen bonds involving G11. A first hydrogen bond involves
the -NH, group of surfen and the exocyclic amino nitrogen of
G11 (attached to the C2 carbon of guanine) and the second one
with the phosphate backbone (between the -NH group of the
aminoquinoline ring of surfen and the oxygen atom bonded to
the 3’ carbon of the sugar moiety connected to G11). The HB
GQ-DNA structure features a narrower and wider groove, which
results in a reduced binding affinity for surfen. The larger and
less compact groove architecture fails to accommodate the
ligand as effectively, leading to suboptimal interactions and
higher binding free energies (Table S1).

Docking analysis of surfen with dsDNA (Fig. 7C) reveals the
conformation with the lowest binding free energy (Table 3) and
the largest cluster population both correspond to surfen occu-
pying the minor groove, in alignment with experimental obser-
vations. Structural evaluation of the surfen-dsDNA complex
indicates that surfen’s molecular curvature is well-suited for the
minor groove. Both amidinium groups engage in hydrogen
bonding with the base pair edges at the floor of the groove,
ensuring a snug fit and optimal interaction (Fig. 7F). The -NH,
group of surfen forms a hydrogen bond with T19 (carbonyl
oxygen at C2 position of thymine, chain B). Another -NH,
group of the aminoquinoline ring interacts with C9 (carbonyl
oxygen double-bonded to the C2 carbon of cytosine, chain A).
Two distinct -NH groups of surfen interact through a bifur-
cated H-bond with T8 (carbonyl oxygen at C2 of thymine,
chain A). The higher number of interactions observed between
surfen and dsDNA contributes to a stronger binding affinity
compared to its interactions with other DNA types.

3.7. MD studies

The molecular dynamics (MD) study (Fig. 8) aimed to compare
the relative structural stability of dsDNA, AP GQ-DNA, and HB
GQ-DNA, both in their free forms and when complexed with
surfen by evaluating key structural parameters. RMSD is a
fundamental metric for assessing the structural integrity and
stability of biomolecules over time and it is used as the starting
point.** The RMSD of the AP GQ-DNA exhibits fluctuations
before it stabilizes after approximately 100 ns (Fig. 8B). This
behaviour suggests that the AP GQ-DNA samples multiple
conformational sub-states during the timescale, reflecting
inherent dynamic flexibility rather than complete unfolding.
Similar slow equilibration and dynamic sampling have been
reported in the literature®® for G-quadruplexes of this topology.
In contrast, the RMSD of the surfen-bound AP GQ-DNA
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complex stabilizes much earlier, plateauing around 20 ns
(Fig. 8B), suggesting increased stability of AP GQ-DNA upon
surfen binding.

In the case of the surfen-bound HB GQ-DNA complex,
frequent RMSD fluctuations are observed compared to its
drug-free form, persisting until approximately 50 ns before
stabilizing (Fig. 8C). This suggests that surfen induces confor-
mational rearrangements in the HB G-quadruplex structure
(discussed later). In the case of native dsDNA (Fig. 8A), RMSD
fluctuations were observed, which may primarily arise from
terminal fraying events, where the ends of the DNA transiently
open and close dynamically during the simulation.>* However,
surfen-bound dsDNA achieves stability rapidly and exhibits
minimal RMSD fluctuations compared to the free dsDNA,
indicating significantly enhanced structural stability. This
stabilization likely arises from specific, sustained interactions
within the minor groove, as supported by docking studies.

The radius of gyration (Rg) is a key indicator of the compact-
ness of DNA structures.>® The abrupt increase in R, observed
around 120 ns for AP native DNA is indicative of a significant
conformational event, such as partial unwinding or expansion
of the structure (Fig. 8E). This is consistent with unfolding or
rearrangement of the G-quadruplex loops or G-quartets. How-
ever, in the presence of surfen, R, remained stable at around
1.06 nm to 1.05 nm. Similarly, in the case of HB GQ-DNA, there
is an insignificant increase in R, from 1.07 nm to 1.11 nm
(Fig. 8F). However, for the surfen complex, there is sudden
increase in R, around 50 ns, indicating a drug induced con-
formational change. For dsDNA, the average R, decreased
significantly from 1.36 nm to 1.2 nm upon surfen binding
(Fig. 8D). This substantial reduction suggests strong compac-
tion and stabilization of the dsDNA, highlighting surfen’s
structural preference for and stronger interaction with duplex
over G-quadruplex DNA.

Intermolecular hydrogen bonds formed between a drug and
DNA play a crucial role in maintaining the three-dimensional
structure and stability of the resulting complex. Studying these
hydrogen bonds provides valuable insights into the intermole-
cular stability of the drug-DNA complex, including how the
drug recognizes and interacts with DNA, and the specificity of
that interaction.?®***3* Hydrogen bond analysis of the sur-
fen-dsDNA complex reveals the highest average number of
hydrogen bonds (Fig. 8G), with these bonds remaining consis-
tent throughout the simulation. As supported by docking
results, the observed shorter bond lengths (2.06, 1.94, 2.2 and
1.9 A; Table S1) also suggest stronger interaction in the case
of dsDNA. This observation supports experimental findings
indicating that surfen most effectively stabilizes dsDNA.
In contrast, complexes of surfen with AP and HB GQ-DNA
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Fig. 8 MD simulation: (A) RMSD plot for dsDNA (native) and its complex with surfen (complex-1). (B) RMSD plot for AP GQ-DNA (native) and its complex
with surfen (complex-2). (C) RMSD plot for HB GQ-DNA (native) and its complex with surfen (complex-3). (D) Plot of the radius of gyration of native
dsDNA and complex-1. (E) Plot of the radius of gyration of native DNA and complex-2. (F) Plot of the radius of gyration of native DNA and complex-3.
(G) Plot of number of hydrogen bonds between dsDNA and surfen. (H) Plot of number of hydrogen bonds between AP GQ-DNA and surfen. (I) Plot of

number of hydrogen bonds between HB GQ-DNA and surfen.

(Fig. 8H and I) structures exhibit fewer average hydrogen bonds
below 3.0 A (three in AP and 2 in HB; Table S1) and more
frequent fluctuations to zero or near-zero levels (Fig. 8H and I).
These results suggest that surfen’s interaction with GQ-DNA
structures is less stable and more transient compared to its
interaction with dsDNA.

Furthermore, we have quantitatively assessed the contribution
of electrostatic and van der Waals interaction energies of surfen
binding with different DNA topologies as shown in Fig. S2.
As shown in the Fig. S2A and B, dsDNA presents the most favorable
environment for surfen binding, evidenced by strong and sustained
electrostatic and van der Waals interactions attributable to its well-
organized minor groove. The AP GQ-DNA (Fig. S2C and D) showed
less favorable electrostatic and van der Waals energies compared to
dsDNA. Although surfen still interacts with the AP quadruplex
form, the interaction is weaker and more transient, as reflected
by higher fluctuations and less negative energy values. The HB GQ-
DNA (Fig. S2E and F) also displays weaker and variable interaction
energies due to its flexible and poorly defined grooves.

This journal is © the Owner Societies 2026

3.8. Conformational switch in HB GQ-DNA

Detailed analysis of the RMSD plot of the HB GQ-DNA in the
presence of surfen (Fig. 9A) reveals initial fluctuations, followed
by a sudden increase in RMSD around 60 ns, after which the
system re-equilibrates. Based on the fluctuation of RMSD
values, the process can be divided into different stages for
trajectory analysis to evaluate the dynamic behavior. Structural
snapshots taken from UCSF ChimeraX at various time points
provide deeper insight into the DNA’s flexibility and conforma-
tional dynamics during surfen binding. During the initial 60 ns,
hybrid GQ-DNA, characterized by its combination of parallel
and anti-parallel strands and flexible loops connecting guanine
tetrads, maintains its native topology with wider and shallower
grooves. However, between 60 and 150 ns, the simulations
show a marked structural opening, particularly in the major
loop region. The observation aligns with the radius of gyration
results as evidenced by an increase in the radius of gyration in
Fig. 8F. This opening is accompanied by increased conforma-
tional flexibility, allowing the guanine tetrads and connecting
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Fig. 9 Snapshots from UCF Chimera-X of (A) HB GQ-DNA and (B) AP GQ-DNA at specific time points (0 ns, 10 ns, 100 ns and 150 ns) to illustrate the

structural changes.

loops to rearrange. The mechanism underlying this transition
involves the destabilization of the hybrid structure’s loops.
As the loops collapse and the strands realign, the structure
becomes more compact and the grooves will narrow-up. Similar
results were reported earlier for GQ-DNA in the presence of
clinical drug sorafenib.”® These computational findings are
consistent with experimental observations. In contrast, the
RMSD plot of anti-parallel GQ-DNA upon surfen binding
(Fig. 9B) indicates that the DNA undergoes initial fluctuations
until 20 ns and thereafter remains stable through 150 ns,
indicating that the overall conformation of the anti-parallel
DNA remains consistent throughout the period.

3.9. Conformation of surfen

The central structural feature of surfen consists of two identical
quinoline units (Fig. 1). Each quinoline ring is a bicyclic
aromatic heterocycle containing a nitrogen atom in its struc-
ture. These rings are substituted with a methyl group at the
2-position and an amino group at the 4-position. The two
4-aminoquinoline moieties are linked through a urea bridge
at the 6-position, forming the characteristic bis-quinoline fra-
mework. This urea linkage plays a critical role in surfen’s ability
to bind its molecular targets. Here, MD simulation studies have
shown that the rotational flexibility around the urea bond
allows aminoquinoline rings to adopt multiple conformations,
thereby influencing surfen’s interaction with DNA.

The presence of the aromatic quinoline rings and the basic
amino groups makes surfen a cationic molecule, especially
when protonated. During the analysis of how surfen undergoes
conformational change upon binding with dsDNA, we observed
that surfen rotates (Fig. 10) to align its H-bond donating groups
such as -NH or -NH,, with H-bond acceptor groups of the DNA
minor groove of dsDNA (Fig. 10B). This alignment also helps in
optimizing the van der Waals and electrostatic interactions,
strengthening the overall binding affinity. In the previous
study, amines, and the urea linker region were shown to
play essential roles in the interaction of surfen with heparin
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Fig. 10 Conformation of surfen in free and DNA-bound forms: (A) free
surfen, (B) dsDNA-bound, (C) HB-bound and (D) AP-bound.

sulphate.®® In the case of dsDNA, surfen undergoes a confor-
mational change and takes a shape complementary to the size
of the groove. In fact, surfen’s molecular twist helps both
amidinium groups engage in hydrogen bonding with the base
pair edges at the floor of the groove, ensuring a snug fit and
optimal interaction (Fig. 7). In the AP-bound conformation
(Fig. 10D), surfen exhibits a higher degree of twist between its
quinoline rings compared to the HB-bound GQ-DNA (Fig. 10C).
Generally, the degree of twisting is determined by a complex
interplay of the ligand properties and the GQ-DNA’s dynamic
structural features. The antiparallel topology’s alternating
strand orientation often creates wider, more accessible grooves
compared to the more rigid parallel core of hybrid structures.””
Thus, it seems, that between AP and HB GQ-DNA, surfen
prefers binding in the less constrained groove regions of an
AP GQ-DNA so that it can experience more freedom to twist
than getting trapped in the tighter, more rigid stacked-tetrad
region of a HB GQ-DNA. Overall, in the case of dsDNA, a higher
number of interactions were observed between surfen and
dsDNA resulting in a stronger binding affinity compared to
its interactions with other DNA types.

Thus, MD simulations demonstrate that surfen preferentially
binds and stabilizes duplex DNA compared to G-quadruplex
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structures. The urea-linked bis-quinoline framework of surfen
allows conformational flexibility, enabling optimal alignhment
within the dsDNA groove to enhance H-bond, electrostatic and
van der Waals contacts. Notably, surfen induced a conforma-
tional switch in HB GQ-DNA, while AP GQ-DNA retained its
topology. It is true that 150 ns sampling may be insufficient
to fully capture all slow conformational transitions in DNA,
especially for complex G-quadruplex structures known to
undergo slow folding/unfolding dynamics on micro- to milli-
second timescales. In this context, longer simulations would be
beneficial for more definitive conclusions on rare transitions.
Nonetheless, our combined experimental and computational
data provide meaningful insights into surfen’s differential
effects on DNA topologies within the accessible timescale.

4. Conclusion

This study employed a combination of biophysical techniques
and computational methods to investigate the binding mode
and selectivity of surfen toward various DNA topologies, includ-
ing dsDNA, tDNA, and GQ-DNA. The results reveal that surfen
exhibits preferential binding to duplex DNA over both GQ-DNA
and tDNA. Notably, surfen shows high specificity for DNA
groove structures, particularly favoring the deeper and more
defined minor groove of duplex DNA. In contrast, its affinity for
GQ-DNA is significantly lower, likely due to the poorly defined
groove architecture characteristic of G-quadruplex structures.
For triplex DNA, the presence of a third strand induces struc-
tural perturbations that may reduce its stability and compat-
ibility with surfen binding. The selective recognition of duplex
DNA by surfen can be attributed to the unique structural
features of the minor groove in dsDNA, as well as the comple-
mentary shape and functional groups of surfen that facilitate
groove fitting and hydrogen bonding. These findings highlight
the importance of groove topology in small molecule-DNA
interactions and support the rational design of DNA-targeting
ligands that exploit structural complementarity for sequence-
and topology-specific recognition.
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