
Nucleic Acids Research , 2024, 52 , 10775–10787 
https://doi.org/10.1093/nar/gkae754 
Advance access publication date: 1 September 2024 
Chemical Biology and Nucleic Acid Chemistry 

Modulation of dynamic DNA G-quadruplex structures in 

the hTERT promoter region by ligands 

Deepak Karna 

1 , Lin Liang 

1 , Grinsun Sharma 

2 , Shankar Mandal 1 , Sefan Asamitsu 

3 , 

Yusuke Ka w amot o 

3 , Kaori Hashiy a 

3 , Toshikazu Bando 

3 , Hiroshi Sugiyama 

3 , 4 and Hanbin Mao 

1 , 2 , * 

1 Department of Chemistry and Biochemistry, Kent State University, Kent, OH 44242, USA 

2 School of Biomedical Science, Kent State University, Kent, OH 44242, USA 

3 Department of Chemistry, Graduate School of Science, Kyoto University, Sakyo, Kyoto 606-8502, Japan 
4 Institute for Integrated Cell–Material Science (iCeMS), Kyoto University, Sakyo, Kyoto 606-8501, Japan 
* To whom correspondence should be addressed. Tel: +1 330 672 9380; Fax: +1 330 672 3816; Email: hmao@kent.edu 

Abstract 

Small molecules can inhibit cellular processes such as replication and transcription by binding to the promoter regions that are prone to form G- 
quadruple x es. Ho w e v er, since G-quadruple x es e xist throughout the human genome, the G-quadruple x binders suffer from specificity issues. To 
tackle this problem, a G-quadruplex binder (Pyridostatin, or PDS) is conjugated with a ligand (Polyamide, or PA) that can specifically recognize DNA 

sequences flanking the G-quadruplex forming region. The binding mechanism of this hybrid ligand to the hTERT promoter region (hTERT 5–12) 
is then elucidated using optical tw eez ers. During mechanical unfolding processes, different intermediate str uct ures of hTERT 5–12 in presence 
of PDS, PA, or PA-PDS conjugate are observ ed. T hese intermediate str uct ures are consistent with tw o f olding patterns of G-quadruple x es in the 
hTERT 5–12 fragment. While the duplex DNA binder PA facilitates the folding of a hairpin-G-quadr uplex str uct ure, the PDS assists the formation 
of t wo t andem G-quadruple x es. B oth replication stop assa y in vitro and dual luciferase assay in vivo established the effectiveness of the PA-PDS 

conjugate for hTERT 5–12 t argeting . We expect such a ligand dependent folding dynamics will provide guidelines to the development of drugs 
that not only target hTER T e xpressions, but also other oncogenes via interactions with specific G-quadr uplex str uct ures formed in their promotor 
regions. 
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uanine rich sequences of DNA tend to fold into a four-
tranded structure called G-quadruplex (GQ), which consists
f a stack of quadrilateral G-quartet planes held by Hoog-
teen hydrogen bonding among four guanine residues. Such
Qs are prominently found in telomeric regions as well as in
romoter regions of genes ( 1–4 ) important for initiating tran-
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scription. Although cellular transcription is a well-controlled
process modulated by promoters, any irregularities during
the event can cause biological abnormalities such as cancer.
In majority of cancer cells, the abnormal overexpression of
TERT gene is observed to be responsible for the production
of human telomerase ( 5 ,6 ). Human telomerase adds telom-
eric DNA repeats (5 

′ -TTAGGG) to the end of chromosome,
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923.450 and found 923.604. 
maintaining the length of telomere which leads to immor-
tality of cancer cells. GQs are found to obstruct the repli-
cation and transcription of oncogenes. Given the complex-
ity of human telomerase reverse transcriptase ( hTERT ) and
many other promoter regions that involve GQ formation ( c-
MYC , c-KIT , KRAS , VGEF , BCL-2 , PDGF- β etc.) ( 7 ), it is
urgent to understand those complicated folding patterns in or-
der to provide insights for more effective interventions of gene
regulation through G-quadruplexes. Among several strategies
to control gene regulations ( 8–11 ), one of the most studied
method is usage of small molecule binders. Small molecules
bound to GQs can provide additional mechanical stability,
thereby inhibiting the expression of oncogenes by motor pro-
teins such as DNA / RNA polymerases. However, most GQ lig-
ands use generic binding mechanisms such as pi-pi stacking
and electrostatic attractions to bind to G-quadruplex, caus-
ing a specificity problem. Given that approximately 716310
potential GQ forming sequences exist in human genome ( 12 ),
the specificity problem is expected to be prevalent in the GQ
targeting approach to fight cancers. 

Previous studies have shown that pyrrole-imidazole based
polyamide (PA) can bind to duplex DNA with a specific se-
quence ( 13 ). An antiparallel arrangement of imidazole and
pyrrole can recognize G-C base pair while pyrrole-pyrrole ar-
rangement binds to A-T or T-A base pair ( 14 ). Given that GQ
forming sequence in promoter is flanked by duplex DNA seg-
ments, we reasoned that a particular promoter GQ can be
recognized by specific targeting of nearby duplex DNA seg-
ments. Since pyridostatin (PDS) ( 15 ) is a well-known ligand
with high affinity binding to GQs, we attached a PA moiety to
the PDS to generate a new chimera ligand PA-PDS. Here, the
PA-PDS conjugated by click-chemistry is designed to target
the hTERT promoter region (hTERT 5–12). The hTERT 5–
12 ( −90 to −46) core promoter region contains eight tracts of
guanine rich repeats. Several interchangeable secondary struc-
tures have been reported at this promoter site ( 16–19 ). Given
these dynamic and complex structures, small molecule ligands
are expected to be developed to specifically target this region
for potential cancer treatment ( 20 ,21 ). In one model, a loop
with a hairpin conformation exists in a GQ structure. A PA
sequence is therefore designed to specifically bind to the du-
plex DNA tract inside this loop. By using this PA-PDS com-
pound, we investigated the binding mechanism of the ligand
to the hTERT 5–12 region using mechanical unfolding in op-
tical tweezers. Although other methods such as DMS foot-
printing and DNase footprinting can provide a basic under-
standing of folding patterns in secondary and tertiary biologi-
cal structures, the sensitivity of these methods makes it rather
challenging to differentiate origins of pattern change in a mix-
ture of DNA species with dynamic DNA structures ( 22 ). On
the contrary, optical tweezers with the spatial resolution of
1 nm, force resolution of 0.1 pN, and temporal resolution
of milliseconds ( 23 ) provide a much reliable in-situ setup for
identifying interchangeable secondary and tertiary structures
of DNA. After we analyzed unfolding pathways of structures
formed in this region with and without PA-PDS conjugate,
or its individual component (PA or PDS), we found different
G-quadruplex structures in the hTERT 5–12 fragment can in-
terconvert into each other. In particular, the PA moiety facili-
tates the formation of a complex G-quadruplex that contains
a PA-recognizing loop whereas the PDS alone promotes the
formation of tandem G-quadruplexes. Since the hTERT ex-
pression is modulated by particular GQ structures formed in
this region ( 24 ), our results suggest that conjugates of a GQ- 
ligand and a dsDNA binder may serve as a new class of drugs 
that provide better synergistic specificity to target a promoter 
region involving both GQ and dsDNA. Polymerase stop as- 
say and dual luciferase assay provided necessary insights on 

the effectiveness of the conjugate ligand PA-PDS over its stan- 
dalone ligands PA or PDS. 

Materials and methods 

Materials 

All the DNA oligonucleotides used for the experiments were 
purchased from IDT (Integrated DNA technologies, IA) and 

enzymes were purchased from NEB (New England Biolabs,
England). Both the streptavidin-coated polystyrene beads 
(1.76 μm) and anti-digoxigenin antibody-coated polystyrene 
beads (2.32 μm) were obtained from Spherotech (Lake For- 
est, IL). All other chemicals and reagents were purchased from 

Sigma Aldrich or Fisher Scientific, unless otherwise stated, and 

were used without further purification. Bacterial plasmid for 
dual luciferase assay was obtained from Addgene. 

Preparation of DNA constructs 

All the DNA oligonucleotide sequences used in the study are 
listed in Supplementary Table S1 . The general protocol for the 
preparation of DNA constructs is shown in Supplementary 
Figure S1 and respective agarose gel electrophoresis image in 

Supplementary Figure S2 . The DNA of interest (hTERT 5–12) 
was flanked with 30-nt ssDNA sequence on 5 

′ end and 26-nt 
ssDNA sequence on 3 

′ end that had a sequence complementar- 
ity to hTERT 3 and hTERT 4 HF oligos respectively. This se- 
quence was phosphorylated at 5 

′ end using T4 Polynucleotide 
Kinase and then annealed to hTERT 3 and phosphorylated 

hTERT 4 HF oligonucleotides. The annealing was carried out 
by heating at 95 

◦C for 5 min and then cooled to room temper- 
ature in ∼2 h with a temperature ramping rate of 1 

◦C / min.
Finally, the annealed construct was ligated with 1558 bp and 

2391 bp dsDNA handle by T4 DNA ligase at 16 

◦C for 16 h.
The 1558 bp handle was priorly labelled with biotin on its 5 

′ 

end by PCR, while 2391 bp handle was labelled with digoxi- 
genin in its 3 

′ end by terminal transferase and dig-dUTP. The 
agarose gel image ( Supplementary Figure S2 ) represents the 
successfully prepared construct. 

Synthesis of PA and PA-PDS conjugate ligands 

PA. A pyrrole-imidazole polyamide (PA) was synthesized, pu- 
rified, and analyzed, as previously described ( 9 ). In brief,
the PA chain was synthesized from a Fmoc-protected N - 
methylpyrrole-oxime resin using Fmoc-solid phase synthe- 
sis with a PSSM-8 computer-assisted operation system (Shi- 
madzu) on a 0.02–0.04 mmol scale. The resulting resin was 
cleaved with N ,N -dimethyl-1,3-propandiamine for 3 h at 
45 

◦C, and then the reaction mixture was directly poured into 

diethyl ether to be precipitated. The obtained precipitates were 
treated with 20% TFA in dichloromethane for 30 min at room 

temperature to deprotect the Boc group at the a-position of g- 
aminobutyric acid moiety and then purified by reverse-phase 
HPLC to give PA. Analytical HPLC: t R 

= 12.6 minutes (0–
75% MeCN / 0.1% TFA over 30 minutes, detected at 254 nm).
MALDI-TOF-MS m / z calcd for C 42 H 55 N 18 O 7 

+ [ M + H] + 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
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PA-PDS. The main chain of PA was built using an Fmoc-
olid phase synthesis as mentioned above. On the resin, the
oc group at the a-position of g-aminobutyric acid moi-
ty was deprotected with 20% TFA in dichloromethane for
0 minutes at room temperature, then three iterative re-
ctions using {2-[2-(Fmoc-amino)ethoxy]ethoxy}acetic acid
ere performed to incorporate a linker motif. After the

esin was cleaved with N ,N -dimethyl-1,3-propandiamine for
 hours at 45 

◦C, the linker -containing P A was precipitated
ith diethyl ether. The subsequent coupling reactions of
A and azide-modified PDS were performed according to
ur previous literature ( 25 ). In brief, the precipitates were
issolved in dry DMF and DIEA. Dibenzocyclooctyne- N -
ydroxysuccinimidyl ester was added to the mixture, then
he reaction mixture was stirred for 3 h at room tempera-
ure. After the evaporation, azide-modified PDS was added
o the solution of the crude compounds in DMSO, then
tirred overnight at room temperature. The crude compounds
ere purified by reverse-phase HPLC to give PA-PDS. An-
lytical HPLC: t R 

= 16.0 min (0–75% MeCN / 0.1% TFA
ver 30 min, detected at 254 nm). MALDI-TOF-MS m / z
alcd for C 110 H 131 N 32 O 23 

+ [ M + H] + 2268.006 and found
268.083. 

ingle molecule experiments 

he instrument setup for optical tweezers used for the single
olecule experiments has been reported elsewhere ( 26 ). To

tart single-molecule experiments, as-synthesized DNA con-
tructs (see Supplementary Figure S1 ) with end labeled bi-
tin and digoxigenin were incubated with streptavidin coated
olystyrene beads (1.76 μm diameter) for 15 min to allow the
NA molecules to bind to the bead surface via the biotin-

treptavidin linkage. In a three-channel microfluidic chamber,
he streptavidin coated bead carrying DNA molecules (dis-
olved in 10 mM Tris and 100 mM KCl, pH 7.4) was in-
ected into top channel while anti-Dig coated beads (2.32
m diameter, dissolved in 10 mM Tris and 100 mM KCl,
H 7.4) were injected to bottom channel. These two chan-
els were connected to middle reaction channel via capillary
ubes (King Precision Glass, Inc., PO MC 7701, inner diame-
er 0.025 ± 0.010 mm). These two types of beads were sepa-
ately trapped by two laser foci in the middle reaction channel.
wo beads were then moved closer such that DNA molecule
ets tethered between beads via anti-Dig / digoxigenin link-
ge and biotin / streptavidin linkage. Next, a force of load-
ng rate ∼5.5 pN / s (at 10–30 pN range) was applied such
hat the DNA construct was unfolded during the exten-
ion. After reaching a specific force, the force was relaxed
o zero at the same loading rate to allow the structure to
efold before subsequent pulling. The single tether was con-
rmed by a single breakage event or plateau at ∼65 pN for
he tethered DNA construct ( 27 ). All data were recorded
n Labview 

TM (National Instruments, Austin, TX) and an-
lyzed using Matlab™ and Igor™ programs. The rupture
orce was measured directly from the force–extension ( F –
 ) curves, whereas the change in contour length ( �L ) was

alculated from the two data points flanking the rupture
vent using the worm like chain (WLC) model given by
quation ( 1 ). 

�x 

�L 

= 1 − 1 

2 

(
k B T 

F P 

)1 / 2 

+ 

(
F 
S 

)
(1)
where �x is the change in end-to-end distance at the particular
force F , k B is the Boltzmann constant, T is absolute tempera-
ture, P is the persistent length (51.95 nm ( 28 ,29 )), and S is the
elastic stretch modulus (1226 pN ( 28 ,29 )). 

Polymerase stop assay 

The DNA polymerase stop assay was performed according to
previously established protocol ( 25 ). In brief, we synthesized
a DNA template in which the hTERT 5–12 DNA (see Figure
1 for sequence) was placed upstream to a random DNA se-
quence (5 

′ -TTA GCCA GCAA GA CGTA GCCCA GCGCGTC-
3 

′ ) capable of hybridizing to a 5 

′ -Cy3 labelled primer (5 

′ -Cy3-
GA CGCGCTGGGCTA CGTC-3 

′ ). A reaction mixture con-
taining the DNA template (2.5 pmol), BSA (1 ×), KCl (30
mM) and ligands (12.5 pmoles) was incubated in a phi29
DNA polymerase buffer (1 ×) at room temperature (25 

◦C) for
30 min to form G-quadruplex–ligand complex. Primer exten-
sion was performed by adding 2 U of phi29 DNA polymerase
enzyme along with 1 mM dNTPs at 30 

◦C for 1.5 h. Two sep-
arate reaction mixtures: one without phi29 DNA polymerase
and the other without KCl were also prepared as control reac-
tions. Finally, the enzymatic reaction was stopped by addition
of 8 μl of alkaline loading buffer (Formamide 95% and 10
mM NaOH), heated at 95 

◦C for 10 min, and cooled on ice for
5 min. The reaction mixture was then concentrated to ∼10 μl
before loading into 16% denatured PAGE and run for 2 h at
65W. The gel image was recorded using Typhoon FLA 9500
(GE Healthcare, Cleveland, OH, USA) and quantified using
ImageJ software ( https:// imagej.nih.gov/ ij/ ). Dideoxy sequenc-
ing reactions were carried out with the same DNA template
(2.5 pmol), dNTPs (1 mM) and ddNTPs (200 mM) to provide
a sequencing ladder for assignment of the DNA polymerase
arrest sites by adding 2.5U Taq DNA polymerase at 37 

◦C for
45 min. 

Dual luciferase assay 

A dual luciferase assay was performed to evaluate the in cel-
lulo efficacy of respective ligands (PA, PDS and PA-PDS con-
jugate) on hTERT 5–12 DNA using a simple gene expres-
sion system. For this assay, dual luciferase vector pC-KIT1
(Plasmid #118983, Addgene) was purchased and cloned with
hTERT 5–12 DNA. First, pC-KIT1 vector was digested by
the restriction enzymes NheI and BglII (NEB). Next, hTERT
5–12 duplex DNA was ligated into the pC-KIT1 vector by
T4 DNA ligase (NEB). Finally, correct clones were established
by digestion pattern with EcoRI-HF (NEB) in agarose gel elec-
trophoresis, followed by confirmation from DNA sequencing
(University of Maine, Orono). 

For dual luciferase assay, HEK293T cells (ATCC CRL-
3216™) were maintained in DMEM supplemented with 10%
FBS (Gibco) at 37 

◦C and 5% CO 2 . The cultured cells were
then seeded at a density of 4 × 10 

4 cells / well in a 96-well
plate (Corning® 96-well Clear Flat Bottom-3598) and co-
transfected with hTERT cloned vector (200 ng / well) along
with 5 μM ligands (PA, PDS, or PA-PDS), using the Gen-
Jet™ Plus transfection reagent (SignaGen Laboratories). Af-
ter 24 h of transfection, the level of expression of the dual lu-
ciferase reporter genes was measured following the manufac-
turer’s protocol of Pierce™ Renilla-Firefly Luciferase Dual As-
say Kit (ThermoFisher Scientific-16185) in a bioluminescence
detector (FLx800™ Fluorescence Microplate Reader, BioTek
Instruments). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
https://imagej.nih.gov/ij/
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Figure 1. ( A ) Optical-tw eez ers setup to in v estigate G-quadruple x f olding patterns in presence of ligands P A, PDS, and P A-PDS. T he hTER T 5–12 
containing DNA fragment (sequence shown on the top) was tethered between two dsDNA handles, which are separately labelled with biotin and 
digoxigenin on their ends. Biotin links to the streptavidin-coated beads and digoxigenin is tethered to the digoxigenin-antibody-coated bead. Both beads 
are separately trapped by two laser foci. ( B ) Representative stretching (colored) and relaxing (black) F-X curves showing four, three, and two unfolding 
features depicted by arrowheads in different molecules without any ligand in a 10 mM Tris buffer (pH 7.4) with 100 mM KCl at 23 ◦C. 

 

 

 

 

 

 

instrument. 
Results and discussion 

Preparation of ligands and DNA constructs. 

To investigate the G-quadruplex structures formed in the
hTERT promoter region (from the position −90 to −46, des-
ignated as hTERT 5 −12), a DNA fragment, 5 

′ -GGG GGC
TGG GCC GGG GAC CCG GGA GGG GTC GGG ACG
GGG CGG GG-3 

′ , was sandwiched between two dsDNA han-
dles with 1558- and 2391-bp in length (see Supplementary 
Figures S1 and S2 for details). The whole construct was then
tethered between two beads: one bead coated with strep- 
tavidin that could complex with the biotin-labeled 1558 

bp DNA handle while the other bead coated with anti- 
digoxigenin would form a linkage with the digoxigenin la- 
belled 2391 bp DNA handle (Figure 1 A). These two beads 
were then trapped using two laser foci and pulled apart to 

record the force in the DNA tether and the change in exten- 
sion between two optically trapped beads in a laser-tweezers 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
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From previous studies ( 17 ,30 ), it was found that the folded
tructure in the hTERT 5–12 contains a G-quadruplex with
 long hairpin loop. However, recent study provides another
nsight indicating that the core promoter of hTERT folds
nto tandem G-quadruplexes ( 19 ). To probe the exact fold-
ng mechanism of hTERT, we designed three ligands that bind
o specific structural elements. First, a PA ( 13 ) was designed
o specifically bind to the hairpin stem. Next, a PDS ( 15 ) was
sed to bind to a terminal G-quartet in a G-quadruplex struc-
ure. Lastly, a conjugate of PA and PDS was prepared to bind
he whole hairpin-GQ structure. Individual structures of each
igand are shown in the lower panel of Figure 1 A. 

PA was synthesized using an Fmoc solid-phase synthesis, as
reviously described ( 9 ). For the synthesis of the PA-PDS con-

ugate, three consecutive linkers were iteratively incorporated
nto PA on a resin. After the cleavage from the resin, the re-
ultant linker -containing P A compounds were modified with
n azadibenzocyclooctyne unit, which was used for the subse-
uent coupling with azide-modified PDS via strain-promoted
zide–alkyne cycloaddition ( 31 ). The final products of PA and
A-PDS were purified by HPLC and analyzed by mass spec-
rometry (see Supplementary Figure S3 and S4 ). 

nfolding of hTERT 5–12 structures follows either 
equential or cooperative pathways 

e investigated the unfolding patterns of structures formed in
he hTERT 5–12 fragment using the optical tweezers shown in
igure 1 A. During the unfolding experiment performed in a 10
M Tris (pH 7.4) buffer with 100 mM KCl at 23 

◦C, the force
as increased with a load rate of 5.5 pN / s (in the range of 10–
0 pN). The force-extension (F-X) curves obtained (Figure 1 B)
howed multiple unfolding features. When we repeated exper-
ment in the same buffer with 100 mM LiCl, unfolding fea-
ures disappeared, which was consistent with previous finding
 17 ) that G-quadruplexes have been formed in this fragment
ince Li + is known not to facilitate GQ formation ( 32 ,33 ).
s each F –X curve contains a distinct pattern of these un-

olding features, it is likely that different unfolding pathways
xist. To interrogate these unfolding pathways, we analyzed
he F –X curves obtained from fully folded structures, which
ere revealed from the maximum change-in-contour-length

 �L) value obtained during mechanical unfolding processes
 �L = 15.8 nm for fully folded to fully unfolded states, see
upplementary Information for details). Since multiple fea-
ured traces with as small as 3 nm could be formed and not
ell differentiated in the regular F –X curves, we transposed

hose traces into �L versus F plots ( 34 ) for a better resolu-
ion. To make a fair comparison on the unfolding size ( �L ) of
ach intermediate without interference from the baseline drift
n the force ramping procedure, we converted F –X curves to
L versus F plots (Figure 2 , see Supplementary Information

or details ( 17 )). These �L versus F plots allowed us to identify
everal intermediates involved in each of the unfolding path-
ays (Figure 2 ). Each step in Figure 2 corresponds to a feature
btained in traces such as those shown in Figure 1 B. In the un-
olding of the hairpin-GQ structure, these intermediates may
nvolve partial unfolding of the G-quadruplex (stabilized by a
-duplex ( 18 )), the intact hairpin loop (25-nt), and the 15-nt
airpin in the loop ( 17 )). In the unfolding of the two tandem
Qs, three intermediates may consist of a GQ with a G-triplex

 35 ), a GQ and a G-triplex. Close inspection on these �L ver-
us F plots revealed that unfolding’s of hTERT GQ structures
follow either cooperative (brown) or sequential (other colors)
pathways, which is consistent with previous reports ( 17 ). 

When we compared the pattern of unfolding pathways for
the structures formed in the hTERT 5–12 fragment without
(control) and with 500 nM PA, PDS or PA-PDS, we found
that the unfolding patterns in presence of PDS are more simi-
lar to the control whereas those in presence of PA or PA-PDS
deviate more from the control. We used 500 nM PA in our
study, which is much higher than the K d ( ∼35 nM) of the
binding between a similar PA and a 6-bp DNA sequence ( 25 ),
ensuring a complete binding of PA to the specific dsDNA se-
quence. When we performed force ramping experiments on
a random DNA hairpin flanked by the same dsDNA handles
(see Supplementary Figure S5 ), we did not observe much noise
in the force extension curves. This observation was in contrast
to the notable noise manifested at higher PA concentration (5
μM), suggesting negligible PA binding to the dsDNA handles
at 500 nM PA. The percentage abundance analysis of path-
ways in Figure 2 revealed that seven out of eight pathways
(red, cyan, green, purple, grey, orange and dark blue) followed
the same ranking order between the control and PDS, whereas
the ranking orders were significantly deviated when the con-
trol was compared to P A or P A-PDS. Hierarchical cluster anal-
ysis (HCA) ( 36 ) confirmed the similarity in the unfolding path-
way patterns: PDS and the control shared similar unfolding
pathways whereas PA deviated from the unfolding patterns
of PDS (Figure 3 , see Supplementary Information for detailed
statistical analysis of HCA). Finally, PA-PDS showed an un-
folding pathway pattern that is different from either PA or
PDS. 

In presence of 500 nM PA, since the polyamide is expected
to bind to the duplex hairpin stem formed in one of the loops
in the GQ-hairpin structure ( 25 ) (Figure 4 A), we argued that
such a structure should be facilitated when PA binds. On the
other hand, since PDS is a GQ binder, it will promote the for-
mation of maximal number of GQs. We therefore reasoned
that two tandem GQs are more likely formed in presence of
PDS (Figure 4 A). Given that the control shares a similar un-
folding pattern as the PDS (see HCA dendrogram in Figure 3 ),
the tandemly formed GQs likely exist when there is no ligand.
However, as PA-PDS contains both PA and PDS components,
the unfolding pathway pattern might show a mixed unfolding
patterns corresponding to individual ligands. 

Further evidence for the assignment of unfolding path-
ways in presence of different ligands comes from un-
folding experiments using truncated DNA sequences.
Three truncated hTERT 5–12 DNA fragments were
used (Figure 4 B), which include a 15-nt short hairpin
(5 

′ GA CCCGGGA GGGGTC), a 24-nt 5 

′ G-quadruplex
(5 

′ GGGGGCTGGGCCGGGGACCCGGGA), and a 20-nt
3 

′ G-quadruplex (5 

′ GGGGTCGGGACGGGGCGGGG).
CD spectra showed two distinct peaks at ∼260 nm and
∼290 nm, characteristic features of G-quadruplexes (see
Supplementary Figure S6 ) ( 37 ). After mechanical unfolding
experiments, the rupture forces for each of those truncated
structures without (control) and with ligands (500 nM each
of PA, PDS or PA-PDS in Tris-KCl buffer with 100 mM KCl
at pH 7.4 at 23 

◦C) were recorded and presented in force
histograms (Figure 4 B). The change-in-contour-length ( �L )
histograms are presented in Supplementary Figure S7 . 

In presence of the PDS, the force histogram of the 15-nt
short hairpin showed one peak with an average force of 16
pN, which was similar to that of control ( ∼15 pN) without

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data


10780 Nucleic Acids Research , 2024, Vol. 52, No. 18 

0

5

10

15

20

Δ
L

(n
m

)

PDS

10
.2

(%
)

20
.3

(%
)

15
.3

(%
)

23
.7

(%
)

5.
1(

%
)

10
.2

(%
)

5.
1(

%
)

10
.2

(%
)

0

5

10

15

20

Δ
L

(n
m

)

37
.3

(%
)

11
.8

(%
)

3.
9(

%
)

11
.8

(%
)

Control

7.
9(

%
)

9.
8(

%
)

11
.8

(%
)

5.
9(

%
)

0

5

10

15

20

Δ
L

(n
m

)

PA

9.
9(

%
)

13
.5

(%
)

12
.8

(%
)

19
.9

(%
)

3.
5(

%
)

14
.2

(%
)

7.
1(

%
)

19
.1

(%
)

0

5

10

15

20

Δ
L

(n
m

)

PA-PDS

12
.6

(%
)

18
.4

(%
)

6.
9(

%
)

20
.7

(%
)

10
.7

(%
)

18
.4

(%
)

6.
9(

%
)

20
ΔL (nm)

15

10

5

0

5.
7(

%
)

A

B
C

D

E

A

B
C

D

E

A

B
C

D

E

A

B
C

D

E

A

B
C

D

E

Figure 2. R epresentativ e traces of unf olding pathw a y s (upper panel). T he middle and lo w er panels represent percent age probabilit y of different 
pathw a y s without and with ligands. 

CONTROL
0

0.5

1.0

1.5

2.0

2.5

3.0

D
is

ta
nc

e 
(A

U
)

PDS PA PA-PDS

Figure 3. Dendrogram obtained from Hierarchical Cluster Analysis shows the similarity among unfolding patterns of hTERT 5–12 without and with PA, 
PDS or PA-PDS ligands. 

 

 

 

 

 

 

 

 

 

 

 

 

 

ligand. However, a higher force population ( ∼41 pN) was ob-
tained when the structure was unfolded in presence of PA. This
population disappeared when PDS was present. All these re-
sults suggest that the 15-nt hairpin contains the binding site
for PA but not for PDS. A similar two-peak ( ∼16 and 39 pN)
force histogram was obtained with PA-PDS, confirming the
binding of the ligand via the PA moiety. High-force popula-
tion in PA and PA-PDS strongly suggested that the binding site
of PA is at the neck region of the hairpin where the transition
state is located for hairpin unfolding ( 38 ). 

Next, we evaluated the ligand binding on the 5 

′ - (24-nt) or
3 

′ - (20-nt) end GQ forming fragment (Figure 4 B). We found
that higher force populations were present when there was
500 nM each of PDS ( ∼38 pN) or PA-PDS ( ∼40 pN) in buffer.
In contrast, PA and the control shared similar unfolding force 
histograms without high-force populations. This implied that 
PDS indeed binds to either 5 

′ - or 3 

′ - end GQ in the hTERT 

5–12 region. From these sets of experiments, we confirmed 

that specific binding sites in truncated hTERT sequences may 
associate with the corresponding DNA binding ligands to in- 
fluence the folding of different structures. 

Unfolding pathways of hTERT 5–12 structures in 

the presence of different ligands. 

With the structures clarified in presence of ligands, we pro- 
ceeded to investigate the effects of ligands on each unfold- 
ing step. Based on the above results, we formulated that the 
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A

B

Figure 4. ( A ) Two hTERT str uct ure models marked with binding sites for individual ligands. Truncated sequences (15-nt short hairpin, 24-nt 5 ′ 

G-quadruplex, and 20-nt 3 ′ G-quadruplex) are denoted along the hTERT 5–12 sequence. ( B ) Unfolding force histograms for each truncated structure 
without and with ligands. Experiments were performed in presence of 500 nM of PA, PDS, or PA-PDS in a 10 mM Tris–100 mM KCl buffer at pH 7.4 at 23 
◦C. F represents force. N depicts the number of features. 



10782 Nucleic Acids Research , 2024, Vol. 52, No. 18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

unfolding of hTERT 5–12 structures follows four stepwise un-
folding transitions via three intermediates. However, specific
unfolding transitions could be from different folded hTERT
5–12 structures dependent on ligands. For example, unfold-
ing pattern can be represented by Pathway 1 starting from
the two tandem G-quadruplexes (Figure 5 ). Depending upon
ligands, this Pathway 1 can be further divided into Branch
1 or Branch 2 depicted in Figure 5 top and bottom pan-
els, respectively. Branch 1 consists of 3 intermediates: an in-
tact G-quadruplex with G-triplex, two G-triplexes, and a G-
triplex with a fully unfolded G-quadruplex. On the other
hand, Branch 2 has another set of intermediates: an intact
G-quadruplex with G-triplex, an intact G-quadruplex with a
fully unfolded G-quadruplex, and a G-triplex with a fully un-
folded G-quadruplex. Although these are likely pathways, we
do not rule out the presence of other possible models. In an-
other example, in the unfolding pathway 2 (Figure 6 ), a fully
folded 42-nt structure is unfolded en route to the intermedi-
ates of a 32-nt structure (a 25-nt hairpin with a G-triplex), a
25-nt hairpin structure, and a 15-nt hairpin structure. 

During each sequential mechanical unfolding step with and
without ligands, we obtained unfolding force histograms (Fig-
ures 5 & 6 ). Overall, as the unfolding progresses from steps I
to IV, there is an increment in the magnitude of the unfolding
force due to the sequential unfolding nature. In the control
experiment without any ligands (Figure 5 ), we observed a sin-
gle force population concentrated at ∼21, 27, 37 and 51 pN
for the transitions I, II, III and IV respectively. However, the
unfolding force patterns altered in the presence of PDS. Since
the PDS concentration used for the experiment (500 nM) was
close to its K d ( 39 ), we expect only one of the G-quadruplexes
to be bound with the PDS ligand. In transition I, PDS showed
a low force population centered at ∼19 pN, which is similar
to that of the control (i.e. free G-quadruplex, ∼21 pN). The
same transition also showed a high force population of 44
pN, likely due to binding of the PDS ligand to one of the G-
quadruplex structures, increasing the mechanical stability. The
transition II had a low-force unfolding population (centered at
∼20 pN) corresponding to a free G-Quadruplex without any
bound PDS and a high-force population ( ∼37 pN) that may
be ascribed to the unfolding of a PDS-bound G-triplex. In the
transition III, the low-force population of ∼27 pN may be due
to partial unfolding of a ligand-free G-Quadruplex while the
high-force population of ∼37 pN could come from partial un-
folding of the PDS bound G-Quadruplex. Finally, the transi-
tion IV revealed a force population centered at ∼53 pN, which
can be ascribed to the transition to fully unfold structures. As
this transition follows previous steps, it has the highest follow-
through force. This feature prevents us from distinguishing
PDS bound and unbound G-Quadruplexes by comparing the
magnitude of the unfolding force only. 

In presence of 500 nM PA, we obtained rather different his-
tograms (Figure 6 , upper panel) than that with PDS (Figure 5 ),
suggesting that binding of the ligand may result in different
folding patterns of hTERT 5–12 structures, which is consis-
tent with what found in HCA in Figure 4 . Here, we observed
single force population ( ∼22 pN) in the transition I, which
may correspond to the partial unfolding of G-Quadruplex to
G-triplex. In the transition II, the G-triplex was unfolded, giv-
ing rise to a 38-nt hairpin with the unfolding force centered at
∼35 pN. The subsequent transition III showed the partial un-
folding of the hairpin with force peak at ∼37 pN. Finally, the
PA bound terminal hairpin was fully unfolded in transition IV 

with an unfolding force at ∼52 pN. Although PA has a binding 
site at the terminal end of the hairpin as shown in the path- 
way 1 in Figure 5 , the unfolding event corresponding to that 
binding resulted in a force much higher than expected due to 

the tension accumulated in the template during the preceding 
transitions I–III (i.e. the follow-through force). Therefore, no 

distinction in the unfolding force of the transition IV can be 
observed among PA-bound and free hairpins. 

Finally, force histograms were constructed for the unfold- 
ing of the hTERT 5–12 fragment in presence of 500 nM PA- 
PDS (Figure 6 , lower panel). Here, the transition I gave a 
low-force population ( ∼20 pN) that is attributed to the un- 
folding of ligand free structures and a high-force population 

( ∼41 pN) that is ascribed to the unfolding of a ligand bound 

hTERT 5–12 structure. The ∼30% high-force population in 

PA-PDS indicates that the ligand binds more strongly than the 
PDS ( ∼14% high-force population), likely due to the cooper- 
ative binding modes between PDS and PA. The transition II 
also contained two populations of ∼23 and ∼38 pN. The 38 

pN population could be due to the PA-PDS binding to the 
G-quadruplex via the PDS moiety. Likewise, in the two un- 
folding forces observed the transition III ( ∼24 and ∼41 pN),
the high force population could be ascribed to the PDS bind- 
ing of the G-quadruplex in the structure. Finally, the tran- 
sition IV contained the full unfolding of the structure ( ∼49 

pN). The transition patterns observed during unfolding of the 
hTERT structures indicated that in presence of PA-PDS, the 
hTERT 5–12 sequence can adopt either of those two folding 
structures and the pathways can be a combination of both 

Pathways 1 and 2. All the change-in-contour-length ( �L ) his- 
tograms in presence and absence of ligands are presented in 

Supplementary Figure S8 . The theoretical change-in-contour- 
lengths are enlisted in Supplementary Table S2 . 

One of the notable things is the difference in the unfold- 
ing behavior between truncated sequences (Figure 4 ) which 

is a single step unfolding and the hTERT 5–12 sequence 
(Figures 5 and 6 ) which is multi-step unfolding. Such a sig- 
nificant multi-step unfolding in hTERT 5–12 sequence can 

be accredited to the interaction of various intermediates,
such as G-triplexes, to the G-rich sequences in the rest of 
the longer hTERT 5–12 fragment, which may stabilize these 
intermediates ( 40 ). 

Polymerase stop assay exhibits synergistic binding 

of PA-PDS onto hTERT 5-12 structures. 

To demonstrate an increased specificity of the conjugated lig- 
and PA-PDS, we next performed the polymerase stop assays.
We first designed a DNA sequence containing a primer bind- 
ing site downstream to the hTERT 5–12 sequence (Figure 7 A).
Next, we annealed a primer DNA modified with 5 

′ -Cy3 such 

that the highly processive phi29 DNA polymerase extended 

the primer against the hTERT 5–12 template strand when 

dNTPs were provided. The extension stoppage patterns were 
confirmed without and with 30 mM KCl (Figure 7 B; lanes 2 

and 3). With KCl, GQ formed in the template, which could 

pause the primer extension by the polymerase ( 25 ). The resul- 
tant pause bands matched with this GQ formation. The repli- 
cation stop bands in presence of PDS and PA (Lanes 4 and 5,
respectively) showed a significant difference, which signified 

different binding modes of these ligands. PDS enriched pause 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
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Figure 5. Unfolding force histograms recorded during the sequential unfolding of the hTERT 5–12 fragment without (control) and with 500 nM PDS in a 
Tris–KCl buffer (pH 7.4) at 23 ◦C. Each unfolding branch of the Pathw a y 1 is depicted by schematics below each panel. GQ and GT depict G-quadruplex 
and G-triplex, respectively. F represents force while yellow star represents PDS ligand. N depicts the number of features. 

Figure 6. Unfolding force histograms recorded during the sequential unfolding of the hTERT 5–12 fragment with 500 nM PA or PA-PDS in a Tris–KCl 
buffer (pH 7.4) at 23 ◦C. The schematics of the unfolding Pathway 2 of the hTERT 5–12 str uct ures is shown below the top panel. Unfolding pathway in 
presence of PA-PDS is a combination of Pathw a y 1 (shown in Figure 5 ) and Pathw a y 2. GQ, GT and HP depict G-quadruplex, G-triplex and Hairpin, 
respectively. F represents force while yellow star represents PA ligand. N represents the number of features. 
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A B

C

Figure 7. Polymerase stop assay with and without ligands. ( A ) Schematic design of the hTERT 5–12 templating strand and Cy3-labeled primer. The 
5 ′ -Cy3 labeled primer (shown in red) was annealed at the 3 ′ end (shown in purple) of the hTERT 5–12 sequence. ( B ) Denaturing PAGE gel analysis of the 
products from the polymerase stop assay under different conditions labeled on top. Lanes 7 and 8 represent products from A and G dideoxy 
sequencing, respectively (see Supplementary Figure S9 for detailed analyses). Black arrows on the left indicate positions of the full bands, pause bands 
and free primer, while red arrows indicate specific positions of the extended product in the pause bands. ( C ) Violin plots representing the intensity ratio 
of the paused to full bands in absence and presence of ligands (lanes 3 to 6 from Figure 7 B). Single, double, and triple asterisks indicate significant 
differences at P < 0.1 ( > 90% CL), P < 0.05 ( > 95% CL) and P < 0.01 ( > 99% CL) by paired t -test, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tures inside cells. 
bands at the AA site (marked with the red arrows in Figure 7 B;
see the complementary TT site in the template strand marked
by the red box in Figure 7 A) in front of the G-quartet. Such
an observation is consistent with the binding of the PDS to
the external G-quartet facing the AA site. In presence of PA,
the pause bands were reduced (Figure 7 B, lane 5), reflecting
its decreased capability to promote GQ formation. However,
since it is designed to bind the hairpin formed in one of the GQ
loops, it still promoted the GQ formation as the hairpin served
as the nucleation for the hTERT GQ formation ( 17 ). When
PA-PDS bound to the hTERT fragment (lane 6), it brought
a synergistic effect of both PDS and PA, leading to strongest
pause bands. 

Analyses on the paused to full band intensity ratios con-
firmed this observation (Figure 7 C). The PA-PDS indeed
showed an increased ratio compared to standalone PDS or PA.
A two-tailed paired t-test results indicated significant differ-
ences at P < 0.01 ( > 99% confidence level (CL) and P < 0.05
( > 95% CL), respectively, between PA-PDS and PDS, and be-
tween PA-PDS and PA. These results confirm the increased
specificity of the conjugate ligand PA-PDS to recognize GQ
structures formed in the hTERT 5–12 fragment. 

PA-PDS presents high efficiency in driving gene 

expression in cells. 

Inspired by the increased specificity of PA-PDS from the results
of polymerase stop assay, we next questioned whether the con-
jugate ligand PA-PDS would demonstrate higher perturbation
of gene expression in cells compared to its standalone coun- 
terparts. To evaluate the effects of the ligands (PA, PDS and 

PA-PDS) on the protein expression controlled by the hTERT 

5–12 DNA promoter, we performed a dual luciferase assay 
by cloning the hTERT 5–12 sequence into the promoter re- 
gion of the Renilla gene while keeping the HSV TK promoter 
unchanged which controlled the expression of Firefly (Figure 
8 A). As these two genes express two luciferases that separately 
convert substrates to products with different colors, we can 

quantify the effect of each ligand by measuring the lumines- 
cence of the product catalyzed by Renilla luciferase over that 
by Firefly luciferase . After preforming at least three biological 
replicates in HEK293T cells transfected with the cloned plas- 
mid (Figure 8 A), we normalized the luminescence ratio of each 

ligand against that of the control where HEK293T cells con- 
tained plasmid alone without any ligands. Compared to the 
control, Renilla luciferase activity was significantly reduced 

in cells incubated with each ligand (Figure 8 B). Notably, its 
activity decreased more in cells transfected with PA-PDS than 

those transfected with PA ( P < 0.001, two-tailed paired t-test,
CL > 99.9%) or PDS ( P < 0.01, CL > 99%) alone. Given 

the fact that small molecules like PDS are much easier to en- 
ter cells compared to bigger molecules such as PA or PA-PDS 
( 41 ,42 ) (the cell bioavailability difference between PDS-like 
small molecules and PA is at least 10 times, with even more 
for PA-PDS), these data unequivocally established the more 
pronounced effect of PA-PDS over PDS or PA in the gene ex- 
pression via interaction with hTERT5-12 G-quadruplex struc- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae754#supplementary-data
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A B

Figure 8. ( A ) A dual luciferase plasmid system based on the pC-KI T1 (A ddgene) w as constructed with hTER T 5–12 DNA inserted in the promoter region 
that controlled Renilla gene expression while the promoter (HSV TK) was unmodified that controlled Firefly gene expression. Arrows depict the direction 
of gene e xpression. ( B ) Ratiometric e v aluation of Renilla to Firefly gene expression for the HEK293T cells transfected by the plasmid shown in (A) with 5 
μM each of PA, PDS or PA-PDS ligand. The ratio of Renilla versus Firefly luciferase activity was normalized with respect to that of the plasmid alone. 
Three and four asterisks indicate significant differences at P < 0.01 ( > 99% CL) and P < 0.001 ( > 99.9% CL) by paired t-test, respectively. Error bars on 
graphs represent standard error of mean (SEM). Numbers of independent experimental repeats are 5, 5 and 9 for PA, PDS and PA-PDS, respectively. 
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onclusion 

n summary, we designed a small molecule conjugate, PA-
DS, to target hTERT 5–12 promoter region by combining
he duplex DNA binding domain (PA) and the G-quadruplex
inding domain (PDS). Based on the unfolding force events
btained in an optical-tweezers setup, we found the folding
atterns in the hTERT 5–12 fragment were rather dynamic.
he sequence folds into the hairpin-GQ structure in pres-
nce of PA, whereas in presence of PDS, the DNA fragment
forms two tandem GQs (Figure 9 ). This study provides new
insights on different folded structures present in the hTERT
5–12 promoter region. The dynamic property can be used to
design small-molecule ligands for specific targeting. Results
from polymerase stop assay and dual luciferase assay demon-
strated that a conjugate ligand PA-PDS has higher efficiency
compared to its counterpart ligand of PA or PDS. Such a syn-
ergistic binding of conjugate ligand opens a broad direction
for the development of small molecule conjugates for specific
binding of G-quadruplex in a duplex DNA context. 
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