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Abstract

Binding between a ligand and a receptor is a fundamental step in many natural or synthetic processes. In
biosensing, a tight binding with a small dissociation constant (Kg4) between the probe and analyte can lead to superior
specificity and sensitivity. Owing to their capability of evaluating competitors, displacement assays have been used
to estimate Ky at the ensemble average level. At the more sensitive single-molecule level, displacement assays are yet
to be established. Here, we developed a single-molecule displacement assay (smDA) in an optical tweezers instrument
and used this innovation to evaluate the binding of the L2H2-60TD ligands to human telomeric DNA G-quadruplexes.
After measuring Ky of linear and dendrimer L2H2-60TD ligands, we found that dendrimer ligands have enhanced
binding affinity to the G-quadruplexes due to their polyvalent geometry. This increased binding affinity enhanced
inhibition of telomerase elongation on a telomere template in a Telomerase Repeated Amplification Protocol (TRAP).
Our experiments demonstrate that the smDA approach can efficiently evaluate binding processes in chemical and

biological processes.
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1. Introduction

Molecular binding often serves as a first step in many chemical, biochemical, and biological processes. In organic
reactions, binding of two reactants can determine the stereochemistry of products. In catalytic or enzymatic reactions,
turnover of a substrate starts with its binding to the catalytic site. In cell signaling pathways, messenger molecules
bind to receptors to elicit cell responses. Binding between a probe and an analyte constitutes the first step to determine
the specificity and sensitivity of a (bio)sensing device. A tight binding with a small dissociation constant (Kq) between
the probe and analyte often leads to high sensitivity since the analyte can bind to the probe even at low concentration

levels.

To measure Kg, it is necessary to differentiate ligand-bound receptors from free receptors. This task can be
achieved by heterogenous assays' in which bound and unbound species are physically separated. During the multi-
step separation process which may occur in a prolonged period, uncertainty is introduced since receptors and ligands
may become re-equilibrated. Alternatively, homogenous assays' can be carried out to differentiate ligand-free from
ligand-bound receptors. In this approach, fluorescence or absorbance signals are often used in an ensemble average
setting in which averaged signals compromise the sensitivity of the K4 measurement. To increase the sensitivity in the
Kq4 determination, recently, single-molecule techniques have been used. As a particular example, single-molecule
fluorescence resonance energy transfer (FRET) has been exploited to study the molecular binding between interactions
of DNA-protein, DNA-ligand, protein-ligand, or protein-protein pairs.>” While single-molecule fluorescence has
superior mass sensitivity with respect to those performed at the ensemble average level, its signals can be compromised
by background interference from environment. Force based single-molecule tools® such as atomic force microscopy

21-25

(AFM),*!5 optical tweezers,'®?* and magnetic tweezers,?!"> experience little force-related environmental interference.

26-28

Recently, these force-based approaches have been used to measure Ky as well as to serve as a new signal

transduction means (mechanochemical transduction)? in biosensing.

When different species are present other than those of cognate binding components, few single-molecule
approaches®® exist to evaluate the K4 of the cognate binding process. In ensemble average assays, this task can be
achieved by displacement assays in which receptors bound with one ligand are replaced by the same or different types

of ligands.?!-32 Such a method is efficient to evaluate ligands different from the cognate ligand. In addition, it simplifies
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Fig. 1. Schematic of the single molecule displacement assay. The DNA construct used for the displacement assay is tethered
between two beads which are optically trapped. In a buffer channel without free ligand L2H2-60TD, the G-quadruplex and DNA-
tethered L2H2-60TD are bound. Upon applying a force by pulling the two beads apart, a rupture feature occurs in the force-
extension curve (top). In the ligand channel, the DNA-tethered L2H2-60TD is displaced by the free ligands, which yields an F-X

curve that does not contain any rupture features (bottom).

the preparation procedure since only one type of ligands needs to be labelled to report its displacement. Another
advantage of this displacement assay comes from the unique capability of probing small-molecule ligands that

otherwise cannot be accomplished by conventional methods which have low sensitivities to small molecules.> 34
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However, there exists challenges in the displacement assay at the single molecular level*® 3° due to immobilization
issues as well as the long-term tracking of single fluorophores that are prone to photobleaching.

Here, we invented a single-molecule displacement assay (smDA) in a force-based optical tweezers instrument.

36-38 39-44

Given the importance of G-quadruplex in various sensing devices and biological activities™**, we used smDA to
estimate the Kq between human telomeric DNA G-quadruplexes and G-quadruplex ligands, L2H2-60TDs. First, we
compared smDA-measured Kq of known L2H2-60TD ligands (Monomer and Dimer) with those obtained from an
established method. After establishing the accuracy of the smDA approach, we used it to evaluate the K4 of a new type
of dendrimer G-quadruplex ligands (L2H2-60TD Trimer and Hexamer). Our smDA conveniently confirmed that
dendrimer ligands had much increased binding affinity towards human telomeric G-quadruplex likely due to the
polyvalent geometry. We also found that the binding affinity of L2ZH2-60TD ligands correlated with their inhibitory
activities against human telomerase. This single-molecule displacement assay can be utilized to screen different

binding molecules. In addition, the finding of effective binding of dendrimer ligands to the DNA G-quadruplex offers

new guidelines in the design of G-quadruplex ligands to potentially treat various G-quadruplex associated diseases.
2. Experimental
2.1. Chemicals

All DNA oligonucleotides used in this research were purchased from IDT (Integrated DNA technologies, [A).
Their sequences can be found in SI page S33, table 1&S1. Enzymes were purchase from NEB (New England Biolabs,
England). Polystyrene beads (streptavidin-coated and anti-digoxigenin antibody-coated) used for trapping in optical
tweezers were purchased from Spherotech (Lake Forest, IL). All chemicals and reagents were purchased from Sigma

Aldrich or Fisher Scientific, unless otherwise stated, and were used without further purification.

Table 1. Oligonucleotide sequences used to prepare the construct

Oligo name Sequence (5° 2> 3°)

4G Oligo (57nts) CAGGGACGCGCTGGGCTACGTCTTGCTGGCTTTGGGTTAGGGTTAGGGTTAGGGTTA
Oligo 1 (25nts) /5SHexynyl/GGCTACACTAGAAGGACAGTATTTG

40T-looped oligo CTAGCAAATACTGTCCTTCTAGTGTAGCTTTTTTTTTTTTTTTTTTTTTTITTTTTTTTTTTTTTT
(94nts) TTTGCCAGCAAGACGTAGCCCAGCGCGTC

2.2. Synthesis of single-molecule displacement assay construct



80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

A detailed procedure for the synthesis of single-molecule displacement construct is shown in SI section 5. As
shown in Fig. 1, the construct consists of 1558bp and 2391bp dsDNA handles connected with 40T ssDNA loop. In
brief, 5° L2H2-60TD linked Oligo1, Phosphorylated-4G Oligo, and Phosphorylated-40T looped Oligo (Table S1)
were annealed at 95°C for 5 mins and cooled to room temperature in 2.5 hours with a temperature ramping rate of 1°C
per min. The annealed construct was ligated with 1558bp handle by T4 DNA ligase at 16°C for 16 hours and purified
by gel. Finally, the purified 1558bp handle ligated construct was ligated with the 2391bp handles by T4 DNA ligase
at 16°C for 16 hours to obtain the final construct for the optical tweezers experiment. The 1558bp handle was labelled
with biotin on its 5 end by PCR, while 2391bp was labelled with digoxigenin in its 3° end by terminal transferase and
dig-dUTP. Getting DNA tethers between two optically trapped beads in the optical-tweezer instrument indicated that

the ligation of both handles was successful.
2.3. Single molecule displacement assay in optical tweezers

Single-molecule displacement assays were performed in a dual-trap laser-tweezers instrument. A four channel
glass microfluidic chamber was used (see Figure S3). A 10 mM Tris buffer containing 100 mM KCl at pH 7.4 (23 °C)
was used throughout the experiment. From the top channel, polystyrene beads coated with anti-digoxigenin antibody
were flowed in. Beads coated with smDA construct were flowed into the bottom channel. In the middle two channels,
ligand and buffer were flowed from top and bottom channels, respectively. The two beads from top and bottom
channels were captured at laser foci separately and the smDA construct was tethered between the two trapped beads
by bringing the beads close to each other. Upon moving two beads apart, the tethered DNA was stretched, and the
tension exerted on the G-quadruplex — ligand complex was calculated. The resulting force-extension (F-X) curves
were recorded through LabView program (National Instruments, Austin, TX) at IKHz with loading rate of 5.5 pN/s
(in the 10-30 pN force range). A detailed procedure for performing smDA in optical tweezers can be found in SI

section 3.
3. Results and discussion
3.1. Force based single-molecule displacement assay

In a displacement assay, it is required to form a ligand-receptor complex to be displaced by other ligand molecules.
Here we used a human telomeric DNA G-quadruplex and a telomestatin analogue, L2H2-60TD* 4, as an exemplary

binding complex (Fig. 1). We covalently attached the L2ZH2-60TD to the end of a DNA strand (see SI Fig. S1) while
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placing the G-quadruplex forming sequence, 5’-(TTAGGG)4TTA, on the end of another DNA strand. These two DNA
strands were hybridized separately into a DNA template (Fig. 1, see SI Fig. S4) in such a way that the G-quadruplex
and the L2H2-60TD were facing each other to facilitate the so-called cognate binding*’. The distance of these two
binding components was controlled by a T4 loop. Such a strategy*® allowed the close distance between the G-
quadruplex and L2H2-60TD even when they were dissociated. The close distance then facilitated the rebinding of the

two dissociated components, increasing the throughput of repetitive binding/dissociation processes.
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Fig. 2. Unfolding features of the binding complex between telomere G-quadruplex and L2H2-60TD ligand. A) Two typical F-X
curves obtained after mechanical pulling of the construct in optical tweezers. Red and black curves depict the stretching and
relaxing processes, respectively. B) Rupture force and C) change-in-contour-length histograms obtained from the rupture features
in A). The Gaussian center for the rupture force is 34.1 pN and that for AL is 8.1 nm (average 10.1 nm). The blue curves in the

histograms are Gaussian fittings. N and n represent the total molecules and total features, respectively.

We first investigated mechanical features of the rupture events between the L2H2-60TD and telomeric G-
quadruplex binding complex. As shown in Fig. 1, the two dsDNA handles were tethered to two optically trapped beads
by affinity linkages of the streptavidin-biotin and digoxigenin(dig) — dig antibody complexes, respectively. To start
each experiment, two optically trapped beads were moved apart by a steerable mirror that controlled one of the two
trapping lasers in the optical-tweezers instrument. The departure of the two trapped beads increased the tensile force
in the DNA construct, which allowed the mechanical unbinding of the L2H2-60TD — G-quadruplex complex (Fig.
2A). Plotting of the unbinding force histogram gave a mechanical force centered at 34.1 pN (Fig. 2B). It is significant
that the mechanical stability of the G-quadruplex — L2H2-60TD complex was higher than that of the telomeric G-
quadruplex unfolded from the 5’ and 3’ ends (~20 pN)*°, but lower than that of the L2ZH2-60TD bound G-quadruplex
disassembled from the 5’ and 3’ ends (37 pN)>. Although it is not clear whether the G-quadruplex structure was intact

during the rupture of the binding complex. The rupture event accompanied with a change-in-contour-length (AL) of
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8.1 nm (Gaussian center, average is 10.1£3.6 nm), which allowed us to identify the dissociation of the G-quadruplex—
L2H2-60TD interaction. It is noteworthy that the change-in-contour-length was a little lower than that expected for
the T40 bridge (~12 nm, see SI Fig. S6 for the calculation of the change-in-contour-length), which may reflect an
extended geometry between the L2H2-60TD — G-quadruplex interaction (~3.4 nm GQ overhang and 3.4 nm

telomestatin overhang).

With this single-molecule setup, we continued to perform the displacement assay in optical tweezers (Fig. 1). In
a solution, free L2H2-60TD ligands can compete with the DNA-linked L2H2-60TD to bind to the G-quadruplex.
Such a displacement is expected to dissociate the cognate L2H2-60TD/G-quadruplex complex. As a result, when
force is ramped up, no rupture feature should be observed. Therefore, the rupture events in presence of free ligands
can be used to indicate whether displacement of DNA-linked ligand has occurred. However, the force-extension curves
without any rupture feature does not necessarily mean that there is no interaction between the cognate L2H2-60TD
and G-quadruplex complex. It is possible that their mechanical stability is so strong that the cognate L2H2-60TD/G-
quadruplex pair still remains bound even subjecting to high mechanical forces (~ 60 pN). These non-unfolded curves
should shift from the F-X trajectories without any binding complex by a value of AL (~10 nm). Therefore, they can
be easily identified. By comparing the numbers of the F-X traces with and without unbinding features, we quantified
the percentage of free ligand bound G-quadruplex at a particular ligand concentration (see SI Fig. S5 for detailed
calculation). This information was then plotted against the free ligand concentration to construct the binding curves

of various ligands to the telomeric G-quadruplex.
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3.2. Binding of L2H2-60TD ligands to the DNA telomeric G-quadruplex

To test the accuracy of this smDA method, we performed the displacement experiments using monomeric
(Monomer) and dimeric (Dimer) L2H2-60TD ligands (Fig. 3). Using the procedure described above, we calculated
the percentages of the G-quadruplex bound to each ligand at various concentrations (Fig. 3). It is obvious that at high
concentrations of free ligands, the displacement of the free ligand to the DNA tethered ligand is more efficient. The
resultant binding curve was fit with a Langmuir isotherm (see SI section 12) to obtain Kq (22+3 nM for Monomer and

20+3 nM for Dimer). It is expected that the Dimer has increased binding affinity with respect to Monomer due to its
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Fig. 3. Binding curves of the Monomer (4) and the Dimer (B) L2H2-60TD ligands to the telomeric G-quadruplex.
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Hexamer (D) ligands to the G-quadruplex revealed by the single-molecule displacement assay.
149 divalent L2H2-60TD units.>! Compared to the K4 measured by ensemble assays (15 nM for Monomer and 8 nM for

150 Dimer)>? as well as single-molecule methods (14+1 nM for Monomer and 13+1 nM for Dimer),*' our results showed
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similar values given the involvement of different procedures. In previously demonstrated single-molecule
measurements, the binding of the ligand to the G-quadruplex was evaluated by increased mechanical stability of the
G-quadruplex, which was unfolded by grabbing the 5* and 3’ ends. Such a geometry of unfolding may weaken the G-
quadruplex structure before its rupture force, compromising the binding of the ligand to the G-quadruplex. As a result,
the mechanical stability of the G-quadruplex-ligand complex can be compromised, leading to its mis-assignment to
the population of unbound G-quadruplex. In fact, it is quite often that the bound percentage of G-quadruplex was
below 40% even at saturated ligand concentrations. This smDA strategy avoided this biased observation, making more

accurate identification of free and ligand-bound G-quadruplex populations.

With the establishment of accurate K4 measurement using smDA method, we proceeded to evaluate dendrimer
L2H2-60TD ligands (Trimer and Hexamer) (Fig. 4). We argued that the polyvalent nature of the dendrimer
framework®! >* should increase the binding affinity of the ligands to the G-quadruplex. To this purpose, we prepared
the dendrimer L2H2-60TD ligands (Trimer 1 and Hexamer 2) in Fig. 4 (see SI sections 9&10 for detailed syntheses).
In short, a dendrimer core 3 > and L2H2-60TD-azide* were subjected to a copper catalyzed Huisgen coupling
reaction, and the Boc group of the resulting Trimer 4 was deprotected with TFA (trifluoroacetic acid) to give Trimer
1 in 46% yields (two steps). Similarly, Hexamer 2 was synthesized from dendrimer core 5 and L2H2-60TD azide*
via Hexamer 6 in 70% yield. Six and twelve TFA molecules served as counter-ions during the syntheses of the Trimer
and Hexamer, respectively. The solubility of these compounds was confirmed via HPLC in MilliQ water (10 uM

»35 and often employed

containing 0.1% DMSO). The dendrimer core used here, cyanuric acid, is “essentially nontoxic
in drinking water and animal feed. Compared to the PAMAM, the most widely used dendrimer that has shown
membrane damage of cells due to its positive surface charges,’® %’ the nontoxic dendrimer core and the biocompatible

ethylene glycol framework adopted here are expected to target cancer cells through binding of G-quadruplexes formed

in their elongated telomere overhangs without much nonspecific interaction of negatively charged DNA backbones.

Evaluation of the Kq of these two dendrimer ligands using the smDA method revealed Ky values of 13+1 nM and
4+1 nM for the Trimer and Hexamer, respectively. This Kqtrend is consistent with known single-molecule experiments
based on the mechanical stability of bound complexes (31 and 2+1 nM for Trimer and Hexamer, respectively)
(manuscript submitted). Apart from the variation of the unfolding geometry between our method and the known
method as discussed above, the difference in the K4 measurement can also be attributed to the fact that our

displacement assay is based on the competition between dendrimer ligands and the monomer ligands, whereas in the

10
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mechanical unfolding assay, it is the direct measurement of the binding complex between G-quadruplex and specific
ligands. Taken together, our results clearly verify the hypothesis that polyvalent dendrimer L2H2-60TD ligands

indeed have better binding affinities than the monomeric (Monomer) or linear (Dimer) ligand (see Fig. 5 for summary).
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Fig. 5. Comparison of the dissociation constants (K4) among the Monomer, Dimer, Trimer, and Hexamer L2H2-60TD ligands.

Error bars represent standard deviations from three independent experiments.
3.3. Inhibition of telomerase activities by L2ZH2-60TD ligands

The polyvalent geometry of the dendrimer ligands led us to propose that these ligands would be ideal for binding
with tandem telomeric G-quadruplexes that are also polyvalent.! To test this hypothesis, we investigated the inhibitory
effects of linear and dendrimer ligands on the telomerase catalyzed elongation of telomeric DNA fragment. Previously,
it has been found that G-quadruplex ligands can selectively target 3’ telomere overhang and inhibit telomere
elongation by telomerase through stabilization of telomeric G-quadruplex.’® > Therefore, by comparing telomerase
inhibitory actions of the dendrimer ligands with respect to the monomer or dimer L2H2-60TD ligand, it can provide
support to the hypothesis that polyvalent dendrimer ligands present higher binding affinities with telomeric G-
quadruplex. We tested the inhibitory effect of the dendrimer ligands using the TRAP assay® in which a DNA primer
was elongated with the 5’-GGTTAG repeats by human telomerase. The elongated product was analyzed by PCR
amplification. The longer the added telomeric repeats, the higher the activity of the telomerase (Fig. 6). However,
artefacts arise since the DNA polymerase used in the PCR amplification is also inhibited by G-quadruplex, which is
aggravated by the ligand binding to the G-quadruplex.®! To minimize these artefacts, we used phenol-chloroform
extraction followed by Amicon® filtration to remove the L2H2-60TD compounds remained in the solution after

telomerase catalyzed extensions (see SI section 8).

11



198

199

200

201

202

A) B) €) D)

Monomer Dimer Trimer Hexamer
¢ R 2SS g 2SS sl SE & R
& F S $ & FFFF P g fF L P @ F L F
FSFTEETE S FSEF LSS FEETF S FiFEFP S
bp Ja—
= = = —_
-— — - =
— —— —_— —
200 5 — =
150 - = — —
100 tw— — -— AL
75 f— —— - -
— . bl Dt :
S0 WP N S S S— WP N e e N e — — —

Intemal__ e et e b (e bl N e oo’ e e N A3l et o o - - -

control

B} 1101 —F— F)
1300+300
90 Monomer 1600 5
IC,,=1300£300 nM
704y o =
100 - -
s S = 1200
o 80 Dimer \\\
‘s IC,,=780+30 nM s o
o 60— S 780430
= 1007 w00
% o
‘E 70 Trimer :
= 40 IC,,=350+20 nM 400 350120
—=
1203 ‘{\1‘ 170430
80 Hexamer }\;\ 0=
IC,,=170+30 nM -~
404, —= . . Monomer  Dimer Trimer  Hexamer
10 100 1000
Log [Concentration(nM)] Linear Dendrimer

Fig. 6. Inhibition of telomerase activities by L2ZH2-60TD compounds. Telomerase activities were tested by the TRAP assay in
PAGE gels with various concentrations of L2ZH2-60TD Monomer (4, 0-5000 nM), Dimer (B, 0-2500 nM), Trimer (C, 0-2500 nM)
and Hexamer (D, 0-1000 nM). Compounds were added during the telomerase mediated elongation to reveal their effects on the
elongation. These compounds were then removed by filtration before the PCR amplification of the elongated products, which were
detected on 8% native PAGE. The ICso (E, 50% inhibition of telomerase activity, 1300£300 nM for the Monomer, 78030 nM for
the Dimer, 35020 nM for the Trimer, and 170+30 nM for the Hexamer) was calculated from the intensity of all the bands except
the control bands on PAGE gels. The ICso values for all five ligands were shown in the bar histogram (F). Standard deviations

(error bars) where calculated from three independent experiments.

After running the gel for the PCR amplified, telomerase elongated products under different concentrations of the
L2H2-60TD ligands (Fig. 6 A-D), we analyzed ICsg of the telomerase inhibition among different dendrimer and linear
ligands (Fig. 6E). We observed that while dendrimer ligands Hexamer and Trimer represented the top two most potent

inhibitions, respectively, the linear ligand Dimer had reduced effects, followed by the Monomer which presented the

12
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lowest inhibitory potency. This order (Fig. 6F) followed well with the ranking of the binding affinities among four
ligands (Fig. 5), indicating that it is the binding affinity in L2H2-60TD ligands that causes the different inhibitory
effects against telomerase. The better affinities of dendrimer L2H2-60TD ligands are likely due to the polyvalent
effect derived from the dendrimer framework. These results not only support the smDA finding of increased affinity
of dendrimer ligands towards G-quadruplex, but they also provide a new approach to develop G-quadruplex ligands

that are instrumental to fight various diseases.
4. Conclusion

In summary, we have invented a new method, single-molecule displacement assay, to evaluate the dissociation
constants between L2H2-60TD ligands and human telomeric G-quadruplex. Compared to previous single-molecule

binding measurement that exploits mechanical stability of a binding complex,>!

which can be disruptive to the receptor
structure, this method is nonintrusive as receptor structures are not mechanically unfolded. As a result, it provides a
more accurate profile for the binding process. In addition, the displacement nature allows a direct comparison of a
pre-existing ligand with desired ligands in solution. This facilitates the screening of more effective ligands to a
receptor. Using this approach, we found dendrimer G-quadruplex ligands have much increased binding affinity. This

dendrimer ligand structure offered a new direction in the design of more effective molecules against DNA G-

quadruplex structures, which are involved in many diseases such as cancers.
5. Supplementary data

The Supporting Information is available free of charge on the Analytical Biochemistry Journal website.

Synthesis of L2H2-60TD modified oligo, synthesis of the construct for single molecule displacement assays,
force-extension curves to identify the single molecules, four-channel microfluidic chamber, calculation of ligand
bound percentage, calculation of change-in-contour-length, protocol for the TRAP assay, synthesis of Trimer and
Hexamer ligands, NMR spectra of the synthetic compounds, fitting the bound % vs concentration of ligands with

Langmuir model to estimate Kg4, and sequences of oligonucleotides used in this study.
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