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ABSTRACT: Single-molecule methods offer high sensitivities
with precisions superior to bulk assays. However, these methods
are low in throughput and cannot repetitively interrogate the same
cluster of molecular units. In this work, we investigate a tandem
array of G-quadruplexes on a single-molecule DNA template with a
throughput of at least two orders of magnitude higher than single-
molecule force spectroscopy. During mechanical unfolding by
optical tweezers, the array of G-quadruplexes experiences identical
force, temperature, and ionic conditions, which not only reduce
environmental noise but also render unfolding transitions
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indistinguishable among individual G-quadruplexes. The resultant ensemble behaviors are analyzed by scanning force diagrams,
which reveals accurate F, /, values, where 50% of G-quadruplexes are unfolded. Independent of the number of G-quadruplexes (n >
15) contained in a cluster, F;/, can effectively evaluate G-quadruplex ligands in a new method called differential scanning forcemetry.
When the same G-quadruplex cluster is subject to a series of constant forces in force-jump experiments, unfolding rate constants of
G-quadruplexes can be effectively evaluated as a function of force. The high precision demonstrated in all of these measurements
reflects the power of repetitive sampling on the same cluster of single-molecule entities under identical conditions. Since
biomolecules such as DNA, RNA, and proteins can be conveniently incorporated in a tandem array, we anticipate that this ensemble
assay on single-molecule entities (EASE) provides a generic means of ensemble force spectroscopy to amalgamate the accuracy of
ensemble measurements with the precision of single-molecule methods.

B INTRODUCTION

Single-molecule techniques offer sensitivities unparalleled to
ensemble average approaches. The superior sensitivity is
derived from the capability of measuring single-molecule
properties. This single-molecule measurement also renders
high sampling precisions. Unlike ensemble average experi-
ments in which the number of analyte molecules is varied
significantly in each measurement," such a variation is precisely
known in single-molecule measurements. As a result, signal
fluctuations due to a different number of analyte molecules can
be eliminated in single-molecule measurements, which reduce
standard deviations.

Due to the measurement sensitivity, it is convenient for
single-molecule techniques to accurately interrogate a localized
area or a sample with a small size. However, to render a global
picture of an ensemble system, the throughput of single-
molecule methods becomes a rate-limiting step. Unlike bulk
measurements where average information can be obtained
quickly for an ensemble system, it is not feasible to survey a
large population if molecules are analyzed one-at-a-time in an
experimentally accessible time scale. Another disadvantage is
the difficulty in repetitive sampling by single-molecule
techniques. After only a few measurements, individual analyte
molecules are prone to be photobleached for fluorescence
detection or broken in mechanical investigations. The failure of

© 2022 American Chemical Society

v ACS Publications 4795

repetitive sampling renders the procedure tedious. In addition,
it increases the measurement noise since the stochastic
variation of individual molecules can be exaggerated when
experimental conditions change subtly.

A technique with single molecular precision and bulk-level
accuracy in ensemble-averaged, high-throughput measure-
ments can offer a hitherto unavailable means to amalgamate
the advantages of both approaches. Single-molecule fluores-
cence has relatively high throughput™ with respect to force-
based methods such as atomic force microscopy (AFM) or
optical tweezers." More than several hundreds of single-
molecule entities can be simultaneously measured in a
fluorescence imaging frame. However, fluorescence molecules
are subject to photodamage, making the repetitive sampling
difficult to reduce background noise. In this paper, we
proposed and demonstrated ensemble assays of single-
molecule entities (or EASE) to drastically increase measure-
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Figure 1. Ensemble assays on an array of human telomeric G-quadruplexes. (A) Rolling circle amplification (RCA) to produce single-stranded
DNA repeats of human telomeric G-quadruplex forming sequence. (B) Schematic of scanning force experiments performed in optical tweezers for
the RCA-prepared ssDNA template. Potential G-quadruplexes were mechanically unfolded upon stretching. Pink arrows represent the direction at

which the force is applied.

ment throughput, as well as to perform repetitive sampling for
a cluster of molecular entities. The molecular cluster consists of
dozens of identical single-molecule units that behave in an
ensemble manner on a single molecular platform. Previously,
AFM-based single-molecule force spectroscopy (SMFS) has
been used to investigate a few (<12) individual Ig domains in a
titin molecule,’™* which is a muscle protein with ~300 repeats
of Ig domains.” Since the AFM tip can pick up any domain in
the array, it was difficult to cover the full length of the array.”
To precisely control the number of Ig domains in the protein,
molecular biology methods were used to modify the ends of
the array for attachment. However, only a limited number of Ig
domains can be precisely incorporated probably due to the
limitation in protein engineering. Later, opticallo and magnetic
tweezers'' were also used to study the Ig domains in titin.
Compared to optical tweezers, magnetic tweezers offer
increased throughput owing to their parallel nature to
accommodate many single-molecule templates simultane-
ously."””"* Aided by innovative molecular biology approaches,
our EASE platform can host hundreds or even more structural
units in a single DNA template. Like a container that holds a
massive number of molecules for repetitive chemical or
physical measurements at the bulk level, such an EASE
platform can be considered as a molecular container with
zeptoliter volume for repetitive sampling.

To demonstrate that EASE can perform ensemble force
spectroscopy in an accurate and high-throughput manner, we
used an array of G-quadruplexes as a proof-of-concept
example. G-quadruplexes are stable DNA secondary structures
formed in guanine (G) rich sequences in promoter regions and
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telomeres,"® as well as at mitotic and meiotic double-strand
break (DSB) sites with biological functions involved in various
diseases such as cancers.'® The EASE approach can perform a
rapid evaluation of G-quadruplex ligands that may modulate
biological functions of G-quadruplexes from a unique
perspective of mechanical stabilities. The EASE expands
force spectroscopy at the level of a single or a few units®™
to the ensemble level that contains hundreds or even more
units tandemly arranged in a cluster. Such a cluster ensures the
experience of identical force, temperature, and chemical
environment for individual units, thereby increasing the
signal-to-noise level. Due to the generic feature of the EASE
method, we anticipate that EASE can be widely applicable to
protein and RNA structures as well.

B EXPERIMENTAL SECTION

Materials. All DNA oligonucleotides used in this research were
purchased from Integrated DNA Technologies (IDT, IA). Their
sequences can be found in the Supporting Information, Table S2.
Enzymes were purchased from New England Biolabs (NEB,
England). Polystyrene beads (streptavidin-coated and anti-digoxige-
nin 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.

Synthesis of a Single-Molecule Construct Containing
Tandem Array of G-Quadruplex Forming Sequence. To
prepare a tandem array of human telomeric G-quadruplexes, we
first designed a linear ssDNA template with a sequence (Figure 1A,
black) reverse complementary to the G-quadruplex forming sequence
flanked by sequences a (red) and b (blue) at the S’ and 3’ ends,
respectively. We annealed this linear template with a splint fragment,

https://doi.org/10.1021/acs.biomac.2c00959
Biomacromolecules 2022, 23, 4795—4803


https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.2c00959/suppl_file/bm2c00959_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00959?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00959?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00959?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.2c00959?fig=fig1&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.2c00959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

50 A K Li*
45.0
40 24
= 42.5
z
S30 25 nm 23 20
® 27 20 nm
o
s 20 2 - 18
w 60 nm nm
10 200 nm 200 nm
0 - v
Extension (nm)
B D
_5 8’1'0 C 80 - N = 601
e 5051 Pl o5 @ 60 = 1) M =27
S Cos{ ¢ EE S =
a3 cEFE 3" 3 40
2 5% : B ©, o
5 o2 3 & I
. 0.0 -9-! 0 T . T . T I- 2 T T T 1 l. T T T T T T
K 0 5 10 15 30 40 50 0 10 20 30 40 50 60
Features per curve AL (nm) Unfolding Force (pN)
F ” | 17.9pN 385 pN
c 00 £ - N =67 43.3 %, 4 56.7 %
o gos 28 220 @ 10 10
£ 5 0.6 g ‘é g 15 g
3 O 3o Q o
= & 0.4 O10 (&)
o Qo2 5 "
00 T O T . T T T T T 1 - T - T 1
Li" 0 5 10 15 10 20 30 50 10 20 30 40 50 60 70
Features per curve AL (nm) Unfolding Force (pN)

Figure 2. Mechanical properties of individual G-quadruplexes in a clus
force experiments on short RCA G-quadruplex constructs (number

ter. (A) Typical force—extension (F—X) curves obtained during the scanning
of G-quadruplex unfolding features n < 15) with multiple unfolding events

(circled), representing the unfolding of individual G-quadruplexes in a 10 mM Tris buffer at pH 7.4 with 100 mM K* (red) or 100 mM Li* (blue).

The black curves represent relaxing curves. N and M depict the n
respectively. The corresponding data analyses were plotted in panels
Probabilities of F—X curves with and without G-quadruplex unfolding

umber of data points (unfolding features) and the number of molecules,
(B)—(E) for the K* buffer and in panels (F)—(I) for the Li* buffer. (B, F)
features, (C, G) histograms of features per curve, (D, H) change-in-contour-

length, and (E, I) unfolding force. All experiments were performed at room temperature with 5.5 pN/s loading rate, unless otherwise stated.

5'-c*a*b*, which allowed circularization of the template by T4 DNA
ligase. The splint was then removed with a DNA fragment, 5'-bac,
which was reverse complementary to the splint sequence. Any
noncircularized DNA fragments were subsequently removed by Exol
and ExollI nucleases. To obtain the repeats of G-quadruplex forming
sequences, we performed rolling circle amplification (RCA)'”'® by
Phi29 polymerase using a biotinylated primer, 5'-biotin-c*a*b%*,
against the circularized DNA template. Finally, the 3’ end of the RCA
product was modified with digoxigenin (Dig) by terminal transferase
(see SI Section S2 for details).

Single-Molecule Force Spectroscopy of Tandem Array of G-
Quadruplex. We used dual-trap optical tweezers to study force
spectroscopy of the construct.'” Details of the instrumentation are
described in our previous publication.”® In brief, a construct is
tethered between the two optically trapped polystyrene beads. The
end-labeled RCA product enabled the tether formation between two
optically trapped beads through biotin—streptavidin and digoxigenin—
anti-Dig antibody linkages. The tethered DNA construct was subject
to force ramping experiments in an optical tweezers instrument.”' A
tension is developed on the construct when one of the beads is moved
apart, which is recorded on a real-time force—extension curve. On
stretching the tethered DNA construct, the G-quadruplex structures
could be mechanically unfolded when the tension was sufficiently
high. Upon relaxing the tethered DNA, the structures could be
refolded. The stretching—relaxing processes were reiterated on the
same DNA template until the tether was broken. This allowed
analyzing mechanochemical properties of multiple DNA structures
(ie, G-quadruplexes in our case) contained in the same DNA
construct.

B RESULTS AND DISCUSSION

Formation of Tandem G-Quadruplexes in the RCA
Construct. Apart from the G-quadruplex forming sequence, a
32 nt spacer was introduced to minimize the interaction
between neighboring G-quadruplexes in the RCA product
(Figure 1A, see sequences a and b). The GQ forming sequence
in the template was flanked by a 16 nt random sequence on
each end, which was replicated many times during the RCA
process. To test whether G-quadruplexes were formed in the
RCA product, multi-G-quadruplex forming sequences were
tethered between two optically trapped beads in a 10 mM Tris
buffer (pH 7.4) containing 100 mM KCI, which is known to
favor the folding of G-quadruplex.””*’ Scanning force
experiments (Figure 2) revealed unfolding events of multiple
G-quadruplex structures in each F—X curve. This was also
confirmed by circular dichroism spectra, where we tested our
multi-GQ_forming RCA products under both K* and Li*
conditions (see SI Section S11). The characteristic CD signals
of crests and troughs confirm the formation of G-quadruplexes
in our RCA templates. The CD spectrum of the construct in
the presence of 100 mM K" clearly shows three peaks at 205,
250, and 295 nm and two troughs at 220 and 275 nm. These
features are consistent with characteristic features of the
antiparallel G-quadruplex conformation in literature stud-
ies,”™*> which proves the presence of GQs in the RCA
constructs. In the case of Li’, these peaks and troughs are
significantly different, which suggests that the GQ_structures
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Figure 3. Scanning force diagrams of G-quadruplex clusters. (A) Force—extension curves of long RCA G-quadruplex constructs (the number of G-
quadruplex unfolding events >1S5) obtained with a loading rate of 5.5 pN/s. (B) AL vs force curves (scanning force diagrams) of the RCA
constructs obtained in a 10 mM Tris buffer (pH 7.4) supplemented with 100 mM KCl (red) or 100 mM LiCl (gray). F,/, at which 50% of
structures are mechanically unfolded was depicted by an arrow. (C) F, is independent of the number of G-quadruplexes contained in each RCA
product (n > 15). (D) Force—extension curves, (E) AL vs force curves, and (F) F,/, vs loading rate of the RCA constructs with four different
loading rates (0.5—20 pN/s) in the 10 mM Tris buffer supplemented with 100 mM KCl at pH 7.4. (G) Force—extension curves and AL—force
curves (H) of the RCA constructs with four different loading rates (0.5—20 pN/s) in a 10 mM Tris buffer supplemented with 100 mM LiCl at pH

7.4.

are compromised. Similarly, we also performed a control
experiment by replacing the GQ forming sequence in the
template with the poly(deoxyadenosine) (dA,s) sequence that
is not expected to form secondary structures. In the presence
of 100 mM KCl, scanning force experiments indeed revealed
no secondary structures were formed in the F—X curves (see SI
Section S13). This result further supported that the observed
unfolding features are due to rupture events of G-quadruplexes.

In the scanning force microscopy experiments, it is
noteworthy that when the RCA product was short (unfolded
G-quadruplexes n < 15, see SI Section S8 for the determination
of the number of GQs in an RCA template), individual
unfolding features were obvious. These individual features
became indistinguishable when RCA products were long
(unfolded G-quadruplexes n > 15, see Figure 3 below), which
is a major limitation of this approach. To confirm whether
these distinct unfolding features were due to the G-quadruplex
unfolding, we first analyzed the short RCA products with less
than 15 unfolding features.

Most unfolding features had a change-in-contour-length
(AL) of ~9.3 nm (Figure 2D,H), which is expected for the
unfolding of individual telomeric G-quadruplexes (see refs 22
and 23 and the SI for calculations). Some events with longer
AL may be due to simultaneous unfolding of multiple G-
quadruplex structures or higher-order structures. However,
given the finding of a beads-on-a-string pattern without higher-
order structures in a telomeric overhang with a native spacer
(5'-TTA) between neighboring G-quadruplexes,”®*" higher-
order structures are unlikely in current sequences with a much
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longer 32 nt spacer between adjacent G-quadruplexes.”’ We
observed two unfolding populations centered at 19.7 and 38.9
pN (Figure 2E). While the 19.7 pN population is consistent
with the unfolding force of a hybrid-1 G-quadruplex,” the 38.9
pN species could be a different G-quadruplex conformation, a
G-quadruplex stabilized by the quadruplex—quadruplex inter-
actions,30 or another secondary structure. As a control, in a 10
mM Tris buffer with 100 mM LiCl, very few unfolding events
were observed (compare Figure 2F,G vs Figure 2B,C,
respectively). As stable G-quadruplex conformation is un-
favorable in Li* ions,*"*” this experiment confirmed the
formation of G-quadruplexes in the tandem repeats of
telomeric G-quadruplex forming sequences. It is noteworthy
that the properties of these rarely formed G-quadruplexes in
the Li" buffer can only be revealed in the presence of many G-
quadruplex forming units in the RCA construct.

Close inspection on the mechanical unfolding in the
presence of Li* revealed that even though Li" ions reduced
the folding probability of G-quadruplex, they relatively favored
more stabilized G-quadruplexes (Figure 21, 17.9 pN (43.3%) vs
38.5 pN (56.7%)). This result indicates that the higher force
population has less dependency on the Li" ions. Given that the
detrimental effect of Li* comes from the metal coordination
between G-quartets,”" we argue that extra stabilization in the
38.5 pN species could come from the loop—loop interactions”
or other stabilization structures rather than the coordination of
the Li* ions between G-quartets.

When we interrogated longer RCA products (G-quadruplex
unfolding events n > 15, see SI Section S8 for the

https://doi.org/10.1021/acs.biomac.2c00959
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determination of the number of G-quadruplexes in an RCA
template), we found that individual unfolding features were no
longer distinguishable. As more G-quadruplexes were formed
in longer RCA products, it had increased the opportunity to
mechanically unfold G-quadruplex units simultaneously. A
similar scenario occurs in bulk experiments in which behaviors
of individual molecules can no longer be resolved. Instead,
average information on an ensemble set of molecules is
obtained in bulk assays. In particular, our mechanical unfolding
experiments on a cluster of G-quadruplexes resemble thermal
melting of folded structures at the bulk level. In a scanning
temperature diagram, the percentage of folded structures is
plotted against temperature to identify the melting temperature
(T,,), which is defined as the temperature at which 50% of
structures are melted. Likewise, if the number of intact G-
quadruplex structures in a cluster is plotted against mechanical
force in a scanning force diagram, we should be able to retrieve
an ensemble unfolding force, F, ,, which represents the force at
which 50% of structures are mechanically unfolded.
Scanning Force Diagram of Tandem G-Quadru-
plexes. We rationalized that as more G-quadruplexes are
unfolded to ssDNA, the construct becomes longer, which
increases apparent change-in-contour-length (AL) of the RCA
template (see SI Sections S7—S9 for details). Therefore, by
calculating AL throughout the entire scanning force range, we
can follow unfolded G-quadruplexes vs force. To establish such
a scanning force diagram, we converted F—X curves to AL—F
plots® by comparing the stretching and relaxing F—X curves at
the force regime in which G-quadruplexes started to unfold
(>10 pN,*® see the SI for detailed conversion). We first
constructed AL—F curves with 100 mM K" or Li* (Figure 3B).
In the presence of K', we observed that G-quadruplexes

4799

maintained a maximum AL level at 10—20 pN and started to
unfold at >20 pN. At >50 pN, AL is reduced to 0, indicating all
G-quadruplexes were mechanically unfolded, resulting in
complete overlap between the stretching and relaxing F—X
traces. By extrapolating the plateau regions of the maximal AL
and AL = 0, respectively, we identified the F, for this
particular construct (n = S0 G-quadruplexes, Figure 3B) as
29.6 pN. This F,/, is located in the middle of the transition
region of the AL—F traces. It is also close to the average
unfolding force of the G-quadruplexes in shorter RCA
templates (average force = 29.3 pN in Figure 2E). Both
results confirm the accuracy of our F,/, calculation. When we
plotted the AL vs F curve in the presence of 100 mM Li*
(Figure 3B), we observed no unfolding transition. This was
expected as Li* destabilizes G-quadruplexes (Figure 2 and refs
29 and 30). To evaluate the effect of the number of G-
quadruplexes on the F,,, measurement, we varied the RCA
products that contained 16—130 G-quadruplexes. As shown in
Figure 3C, the F,), is independent of the number of G-
quadruplexes formed in the constructs (average Fy,, = 28.7
pN; sd = 4.4 pN; range = 21.0-40.3 pN), reflecting the
accurate F,,, measurements when more than 15 G-
quadruplexes were sampled together in this ensemble force
spectroscopy approach.

Next, we measured F, , of G-quadruplex clusters (n > 15 G-
quadruplexes) under different loading rates (0.5, 2.0, 5.5, and
20.0 pN/s) of mechanical unfolding. In the presence of 100
mM K* (Figure 3D—F), increasing loading rate increased F,,
values, which indicates that under these loading rates,
unfolding of G-quadruplexes is a kinetic process (i.e., force-
assisted unfolding’’) away from thermodynamic (sponta-
neous) unfolding equilibrium. Consistent with this kinetic
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Figure S. Force-dependent unfolding kinetics of a cluster of G-quadruplexes. (A) Schematic of constant force experiment to retrieve the unfolding
kinetics of G-quadruplexes (n > 15) contained in an RCA construct. At low force (~0 pN), the G-quadruplexes are folded. When the force is
suddenly increased to a constant value, the structures start to unfold, as illustrated by blue dotted curves. This unfolding process can be repeated
after refolding of G-quadruplexes as shown by the pink dotted curves. Typical unfolding curves from an RCA construct that contains 40 G-
quadruplex repeats at different forces (20—50 pN) in a 10 mM Tris buffer at pH 7.4 supplemented with 100 mM KCl (B) or LiCl (C). The black
dotted curves depict single exponential fitting (see the SI for the equation). (D) Natural logarithm of average unfolding rate constants (k) from
three different clusters of human telomeric G-quadruplexes vs force in the Tris buffer (pH 7.4) containing 100 mM KCI (red) or LiCl (blue) at
different constant forces (20—50 pN). Standard deviations in D are smaller than the size of data points.

force-assisted unfolding regime, the G-quadruplex had an
increased opportunity to unfold at lower force when loading
rates were decreased. As a result, the maximal AL plateau at
~10 pN became smaller at the lower loading rates (Figure 3E).
In contrast, in the presence of 100 mM Li*, the unfolding
transition was absent due to insufficient G-quadruplex
formation in this buffer, regardless of loading rates (Figure
3G,H). Using the Evans model,”” we calculated the transition
distance (x") from folded telomeric G-quadruplex to the
transition state by plotting F,,, with natural logarithm of the
loading rate (Figure 3F, see SI Section SS for equation). This
plot was fit well by a linear equation (R* = 0.963), from which
we retrieved x' of 1.1 nm (see Supporting Information). This
value is close to the upper range obtained from the unfolding
force histograms of individual telomeric G-quadruplexes (x'
ranging from 0.8°° to 0.45 nm™). It is noteworthy that F, n
from all loading rates could be collected from only one RCA
construct (see Figure 3D,E for an example) in which the same
set of G-quadruplexes was sampled repeatedly. This resampling
feature increased the accuracy as well as the precision of the
F,/, determination.

To demonstrate that repetitive sampling can be used to
evaluate G-quadruplex ligands, we compared F /, values for the
same set of G-quadruplexes with and without ligand L2H2-
60TD (Figure 4). L2H2-60TD is a derivative of 60TD series
ligands with an amine group on the side chain that is well-
known to strongly interact with a Telo-4G sequence.””*’ In
the presence of 100 nM L2H2-60TD (Figure 4A), we
observed that force—extension curves at a loading rate of 5.5
pN/s were always located to the left of those obtained from the
same G-quadruplex cluster without ligands (Figure 4B—D left).
These indicated that the G-quadruplexes were not fully
unfolded likely due to bound L2H2-60TD ligands. When
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we combined the two scanning force diagrams in a plot of
differential scanning forcemetry (Figure 4B—D right), it is
obvious that F,,, was significantly higher when ligands were
bound to G-quadruplex (38.1 + 6.7 vs 29.2 = 2.5 pN, Figure
4E) with p < 0.01 (two tailed t-tests). When comparing RCA
constructs with different lengths (Figure 4B—D), we found
that the number of G-quadruplexes (n > 27) did not affect F, ,
values, which was consistent with the ensemble nature of the
G-quadruplex cluster revealed in Figure 3C (n > 15).
Strikingly, among four different G-quadruplex clusters tested,
each differential scanning force diagram demonstrated higher
F,), in the presence of L2H2-60TD than that without ligand.
This high consistency suggests that only one scanning force
experiment is needed to evaluate the binding of the L2H2-
60TD ligand to the G-quadruplex cluster, which requires only
a few minutes to obtain F,,,. In comparison, it requires many
hours to obtain T,, in conventional UV melting experiments.
These results clearly demonstrated the power of the EASE to
evaluate ligands accurately and rapidly for G-quadruplex
binding. We name this technique differential scanning
forcemetry in analogy to the differential scanning fluorimetry
method,” in which ligand binding to biomolecules is
monitored by fluorescence signals in thermal melting
procedures.

Ensemble Unfolding Kinetics Revealed by Repetitive
Sampling of a Cluster of G-Quadruplexes. To investigate
unfolding kinetics of structures at a constant force, the force
will be rapidly set to allow the structure to unfold, from which
the unfolding rate is determined (Figure SA). Due to the
stochastic nature of single molecules, unfolding occurs
randomly even when the force is lower than the average
force to unfold the structure. To obtain accurate unfolding
time measurement, therefore, a large set of molecular
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structures should be tested one-by-one for average results,
which makes the whole process tedious. Hundreds of G-
quadruplex units in a single-molecule RCA product offer an
opportunity to streamline the kinetic measurement with
hundred times faster in throughput. To demonstrate this
feature, we first subjected a single-stranded RCA product with
multiple repeats of G-quadruplex forming sequences to a
desired unfolding force within 10 ms (see an ssDNA with n =
40 G-quadruplexes in Figure SB). Unfolding of G-quad-
ruplexes at this force led to increased extension of the ssDNA
strand (Figure SB,C). The extension vs time traces was fitted
by a single exponential function (see SI Section S12 for
equation). Given that folding is negligible at force >10 pN,
such a fitting allowed us to retrieve the unfolding rate constants
directly.

Comparing unfolding kinetics between K* (Figure 5SB) and
Li* (Figure SC), we found that multi-G-quadruplexes reached
the unfolded state ~10 times faster in the Li* solution (Figure
SD). This is again consistent with the fact that very few G-
quadruplexes exist in the Li" solution. Therefore, the kinetics
measured in Li* buffer likely depicted the mechanical response
of the ssDNA backbone to the sudden force jump (Figure SC).
The 10 times difference between the extension rate in the
ssDNA backbone and the G-quadruplex unfolding rate also
indicated that unfolding rates of multiple G-quadruplexes in
the K" solution were not influenced by the response of the
DNA backbone to external forces.

Not only did the throughput increase by two orders of
magnitude, the random noise of the measurement was also
drastically reduced since the same G-quadruplex cluster was
interrogated repeatedly under almost identical conditions, i.e.,
force, temperature, and solution, for each G-quadruplex in the
cluster (Figure SB,C). This reduced the variation among
different G-quadruplex units when they are investigated one-at-
a-time. The decreased noise level is manifested by the small
standard deviations of the average unfolding rate constants
obtained from three clusters of G-quadruplexes (Figure SD,
the error bars are smaller than the size of the data points).

Next, we estimated the transition distance (x') from folded
telomeric G-quadruplex to the transition state by plotting
natural logarithm of average kyq vs constant force (Figure
SD, see SI Section SS for the details and equations). These
plots showed excellent linear fitting (R* = 0.946 and 0.998 for
100 mM K* and Li* solutions, respectively). Using the Bell
model,*” we retrieved x* of 0.4 nm from the slope of the linear
fitting of the plot obtained in the K" solution (see the
Supporting Information). This value falls in the lower range
obtained from the unfolding force histograms of individual
telomeric G-quadruplexes (0.8>° to 0.45 nm™). It is about ~2
times difference compared to the x' obtained from the loading
rate measurement (Figure 3), which may be ascribed to the
different measurement approaches used in these two assays.
However, since the loading rate can be different at higher force
range due to the constant rate of trap distance displacement
used in our experiment, we argue that the force-jump method
of determining the x' is more accurate since there is no
influence of loading rate on the unfolding of G-quadruplexes.

A similar force-jump approach can also be used to
investigate the formation kinetics of G-quadruplex or other
DNA secondary structures.” In this case, the force is first
maintained at a high value to populate unfolded secondary
structures. Then, the force can be rapidly (in milliseconds™")
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jumped to a lower force at which folding of the secondary
structures can be followed in real time.

Although the EASE approach can increase throughput about
2—3 orders of magnitude compared to single-molecule force
spectroscopy,”” it has reduced resolution on individual units.
For example, it has compromised resolution on the mechanical
property or dynamic information for individual units in a
cluster, which is a common problem in ensemble-based
approaches.

B CONCLUSIONS

In summary, we have transformed single-molecule force
spectroscopy into ensemble force spectroscopy (EFS) with at
least 2 orders of magnitude faster in throughput. By collecting
data on an ensemble set of single-molecule G-quadruplex
structures, EFS allowed us to obtain accurate F),, values at
which 50% of G-quadruplexes was mechanically unfolded. The
measurement can be accomplished after only one cycle of force
ramping procedure within minutes instead of days required to
construct an unfolding force histogram in single-molecule force
spectroscopy. Such F;,, was independent of the number of G-
quadruplex contained in the RCA construct (n > 15). The F,,
was used to rapidly evaluate the binding capability of G-
quadruplex ligands via differential scanning forcemetry. By the
unique feature of repetitive sampling on the same cluster of G-
quadruplexes, we were able to simultaneously vary loading
rates or constant forces on every G-quadruplex in the cluster.
Since all G-quadruplexes in the same cluster experienced
identical conditions in these experiments, the signal-to-noise
levels in these measurements were high. Given the readily
available molecular biology techniques to introduce tandem
arrays of DNA, RNA, or protein structures, we anticipate that
this ensemble assay on single-molecule entities (EASE)
represents a generic tool for accurate and high-throughput
investigations on various biomacromolecules from the
mechanical perspective with single-molecule precision.
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