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Abstract: Mechanical biosensors can be used to quantitgtesgblore DNA-protein

binding mechanisms by detecting targets at low eptrations or measuring force in
single-molecule force spectroscopy. However, retsbrins in single-molecule

manipulation and labelling protocols have hindetteel application for bulk analysis
of label-free protein detection. Here, we preséiet integration of molecular force
measurement and finely tunable detection of lakes-proteins into one mechanical
sensor. Regulatory-sequence force spectroscopy obtgined to investigate the
binding force of DNA G-quadruplexes (GQ) and lafsek protein. The dual control
of regulatory sequences and mechanical forces @wltlte structure switching from
DNA duplex to GQ/protein complex. It exhibits a sygistic effect, enabling the
rational fine-tuning of the dynamic range for biesig protein concentrations over
eight orders of magnitude. Furthermore, this metivad exploited to estimate the
stability of the human telomeric DNA GQ by Ku prote and ligand
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methylpyridostatin. The results revealed that hurnegomeric GQ has two different
binding sites for Ku protein and ligand. Force s$pmstopy integrating label-free
force measurement and tunable target detectionshgtdat promise for use in
biosensing, drug screening, targeted therapies, DB@otechnology, and fields in

which GQ are of rapidly increasing importance.

Keywords: mechanical biosensor, regulatory sequenfmgce spectroscopy,

G-quadruplexes, tunable protein detection

1. Introduction

Nucleic acid-protein interactions play an importante in many biological
processes, such as the transport and translatidRNe&¥f, packaging of DNA, and
genetic recombination, replication and repair [1-Bhe use of biotechnology to
modulate these interactions and tune the expressicsome virulence genes and
proteins is conducive to treating disease [4]. @eljuplexes are four-stranded nucleic
acid structures arising from the folding of parteouguanine (G)-rich DNA and RNA
sequences. They can form spontaneously at suffigidrigh concentrations of
guanine. In addition, monovalent cations such aand Nd stabilize these structures.
Furthermore, the structural transition of a G-niegion from double-stranded helix to
an atypical G-quadruplex structure can be facddaby interacting with protein or
other molecules [5-7]. With tandem TTAGGG repeatsts sequences, the human
telomere has the propensity to form GQ [8, 9]. Hartelomeric GQ play regulatory
roles in telomere extension and can be stabilizgd sbveral proteins and
small-molecule ligands, emerging as potential theusic targets for cancer treatment
[10]. Moreover, nucleic acid aptamers, such as @@mers, have been validated in

DNA nanotechnology as reporters with high bindimggaficity and affinity for a
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broad range of targets, including metal ions, smajanic compounds, and proteins
[11, 12]. Therefore, it is crucial to characteribe strength of GQ/protein interactions
and quantitatively identify the binding partnersiodése reporters. The investigation of
the binding forces between them could contributentdecular recognition [13], drug

development [14] and potentially mechanical marapah of biochemical processes

[15].

Mechanical biosensing is a useful approach to nmeathe interaction forces and
concentrations of proteins and nucleic acids u$amge- and mass-based methods.
Generally, mechanical biosensors capitalize ofbatts that scale advantageously as
physical size is reduced. First, mechanical sensagide exquisite mass resolution.
The minimum detectable added mass is proportian#éhé total mass of the device.
Second, mechanical compliance converts an appbseze finto a measurable signal
changes. This force responsivity opens new oppiiesrfor measuring the force of
biomolecules interaction that govern transcribe amansport. For example,
nanomechanical sensors can resolve forces of ~1.8gith enable the binding
behavior of drug molecules with different chiralapd DNA of various sequences to
be distinguished [14, 16-18]. Several mass-basedtileeger sensors with
surface-stress or dynamic-mode methods [19, 203 haen used to attain diagnostic
sensitivities from the picomolar to nanomolar ranfee detection of ultra-low DNA
concentrations was achieved using an alternativeharecal sensor based on a
photonic crystal nanowire array [21]. In additi@mgle-molecule force spectroscopy
further enhances the ability of force-based sensonsanipulate individual molecules
and measure microscopic forces with pN resolutif#tj.[Atomic force microscopy is
the most commonly used technique, providing nomsights on GQ melting forces
[23], protein/GQ binding strength [24, 25], dynami[26], and energy landscapes
[27]. Optical and magnetic tweezers based on teads have been used to study

the mechanical, kinetic and thermodynamic propeniethe folding and binding of
3



© 00 ~N oo g b~ w N e

e e
N B O

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

telomeric GQ with proteins and small-molecule ligari28-30]. However, achieving
advanced performance for both purposes, force utsol and concentration
sensitivity, remains a critical challenge due te thcompatibility of single-molecule
force measurement and high-throughput biosensol$A [Brigami nanostructures
[31], split aptamers [32&nd stochastic hairpin hopping [33] have been used
expanded single-molecule sensing templates to tdgteaxtein, DNA and small
molecules, but they lack fine control of targetirafy and dynamic range, limiting
applications to target concentrations of typicaByé orders of magnitude [34].
Additionally, the target proteins are commonly frie unlabelled detection but
require immobilization onto a surface during foroeasurement. Equally important
for real applications are practical consideratiortem force measurement and target

detection be integrated within one mechanical sy3te

Recently, Yao and co-workers reported the forcetved remnant magnetization
spectroscopy (FIRMS) technique, which uses the amdchl force applied to
magnetic beads to distinguish different noncovaleohds on the basis of their
binding strengths [35]. Once the force-induced atisgion occurs, the magnetic
beads conjugated with biological molecules undeByownian motion, which
consequently randomizes the magnetic orientatibtisedbeads, resulting in magnetic
signal decrease. The decrease of magnetic signal @rresponding force value
indicates the dissociation of noncovalent bond#$ wifferent strengths. The overall
magnetic signal of the magnetic beads is detegtealdensitive atomic magnetometer
(more details see Fig. S1). The binding forcesafcovalent bonds can be precisely
determined by gradually increasing the mechanigedef in the form of centrifugal
[36], or acoustic input [37]. FIRMS, different frorthe single-molecule force
spectroscopy techniques such as AFM and opticatzere can efficiently measure
tens of thousands bonds at a time with high foeselution of 2 pN [36], which is

practical for binding force measurement and higldlghput force-based biosensor.
4
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Herein, based on FIRMS, we develop a platform teestigate GQ/protein

interactions termed regulatory-sequence (R-S) femectroscopy, which integrates
force measurement and protein detection. The a®ulR-S force spectroscopy
revealed the binding force of GQ with unlabelledtpm. FIRMS of immobilized

protein was used to confirm the force measuremiEm. dual control of regulatory
sequence and mechanical force enabled fine-turfitigecaffinity and dynamic range
for protein detection over eight orders of magrétudlVe also demonstrated the

general applicability of this platform.

2. Experimental
2.1. Chemicals and reagents

DNA oligonucleotides were purchased from Sangontégio Co., Ltd.
(Shanghai, China). The sequences of the biotinylat®-quadruplex and
complementary DNA are depicted in Table S1. Thramliovine serum albumin,
3-aminopropyltriethoxysilane (APTES), glutaraldebydodium borohydride and
Tween-20 were purchased from Sigma-Aldrich (USAR8@ and Tirs-HCI buffer
were obtained from Invitrogen. Ku protein (Ku70+K)8&vas purchased from Abcam
(Cambridge, United Kingdom). Fetal calf serum whtamed from Solarbio (Beijing,
China). All other chemical reagents were of anafltreagent grade and were used as
received without further purification. High-puritgeionized water (18.2 §ecm)
purified with a Millipore System was adopted togaee all aqueous solutions in this

work.
2.2. Preparation of aldehyde-terminated glass satiest

The glass sample chamber, with diameter of 3 mrs,fiist treated with piranha
solution (SO, (98%)/H0, (30%) =7:3 in volume) for 30 min at 90 °C to reraov

potential organic contaminants on the surface andyénerate surface hydroxyl
5
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groups, and then washed thoroughly with high-putégjonized water and dried with
high-purity nitrogen gas. The silanization reactieas carried out in liquid phase by
reacting the hydroxylated surface with 1% APTESaluene for 2 h. The resulting
substrate were then rinsed with the solvent aneddunder a stream of nitrogen. The
silanized surface was activated by incubation solation of glutaraldehyde (1% v/v)
in Tris-HCI buffer (20 mM Tris-HCI, 140 mM NacCl, &M KCI, 1 mM MgChk, 1 mM

CaClb, pH 7.4) for 3 h at room temperature and therednsith Tris-HCI buffer.
2.3. Immobilization of magnetically labelled DNAplexes

The GQ DNA and the partially complementary aminorieated RDNA (each 3
MM) were incubated in TE buffer (10 mM Tris PH 810mM EDTA, 1 M NacCl) at
95°C for 5 min and then slowly cooled down to rommperature. Afterwards, 30
of the formed DNA duplex was added into the fresihelayde-terminated sample
chamber where the imine bonds were formed aftarbiaton overnight at 4°C and
stabilized by borohydride reduction. The immobitizBNA duplexes were rinsed
with buffer and incubated with 1% (w/v) bovine saralbumin and 0.05% Tween-20
for 30 min. Then, the streptavidin-conjugated maignearticles (M280, Invitrogen)
were introduced into the sample chamber. After lation for 2 h, the physically
absorbed magnetic particles were removed from thiace by applying centrifuge
with the speed of 1000 rpm for 5 min. The samples wWeen magnetized for 2 min

using a permanent magnet (~0.8 T).
2.4. Quantification of the binding force of GQ amuabelled thrombin

For the thrombin system, Tris-HCI buffer (20 mM sFHICI, 140 mM NaCl, 5
mM KCI, 1 mM MgCh, 1 mM CacCl}, 0.05% Tween-20, pH 7.4) was used as the base
buffer. Thrombin of 300 nM of was introduced to therface-immobilized DNA
duplexes with regulatory sequenceoRs immersed under the buffer solution and

incubated at 37°C for 30 min. The excess unbouraathin was removed by washing
6
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procedure in this experiment. For FIRMS measurerméeiach R mechanical force
with varying amplitudes was applied on the sampiegradually increasing the speed
of the centrifuge (Sigma, 3-30KS) and the magnsgoal was recorded. The force
values are calculated frofte mw’r, wherem = 5.8x10" kg is the buoyant mass of
the particlesw is the angular speed, and4.5 cm is the distance from the sample to
the center of the centrifuge. The centrifuge tine €ach speed was 5 min.
Magnetization measurements were performed usimpuse made scanning magnetic
imaging based on an atomic magnetometer with atsétysof about 200 fT HZ'2
The error in the magnetic signals in the experimeatried out in this study is usually
+1.5 pT. Each dissociation force reported by FIRM& repeated at least three times,

with standard deviations less than 2 pN.
2.5. Quantification of the binding force of GQ antmnobilized thrombin

The thrombin was immobilized on the fresh aldehigteninated glass sample
chamber by incubation in the solution (20 mM Tri€IH140 mM NaCl, 5 mM KClI, 1
mM MgCl,, 1 mM CaC}, pH 7.4) at 4 °C overnight and then rinsed exteatgiwith
Tris-HCI buffer to remove any unbound thrombin. @20 uL of 300 nM GQ DNA
was added into the chamber and incubated at 3M&gnetic beads coated with
streptavidin dispersed in the same buffer werectapkinto the reaction chamber and
incubated for 2 h. Then the physically absorbeddbesere removed by applying
centrifuge with the speed of 1000 rpm for 5 mine ample was magnetized for 2
min using the same magnet. Forces with varying éoadas were applied on the
samples by gradually increasing the speed of tindritege and the magnetizations
were recorded. In regulatory-sequence mode, thenet@gsignal of complex was
measured by FIRMS under a constant force of 26l{phllarge enough to remove the
dissociated signal but much smaller than the bopdlince of the complex, which can

identify the switch.



© 00 ~N o o b~ w N

N
= O

12

13
14
15
16
17

18

19
20
21
22
23
24

2.6. Detection of thrombin based on sequence raguala

To determine the observed rate constantof different DNA duplex with R
from the kinetics measurements in Fig. 4a, a sieglponential equationy = A-
Bxexp(kgrixt) , was used to fit the curves. HeYesepresents the relative amplitude of
signal changd,is the incubation time, andlandB are fitting constants.

Different concentrations of thrombin (2QuL) were added into the
surface-immobilized DNA duplexes. The complementangth for the GQ domain
was varying from two to six. After being incubatatd37 °C for 30 min, the excess
unbound protein was removed by washing with théebuThe magnetic signal was
recorded while 26 pN was applied to the complexeHthe force of 26 pN was only

able to dissociate the duplex formed by GQ DNA Rpad
2.7. Detection of thrombin based on force reguratio

The sample surface modified by magnetically laloelENA duplex was
immersed in thrombin solution with various concehtns. The Rduplex was used
in this experiment. After being incubated at 37A8€30 min, the sample was subject
to the regulatory force provided by the centrifugeinduce the dissociation of the

duplex. The magnetic signal was recorded beforeated applying the force.
2.8. Investigation of the interaction between Hurtedomeric GQ, protein and ligand

The influence of ligand mPDS on telomeric GQ/Ku tpho interaction was
investigated with Tirs-HCI buffer (10 mM Tris-HCLO0O mM KCI, and 0.05%
Tween-20, pH = 7.5). The measurements of the ictiera forces of telomeric GQ
with Ku protein, mPDS and Ku protein+mPDS were Eamio the thrombin system
(Fig. 1). The sequences of the telomeric GQ DNArstrandthe regulatory DNA

(To-T16) complementary to GQ DNA are shown in Table S2e @gnamic range of
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mPDS cooperation was measured with 500 nM of Kuegmowhile a constant force

of 26 pN was applied to the[duplex.
3. Results

3.1. Concept of the method

The scheme of R-S force spectroscopy is shown gn Ei The DNA duplex
formed by magnetically labelled GQ DNA and tetheredulatory complementary
DNA (denoted by RDNA) was used as an internal foreference to probe the
GQ/protein interactions in a competitive assay. Mged FIRMS to quantify the
magnetically labelled targets and the binding fas€®©NA duplexes. The thrombin
GQ aptamer, a common model system in aptamer-lzBeity assays, was chosen to
demonstrate proof-of-concept of this method. On Ri@NA part, R produced a
stable elementary duplex, while the length of G@plementary sequence (denoted
by regulatory sequence, Table S1) was tuned toraotiite binding force of DNA
duplex €ri i=0-15. The presence of target protein will induce tlmenfation of
GQ/protein complex via a competing equilibrium wiggulatory sequence. When the
interaction force of GQ with the target proteinasger than that with the regulatory
sequence, the switch from the duplex to GQ streabacurs [38], leading to a shorter
stretch of DNA duplex (Rduplex) holding the magnetic bead to the surfacg a
hence a decrease in the force needed to releasketus. Otherwise, the duplex
endures, abolishing structure switching. During thedulation of regulatory
sequence, we assume that, in the presence of thrpwmitien the length of regulatory
sequence is less than a balanced value at whictt B@INA was termed asyRthe

switch from the duplex to GQ structure occurs. Tissociation force of the DNA

duplex changes frorg; to Fro. When one base is added on the balanced regulatory

sequence, the switch does not occur. Therefore,bthding force of unlabelled

protein with GQ Ecg/protein) Can be obtained as following:

9
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Faaiprotein= Fro = Fro (1)

where Fgyp represents the binding force of the DNA duplexridibed by thrombin
GQ DNA and the balanced RDNA {R

Furthermore, the final dissociation of the DNA dapinduced by an appropriate
mechanical force will produce a change in the magrsiggnal corresponding to the
GQ/protein complex, enabling detection of the targeotein. Dual control of
sequence and force permitted the integration aefoneasurement and finely tunable

protein detection into one mechanical sensor.

FRi FRI)
d— m—, =
o =
Ly by

S TGT CACTGT GGT TGG TGT GGT TGG - GQ DNA
ACA GTG ACACCAACCACA 5 —-- Ry
ACA GTG ACA CCAACC 5 --mmmme- Ry |

ACA GTG ACA CCA 57 -omrmomimmeemam - Ry | HONA
ACA GTG ACA 5 e Ry 7
0 Magnetic bead ¥\ Spacer
Target protcin wwnae Stable sequence
anA GQ sequence A Regulatory sequence

Fig. 1. Design of R-S force spectroscopy. Besides staajeence R(in green), GQ
DNA and RDNA forming a duplex structure contain G@quence (in blue) and

regulatory sequence (in red), respectively.
3.2. R-S force spectroscopy analysis

To assess doprotein R-S force spectroscopy was obtained from a sesfes
FIRMS spectra. The first FIRMS experiment to vakdastructure switch of
regulatory-sequence DNA duplex was carried out. fipecal magnetic field profiles
before and after mechanical dissociation of theledupre included in Fig. S2. With
the stable sequence,Rhe GQ sequence binds with thrombin. Hag did not change

(26 pN, Fig. 2a) after the addition of thrombindicating that structure switching
10
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didn’t affect the binding force of Rduplex. However, two transitions appeared at 26
and 56 pN in the FIRMS of Rduplex (Fig. 2b) after the addition of thrombin,
corresponding to the dissociation of 8rd R duplex with dissociation percentage
68.3£1.5% and 31.7+£1.5%, respectively. It indicdteg most aptamer domains were
switched to the GQ form, leading to a shorter streff DNA duplex. Thus, the length
of regulatory sequences is crucial to modulatebtdance of the duplex/GQ formation

induced by thrombin binding.

In order to find the threshold of structure switohquantify the binding force of
GQ/thrombin, we performed a series of FIRMS speatnder different length of
regulatory sequence to analyze the change in tidirty force of DNA duplex. The
transitions of the magnetic signals are associatéiadl both mechanical forces and
structure switching. Therefore, R-S force specwpsgcplot of the percentage of
duplex dissociation against mechanical force amgletory sequence was obtained.
In the case of no thrombin, it shows the lineareelency of the length of the
regulatory sequence on the force, and the DNA dupigs totally dissociated. These
force measurements are consistent with previousri®p39]. However, when
thrombin was introduced to separate the GQ streord fts complement, a transition
appeared at the force of 26 pN fos.fRduplex, whose percentage of dissociation
decrease with the increasing of the regulatory secgl (Fig. 2d). Importantly, no
transition appear at 26 pN when the length of r&guy sequence increased to 7 bp. It
indicated that the threshold of structure switchiRg) was located betweernsRnd R.
Thus, from the measurdek; (Fre=90 pN, Fr7=98 pN), we determine&cgprotein aS
68t4 pN according to Equation 1. These data demaestthat R-S force
spectroscopy has the capacity to resolve the bintbrces of multiple DNA/DNA

and DNA/protein interactions.

11
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Fig. 2. Binding force of GQ aptamer and label-free thraml¢a,b) FIRMS spectra of

Ro (a) and R (b) duplexes. The vertical axis of B/l the ratio of the measured
signal with the initial signal. (c,d) R-S force spescopy without (c) and with

thrombin (d), respectively. The results in (a,bjrespond to the data points in (c,d)
with regulatory sequence at 0 and 3 bp, respeytiVéle detailed FIRMS results are
shown in Fig. S3Fgo/proeinwas deduced from the threshold of structure switghas

indicated by arrow in (d).

3.3. Verification of GQ/thrombin binding force

To verify the results obtained from R-S force spmsttopy, the interaction force
of immobilized thrombin and GQ was measured usim@raentional direct method
(Fig. 3a). The centrifugal force with increasing @itudes was applied to directly
induce the dissociation of the GQ/thrombin complé&s. shown in Fig. 3b, the
dissociation transition in magnetic signal occura¢d9+1.1 pN, slightly larger than
the value obtained from R-S force spectroscopy 46&M). Previous studies indicated
that the different thrombin state, immobilized alattel-free, resulted in different
binding force [26, 27, 40, 41]. To decouple anctiptet the effect of thrombin state
and measurement method on interaction force, weo asnmployed the

regulatory-sequence method to probe the bindingefaf GQ with the immobilized

12
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thrombin (Fig. 3c). After the GQ and the immobitizéarombin formed the complex,
the regulatory sequence was added in solutiondoce GQ structure switching and
dissociate the GQ/thrombin complex. If the switaimi the GQ/thrombin complex to
GQ/RDNA duplex structure occurs, only a small aéungal force (here 26 pN) can
remove the dissociated magnetic bead, leadingdeceease in the magnetic signal,

which can identify the switch.

From Fig. 3d we can see that there is a sharpiti@mg magnetic signal when
the length of regulatory sequence increases to. 8 berefore, the binding force of
immobilized thrombin and GQ aptamer was deducdukt@9+7 pN via the reference
of Fry and Frg (Fig. S4). This result was in good agreement wilie direct
measurement above, confirming that the differerfa@easured forces mainly results
from the change of thrombin state. The immobil@atof thrombin may enhance the

mechanical stability of GQ/thrombin complex.

a Cc
1
TGT CAC TGT E
SYEY
F ACA GTGACA ‘P W
5 S ACA GTG ACA C
ACA GTG ACA CCA AC
b

ACA GTG ACA CCAACCAC

00] 144 1001 Hy44y
s
| ;éso
A i\‘\‘
o] i 0 \'\\

0 40 80 120 160 200 o 4 8 12 1
Force (pN) Regulatory sequence (bp)

B/B, (%)
£

6

Fig. 3. Verification of the binding force and feasibiliof R-S force spectroscopy on
immobilized thrombin. (a,b) lllustration and FIRMPpectrum of direct method. (c,d)
Confirm the binding force of GQ and immobilized dhrbin by R-S force

spectroscopy.

Altogether, these results demonstrate the feasilmhi R-S force spectroscopy for

the measurement of interaction force between GQpaoiein, either immobilized or

13
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label-free. The force calibration and resolutionreveet by the reference of DNA
duplex while the performance of FIRMS measuremegntetter than single base pair

[36].
3.4. Thrombin detection based on sequence modnlatio

From the R-S force spectroscopy of thrombin we see that the regulatory
sequence modulated the binding amplitude of GQ#thino complex (i.e. shorter
regulatory sequence results higher probability Qf/tGrombin complex). To further
investigate the binding kinetics of the complex, waried the incubation time of
thrombin to measure the magnetic signal changeruadsonstant force of 26 pN
using the method in Fig.1. Fig. 4a shows dynammdlinig of 300 nM thrombin under
different regulatory sequence {RRsand R). The curves of Rand R indicate that
the equilibrium between free and bound thrombin lbesn reached in 30 min with
different binding amplitude. But no signal changesvebserved for Jkconsistent with
the result of R-S force spectroscopy. Furthermtive,observed rate constants were
obtained through the fitting of exponential funao(see Methods). The valuelgg
(0.11+0.01 miff) was faster than that é&s (0.07+0.01 mifl). It indicates that the
regulatory sequence can tune the binding probbidtyd overall affinity of

GQ/thrombin complex.

' oae™ 10 1wt 10 10!
Thrombin concentration (M)

14
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Fig. 4. Binding kinetics and dynamic range of GQ/thrombiomplex based on
sequence modulation. (a) Relative binding amplitvgesus incubation time of
thrombin under different regulatory sequence. Téeical axis ofAB/B, is the ratio

of the amount of signal decrease with the initighal. (b) The affinity and dynamic
range of GQ aptamer can be efficiently tuned aceaght orders of magnitude of

protein concentration by modulating the lengthexfulatory sequence £§/Rg).

By DNA-based structure switching, the control aé gequence’s overall affinity
provides a means of broadening the concentratioigeraover which biosensors
respond robustly to changes in the target condsomrgd2, 43]. Consequently, when
we varied the concentration of thrombin solutidme sequence modulation should
allow our force spectroscopy to finely tune detattrange. Because the structure
switching was induced by the regulatory sequenaateshthan B, we used the
sequence RRsto detect thrombin binding events via the dissammsignal under the
constant force mode oFgro. As expected, the sensor withy Rhows a typical
hyperbolic binding curve with the useful dynamiaga [42] (defined here as the
interval between 10% and 90% of total activity) al@ag almost 2 orders of
magnitude (Fig. 4b, pink curve). The binding atynand probability is related to the
length of regulatory sequence complementary tadtmain of the GQ aptamer, with
shorter (i.e., more looser binding) regulatory sstpe responding more sensitively to
thrombin. By the sequence modulation frogt& R,, the dynamic range of thrombin
detection is finely-tuned over 8 orders of magrétahd the detection limit reaches 1
pM (Fig. 4b). Moreover, because it alters affintby regulatory sequence, this
approach does not change the structure of the ap®binding site and thus does not

alter the aptamer’s specificity [44].

3.5. Thrombin detection based on force modulation.
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Mechanical force dissociates DNA duplexes, ahdombin induces the
formation of GQ [45]. However, it is unclear whetmeechanical force and thrombin
have positive cooperativity on structure switchingm the duplex to GQ/thrombin
complex, especially when neither has an effecthmn dtability of the duplex. It is
noted that the excess unbound thrombin was rembyeasdashing procedure during
all the above experiment. If the presence of thriondan facilitate the mechanical
dissociation of stabilized duplex, it would offehet possibility to construct a

multifaceted modulation platform for thrombin ddten.

120pN  —
102pN [
BupN

TN

" "™ ! [T
Thrombin concentration (M)

Fig. 5. Mapping of dissociation signal and extending ofawic range based on force
modulation. (a) The signal change of stabilizedlelmwf Ry in the absence (-) and
presence (+) of free thrombin under different meatel force was mapped. Cross:
No signal change was observed under the correspgifaiice. Ellipse: Signal change
was occurred with the area indicating the relasigmal change amplitude. (b) Using
the synergistic effect of exogenous force and eadogs thrombin, we engineered
the force-based sensor with the stabilized dupleRgpand further extended the

dynamic range of sensors by exerting different raawdal force.

To test this hypothesis, we exerted different med@ force on the stabilized
duplex of R in the absence and presence of free thrombin tisenglatform in Fig.1.

The measured signal changes before and after exefte force are mapped in Fig.
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5a. Becaus€rg (119 pN) is stronger thafcosnrombin thrombin can’t induce structure
switching of R duplex. As expected, no dissociation signal occlrvath the
mechanical force lower than 119 pN when excess wmibahrombin was removed.
However, the dissociation signal was observed uadseaker force of 77 pN in the
presence of 300 nM thrombin. The amplitude of tissatiation signal became bigger
with the increase of mechanical force. These restlgarly suggest that thrombin
promotes the mechanical dissociation of the staddliduplex. It provides a space of
77-119 pN for force modulation capable of tuning thrombin detection. Therefore,
we generated a regulatory-force mode for biosen@tng 5b). The dynamic range
spans 6 orders of magnitude with the fixed sequehé®. The detect limit of 10 fM
was much lower than 1 pM achieved using the regufegequence mode. Thus, the
use of precise force control provides a more flexdand continuously tunable route.
Moreover, through the simultaneous modulation ofclmamical force and the
stabilized duplex (i.e., 8-mer) the detection limitthe force-based sensor could be
further extended.

In order to verify the practicability of the devpkx force spectroscopy, we
prospectively used our method to determine thentbin concentration in fetal calf
serum. The signal response behavior in pure bafidr10% serum was shown in Fig.
S5. It didn’t show any significant effect and ttseree profile was obtained, indicating

that our method is robust and performs well evetoimplex samples.
3.6. General applicability of method

To demonstrate the general applicability of R-Scdorspectroscopy, we
investigated the interaction between human telar®@ and Ku protein. Ku proteins
are nuclear protein that are highly conserved ikagwotes and involved in DNA
repair [46], maintenance of telomere length andgcaption regulation [47]. Previous

studies have already shown that Ku proteins haee ciipacity to interact with
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telomeric DNA or GQ-forming sequences [48]. Howetbe specificity has not been
guantified in terms of the binding force, which mlag valuable for understanding
therapy mechanism and developing novel anticangmnta. Furthermore, we
explored the influence of a ligand methylpyridostdmPDS, structure shown in Fig.
S6), an analogue of pyridostatin, on the interacfarce of telomeric GQ/Ku protein
complex. Proteins or ligand molecules that inducel stabilize telomeric GQ
structures have the potential to inhibit telomerastvity and serve as anticancer

agents [49].

100{—— Ku+mPDS

a
100 ——T: duplex
j KS ——Ku

—a— K1
——mPDS —

& —— KutmPDS| &

~ 50 P

o - Ty duplex o]

& [aa]

0 o—-—o—L—»—« 0

0 ]‘() 60 90 120 0 2 4 & R I‘(] 12 14 16
Force (pN) Regulatory sequence (bp)

1.4 — .

0.5+

Relative magnatic signal =

4.0 -—"/

¢ 2 4 6 8 10 12 14 16 o1 I 10 100
Regulatory sequence (bp) Ligand concentration (uM)

Fig. 6. Interactions of human telomeric GQ with Ku proteimd mPDS. (a) FIRMS

spectra of the DNA duplex of telomeric GQ with Kuotein or mPDS. (b, ¢)
Determining the interaction forces of telomeric ®@@h Ku protein and mPDS by
regulatory-sequence mode. The vertical axis of B&8the ratio of the measured
signal with the strongest signal. (d) Dynamic ramienPDS cooperation with Ku

protein of 500 nM stabilizing telomeric GQ.

The experiment method is the same as the throm@Qrégstem (Fig. 1). We
firstly probed the interactions of telomeric GQ lwKu protein and mPDS by FIRMS
of DNA duplexes with regulatory sequence {With the sequence shown in Table S2).

With the presence of Ku protein (red curve), twangitions were located at 26 pN
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and 77 pN, corresponding to the dissociation of Thend T duplex, respectively
(Fig. 6a). The similar results were observed witRD® and a mixture of Ku protein
and mPDS. It demonstrates that both Ku proteinmmR®S can stabilize the telomeric
GQ structure. Interestingly, the amplitude of thistftransition is different from each
other, which may be ascribed to their differencebinding affinity. To further
guantitatively estimate the stability of telomefBQ, we use regulatory-sequence
mode to determine the binding forces (Fig. 6b),chibhecame larger in the presence
of both Ku protein and mPDS (61+4 pN and 112+4 X Ku protein and Ku
proteintmPDS bound to telomeric GQ, the correspunpdFIRMS spectra of
regulatory-sequence DNA duplexes were shown in Big). It indicates that Ku
protein and mPDS probably bind with telomeric G@udianeously. In order to
analyze the binding site of Ku protein and mPDS5tQ, we measured the binding
force of mPDS/GQ complex (90+£7 pN, Fig. 6c), reuglthat the interaction with
telomeric GQ is Ku protein < mPDS < Ku proteintmPDIXu protein and mPDS
were bound to the same site of telomeric GQ, thdibg force of Ku proteintmPDS
would be coincident with that of Ku protein or mPR®ne. Therefore, our results
suggest that telomeric GQ has two different bindiitgs for Ku protein and mPDS,
and can be stabilized cooperatively. Both singldemde [28] and ensemble
experiments [50] have observed similar results fraifferent ligand and protein.
However, the cooperative dynamic range is seldoploeed. With 500 nM of Ku
protein, we observed the maximum cooperative responhich reached 8-10 mM of

mPDS (Fig. 6d), which may be guided for the drugnaction in cancer therapy.
4. Discussion

DNA and protein interactions with similar bindindgrengths and multiple
binding partners have been implicated in gene e#gut processes. Here, we

demonstrated a versatile and powerful platformuangify multiple interaction forces
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and finely tune the detection range of unlabelledigins in the integrated force
spectroscopy. To our knowledge, there are no othethods that provide such

information in a synergistic manner.

\\/‘ &

Fig.7. Proposed sensing pathways of synergistic regulat8chematic illustration

includes two stages: thrombin binding and mechéauiiszociation with the sequence

and force modulation (in dash box), respectively.

The developed force spectroscopy is capable oftfinang of detection dynamic
range because the target protein can induce thetwte switching and promote the
mechanical dissociation. We summarize a sensingyaat with dual modulation of
sequence and force involving a two-stage procegs {H: thrombin binding and
mechanical dissociation, which is a post-bindin@lgsis. In the first stage, the
formation of the complex is mediated by nonspediiieding of thrombin with the
DNA duplexes. Before the structure switching, atenmediate can form and be
stabilized by the long regulatory sequence. Thaieece modulation facilitates the
determination of the predominant species at the @nthis stage and tunes their
affinity. In the second stage, an appropriate amthble force induces the final

dissociation of the DNA duplexes. As a result, theombin concentration was
20
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deduced from the magnetic signal change of the ptagly labelled complex. The
results reveals that the mechanical force and thimorhave positive cooperative
effect on the dissociation of DNA duplex, which bleaus to extend the detection

dynamic range based on force modulation.

In conclusion, our method provides a versatilefptat to permit the integration
of single-molecular force measurement and finelyahle detection of label-free
proteins into one mechanical sensor, which isdiffito achieve using other methods.
The dual modulation of force and sequence are na#b for mechanical sensing:
sequence modulation extends R-S force spectrosemolyforce modulation extends
DNA-based sensing. In addition, the novel R-S faspectroscopy can resolve the
binding force of multiple interactions beyond pri6iRMS by spreading the
dissociation information along multiple axes, yiefyl a sequence-force correlation
spectrum. Moreover, the target proteins can beseithmobilized or label-free. This
DNA-based sensor shows highly sensitive label-fretein detection, which can be
tuned by both the length of the regulatory sequesme the applied force. The
platform complementing force spectroscopy with fatpry sequences has many
applications for the quantification of binding feradhe detection of label-free targets,
drug screening, targeted therapies, and fieldshichvGQ are of rapidly increasing
importance. The utilization of this methodologynist limited to protein/GQ systems
because it is also valid for general single strdn@NA sensing systems with
structure switching between the duplex and othelquen secondary or tertiary
structures to explore the interaction mechanisnon$, nucleic acids, proteins, and

small molecule ligands in a biologically relevanhtext.
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Highlights

» We present the integration of biomolecular force measurement and fine tunable
detection of |abel-free proteins into one mechanical biosensor.

»The binding force of DNA G-quadruplexes and l|abel-free protein can be
determined by Regul atory-sequence force spectroscopy.

» The dua control of regulatory sequences and mechanical forces enable the rational
fine-tuning of the dynamic range for detecting thrombin concentrations over eight
orders of magnitude.

» The influence of a ligand methylpyridostatin on the interaction force of telomeric

GQ/Ku protein complex has been explored by this method.



