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ABSTRACT: Mechanotransduction, the process by which cells initial state
respond to tension transmitted through various supramolecular o
linkages, is important for understanding cellular behavior. Tension

gauge tethers (TGTs), short fragments of double-stranded DNA l (f) ?
that irreversibly break under shear-stretch conditions, have been —1\ NN

used in live cell experiments to study mechanotransduction. 2, PRy oo
However, our current understanding of TGTs mechanical

responses is limited, which limits the information that can be

gleaned from experimental observations. In this study, we quantified the tension-dependent lifetime of TGTSs to better understand
their mechanical stability under various physiologically relevant stretching conditions. This work has broad applications for using
TGTs as tension threshold and duration sensors and also suggests the need to revisit previous interpretations of experimental
observations.

dissociated state

KEYWORDS: mechanosensing and mechanotransduction, focal adhesion, adherence junction, magnetic tweezers, DNA tension sensor,
tension gauge tether (TGT)

ells in tissues are connected to the extracellular matrix based on tension, have allowed for the investigation of tension
(ECM) and neighboring cells through focal adhesions ranges in various tension-transmission Iinkages..u_28 These
(FAs) for cell-matrix connection and adherence junctions tensions, which are typically in the range of a few pN and are
(AJs) for cell—cell connection.'™> These connections allow relevant to physiological processes,”****" have been found
cells to transmit dynamic tension generated by actomyosin to coincide with the tensions needed to unfold mechanosens-
contraction or external perturbations. By responding to this ing protein domains in these lirlkages.lz’ls’17
tension, cells are able to sense and respond to mechanical cues Tension gauge tethers (TGTs) are short, double-stranded
in their local environment through mechanotransduction, DNA segments”’ that have been inserted into tension—
which plays a crucial role in regulating various cell behaviors transmission linkages on the exterior of FAs (Figure la) and
such as cell spreading, migration, and differentiation.'° AJs to study the mechanical responses of cells. In experiments,
The way in which cells translate mechanical signals into a TGT is inserted into a tension—transmission linkage at two
biochemical responses, known as mechanotransduction, relies points, P, on the end of one strand and P, on a position on the

complementary strand separated from P, by M base pairs
(Figure 1b). The mechanical stability of the TGT can be
adjusted by changing the number of base pairs between P, and
P,. When the DNA strands in a TGT are dissociated, the
corresponding tension—transmission linkage is disconnected.
Unlike reversible tension sensors, TGTs undergo irreversible
tension-dependent strand dissociation, which is referred to as
the rupturing of TGTs.

Cell behavior has been shown to significantly change in
response to changes in the stability of TGTs inserted at FAs.”
This suggests that the mechanical stability of TGTs has a
direct impact on the mechanotransduction process occurring

on the mechanical properties of supramolecular linkages that
transmit tension." Different mechanical stresses applied to cells
lead to varying dynamic tensions, causing tension-dependent
conformational changes in mechanosensing protein domains.
These changes result in tension-dependent interactions with
binding factors, effectively converting mechanical cues into a
series of biochemical reactions.''~'® Evidence suggests that
mechanical unfolding of mechanosensing protein domains is a
key mechanism in revealing hidden binding sites for signaling
proteins. The critical tension F,, the tension associated with
equal probabilities of unfolding and folding of a structural
domain, is typically in the range of a few piconewtons

16—20
(pN).

The conformational transitions and interactions of protein Received: October 12, 2022
domains that are dependent on tension can take a significant Accepted:  January 26, 2023

amount of time. Therefore, both the level of tension and the Published: February 2, 2023

duration of tension are important factors. Recently developed
tension sensors, such as short peptides or small biomolecular
structures that undergo reversible conformational changes
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Figure 1. Illustration of TGTs and their applications in cell studies. (a) Schematic illustrating a cell adhered to a surface through integrins binding
to RGD-labeled TGTs tethered to the surface. When the two strands in a TGT dissociate, the tension transmission pathway disappears. (b)

Ilustration depicting the tension-dependent strand-dissociation pathway of a TGT through strand-peeling from the ends.*

The force attachment

points, indicated by the black dots on the DNA strands, are labeled as P, and P,.

in the tension—transmission linkages from integrin to the
cytoskeleton. Additionally, the mechanical stability of TGTs
has been found to strongly impact mechanotransduction
and T-cell
activation.*** While these observations are interesting, it is

activities involved in cell—cell connection®
still unclear what insights can be derived from them.

TGTs were originally developed as extracellular tension
sensors to report whether tension exceeds a threshold termed
tension tolerance that is defined as the average tension needed
However, as a TGT
can rupture at any tension with a tension-dependent lifetime,

for TGTS’ rupturing within two seconds.”

without prior knowledge of the time scale of tension duration,
it is not straightforward to use TGTs to gauge the tension
level.*® Indeed, the tension levels estimated with TGTs often
appear significantly higher than those reported by reversible
DNA hairpin tension sensors.”>”* To decode the information
from the complex dependence of the cell’s mechanotransduc-
tion on the mechanical stabilities of TGTSs, a comprehensive
understanding of the mechanical stabilities of TGTs is needed.

Our current understanding of the mechanical stability of
TGTs is not very clear. One reason for this is that the tension
tolerance values of TGTs have not been accurately determined
through experiments. Instead, they have been estimated using a
formula developed by de Gennes that is based on the static
analysis of the elastic energy of DNA.>* This formula does not
take into account the effects of temperature or the specific
sequence of the TGTs. Additionally, the concept of tension
tolerance, which is used to quantify mechanical stability, is only
a crude description. It only provides a qualitative comparison
of the stability of different TGTs: the higher the value of the
tension tolerance, the greater the mechanical stability. A more
complete understanding of the mechanical stability of TGTs is
needed in order to extract additional information from
experimental observations.

In this study, we carried out experimental calibration of
several TGTs for their tension-dependent lifetimes (f) at a
temperature of 37 °C. This measurement gives us a detailed
understanding of the mechanical stability of TGTs and allows
us to determine the tensions at which the TGTSs rupture or
This
information is useful for a wide range of applications of

their lifetimes under various stretching conditions.

TGTs as tension threshold or duration sensors. Based on our
results, we also revisited previous cell studies to reassess their
interpretations.
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B EXPERIMENTAL SECTION

Materials. All DNA oligos used in this study were custom
synthesized by Integrated DNA Technologies (Coralville, IA, USA) as
shown in Supporting Information Table SI. The DNA-based detector,
with two dsDNA handles and a hairpin region, was synthesized
following the standard PCR, digestion, annealing, ligation, and
purification protocols.

Magnetic Tweezer-Based Single-Molecule Manipulation.
The single-molecule manipulation experiments were conducted
using an in-house-made backscattered vertical magnetic tweezers
with a spatial resolution of 1 nm and temporal resolution of 200 Hz. A
DNA-based detector was tethered to the coverslip through biotin/
traptavidin linkage, while the other end of the detector was linked to a
superparamagnetic bead through thiol/epoxy reaction. This system
was performed in a laminar flow channel. The extension change of the
tethered DNA was measured based on the height change of the
superparamagnetic bead tethered to the DNA-based detector under
force. The details of the force calibration and control for the single-
molecule magnetic tweezers experiments have been described in
previous works.”>**

Experiments were performed in a standard solution containing the
following: 1 X PBS and 1% BSA at multiple temperatures (23 °C
(room temperature), 30, and 37 °C). To achieve temperatures higher
than room temperature, a non-magnetic nanocarbon-based thermal
film (ultrathin flexible heater, Pelonis Technologies) was applied on
the top of the sample channel.

Data Analysis. Bootstrap is a resampling method that generates
groups of independent sample data from an existing sample data with
the same data size. From our approach, we obtained N,, which is the
number of cycles that a TGT ruptured corresponding to a bead height
change at constant target force, F, during a certain time interval, At,

after repeating force jump cycles for N times. Thus, pF(At) = %

The resampling procedure is as follows: Assuming that the data
pool contains N, rupturing events and N — N, non-rupturing events
(N events in total), we randomly chose one event from N events,
determined whether it was a rupturing event or a non-rupturing event,
and then put it back to the data pool. Following this step and
choosing N times, we obtained a group of N resampled data with N’

b
rupturing events, resulting in a resampled probability pﬁ(At) = %
Repeating this resampling process for 100 times, we generated 100
groups of resampled data and thus have 100 independent

pﬁ(At i) = N’—(’) (i =1, 2, .., 100). The mean value and the

standard dev1at10n of the rupturing probablhty under a certain
condition (F, T, At) can be calculated from pF(Atz) (i=1,2,..,100).
Then, with resampled p%(At,;i) of a range of At and fitting w1th the
single-exponential-decay function, the average lifetime, 7(F), and its
standard error can be found.

Structural-Elastic Model of Force-Dependent Unfolding
Rate. At low force, the differential force-dependent entropic
extension fluctuation between the native and the transition states

https://doi.org/10.1021/acssensors.2c02218
ACS Sens. 2023, 8, 704—-711
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Figure 2. Single-molecule experimental design to quantify the mechanical stability of a TGT. (a) Schematic of the designed DNA detector tethered
between a glass surface and a superparamagnetic bead. The TGT is shown in red. The green DNA duplex is to anchor the ssDNA on the detector
for higher experimental throughput. (b) Schematics of tension—jump cycles applied to measure the tension-dependent lifetime of TGTs. The
hybridized or ruptured state of the TGT is determined based on the bead height. (c) Representative experimental data for a 15-bp TGT at 37 °C.
For each tension—jump cycle, the target force F = 28 pN and At = 35 s. Three rupture events are observed during the eight tension—jump cycles.

leads to the force dependence of the transition rate. This is related to

the differential structural-elastic properties of molecules between their

native state and the transition state.’® At forces larger than kZ—OT, k:—*T,

B

ks T . . . .
and = this rate has a simple asymptotic expression:

200 1/2
k(F) = koe[”ﬂ”F /Q=nETA)/ kBT, which contains a kinetic parameter

ko and three model parameters

kgT  kgT * 0 kgT
H=L*+b*—b0—3—*—B—o,a=h—*—h—0, andy = L*, | 2~
o o Va

referring to Figure SS.

In the case of the force-dependent strand dissociation of TGTs, y°
= y* € (1000, 1500) pN*” are the stretching rigidity of dsDNA, which
makes the term aF?*/2 negligible compared with the other two terms.
As the two remaining model parameters ¢ and # are determined by
the transition state, they can be described by a single parameter n*,
which is the number of ruptured base pairs at the transition state: 6 =

n*(lis — lLy) and p = ”‘*’155 kBTT, where I, = 0.7 nm and [, = 0.34
nm are the contour lengths per ssDNA nucleotide and dsDNA base
pair, respectively, and A = 0.7 nm is the bending persistence length of
ssDNA in 150 mM KCL*%®*® It can be shown that
o(f) = Toe(_(”("*)f NPT, By fitting the measured data with
this model, the transition states (n*) of these TGTs under shearing
tension geometry can be obtained.

B RESULTS AND DISCUSSION

Experimental Design. We designed a single-molecule
detector (Figure 2a), consisting of a DNA hairpin spanned
between two single-stranded DNA (ssDNA) handles, and an
ssDNA oligo complementary to regions of both ssDNA
handles adjacent to the fork of the hairpin marked by green
and red. At tension below the threshold destabilizing tension of
the hairpin (Fyypin = 7.0 = 0.7 pN at 37 °C), the hairpin
remains stable so that the green and red regions of the ssDNA
oligo can hybridize with the corresponding regions of both
ssDNA handles. The technical details of the magnetic tweezers
used for the single-molecule study can be found in our
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previous publications.””*> Further details on the manipulation

of the single-molecule detector can be found in Supporting
Information Sections I—IV.*’

The red duplex corresponding to the region between P, and
P, in a TGT is the target to be measured for its mechanical
stability. At a tension F, the opening of the last base pair in the
red duplex will place the hairpin under tension in an unzipping
force geometry. This mimics an actual TGT, where the
opening of the base pair at the P, position will render the
remaining duplex in the same unzipping force geometry. When
F is greater than Fy, the opening of the last base pair in the
red duplex is followed by immediate unzipping of the hairpin.
Hence, the transition state of the designed construct is the
same as TGTs (Figure 1b, Supporting Information Sections V
and VI).

The rupturing of the red duplex leads to a large stepwise
increase in the bead height that can be detected by our in-
house-constructed magnetic tweezers.””*> The green duplex is
made much longer than the red duplex to ensure that the
rupturing only occurs on the red duplex (Supporting
Information Section VII*®). After rupturing the red duplex,
the ssDNA oligo remains bound to the detector via the green
duplex (Figure 2a, right), allowing the red duplex to re-form
when tension is reduced to below Fy,- This way, many data
points can be obtained from one detector.

Determination of (f) for TGTs. We quantified the
tension-dependent rupturing probability of the red duplex over
a time interval At at a constant tension F, pp(At). The average
lifetime of the red duplex 7(f) was obtained by fitting the
pr(At) data with a single-exponential function 1 — e(=2%7),
The pp(At) data were obtained by applying tension—jump
cycles described in Figure 2b. Each cycle starts with a tension
F; at which the hairpin is stable, for 1 min to allow the
formation of the red duplex. Then, tension was jumped to Fy
slightly higher than the hairpin unzipping threshold tension,
for two seconds to check whether the red duplex is formed.
The two states of the red strand, hybridized or ruptured, can

https://doi.org/10.1021/acssensors.2c02218
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be unambiguously determined by their large extension
difference (Figure 2a). Finally, the tension was jumped to a
target tension F, for a holding time of At, during which the red
duplex may or may not rupture. Repeating the cycles for N
times, pp(At) is calculated by pp(At) = N,/N, where N, is the
number of cycles where the red duplex is ruptured.

Most cell studies have been performed at 37 °C.*>**7** As
7(f) of a TGT is sensitive to temperature (Supporting
Information Section VIII*®), we quantified 7(f) of four
TGTs (Table 1) at 37 °C, including three (7-bp, 11-bp, and

Table 1. Sequences of TGTs”

Length (bp) Sequence (5" — 3')

7 GTG TCG T

11 GTG TCG TGC CT

13 GTG TCG TGC CTC C (truncated from no. 15)
15 GTG TCG TGC CTC CGT

15-bp) widely used in previous studies and one modified (13-
bp) from the 15-bp TGT. For each TGT, the pp(At) data were
determined from at least S0 cycles for each holding time from
multiple tethers (Supporting Information Section IX’”). Panels
a—c of Figure 3 show pp(At) from a 15-bp TGT and an 11-bp
TGT used in previous cell studies,”” as well as a 13-bp TGT
generated by deleting the last two base pairs of the 15-bp TGT.
The pp(At) curves obtained at the same forces shift left as the
lengths of TGTs decrease (Figure 3d), suggesting decreased
mechanical stability of shorter TGTs.

For each TGT, the best-fitted z(f) was obtained over a
certain tension range (Figure 4; Supporting Information

Tension-dependent lifetime, 7(f)

100000
« 15-bp TGT

13-bp TGT

10000 4
11-bp TGT

1000 1
100 1
10 4
"
0.11

Lifetime (s)

0.014
0.001 §
1E-4

Force (pN)

Figure 4. Mechanical stabilities of TGTs in Table 1. For the tension-
dependent lifetime, 7(F), data are obtained from exponential fitting of
measured py(At) and are further extrapolated to tensions above a few
pN using the structural-elastic model (Supporting Information
Section XII*®).

Section X°?), with the errors obtained by bootstrap analysis
(Supporting Information Section XI°”). 7(f) is extrapolated
(solid line, Figure 4) from the measured 7(f) data to tensions
outside the range of measurement based on an expression
derived from Arrhenius law of tension-dependent transition

kinetics, 7(f) = roe(_(”("*)f_”("*)\’g)/kBT), where ¢ = n*(l,, —

ligs) and 7 =n*l,\/(kyT/A) (Supporting Information
Section XII*”). Here, I, = 0.7 nm and I, = 0.34 nm are
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Figure 3. Tension-dependent lifetimes of three TGTs in Table 1 at 37 °C. Rupturing probabilities of 15-bp TGT (a), 13-bp truncated TGT (b),
and 11-bp TGT (c) within different holding times detected over a certain tension range. (d) Comparison of pz(At) curves of 15-bp and 13-bp
TGTs at 30 pN (dark and light black lines) and 13-bp and 11-bp TGTs at 20 pN (dark and light red lines) (mean + standard error).
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Figure S. Comparison of the mechanical stabilities of talin a-helical bundles, 11-bp TGT, and 15-bp TGT. Rupturing tension probability densities
(a) and lifetime probability densities (b) of a-helical bundles in talin rod (top panel), the 11-bp TGT (middle panel), and the 15-bp TGT (bottom
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the contour lengths of one nucleotide step of ssDNA and one
base pair step of dsDNA, respectively, and A = 0.7 nm is the
bending persistence length of ssDNA in 150 mM KCL*%**
This model can be applied at tensions greater than a few pN
where the worm-like chain polymer model of ssDNA is
valid.*”>

Applications. TGTs as Tension Threshold Sensors. TGTs
were originally developed to determine whether tension
exceeds a certain threshold based on 2 s tension tolerance
values. However, our results (as shown in Figure 4 with the
dashed line) reveal that, at a lifetime of 2 s, the average
rupturing tensions for 11-bp, 13-bp, and 15-bp TGTs are
approximately 21, 30, and 33 pN, respectively. These values are
unexpectedly about 20 pN lower than the previously estimated
values based on de Gennes' formula,”® which requires
significant adjustments to the previously reported 2 s tension
tolerance values for TGTs. The knowledge of 7(f) can be used
to define the tension tolerance at a wide range of time scales
and can be applied to various processes that involve constant
tensions of different durations. It should be noted that the use
of tension tolerance requires processes with nearly constant
tension over a known duration.

In principle, based on 7(f), TGTs could also report whether
tension exceeds a threshold for processes involving dynamic
tensions that increase with time, based on the peak rupturing
tension of a TGT subjected to a time-varying tension predicted
based on 7(f). For example, if the tension is increasing at a
constant rate r and is given by f(t) = rt, the TGT’s rupturing

1 f 1 7\ 51
0 exp(—/o EOE df ) For
the 11-bp TGT that provides the minimal stability to support
the formation of nascent FAs,””** the TGT’s peak rupturing
tension is in the range from 20 to 26 pN for loading rates in
the order of a few pN/s (Figure Sa, middle panel, Supporting
Information Section XIIT*?) that are physiologically relevant
(see below).

TGTs as Tension Duration Sensors. The quantity z(f)
directly provides the average lifetime of a TGT under a near-
constant tension. For example, it was determined that the

tension distribution is p(f) =
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average lifetimes of 15-bp TGTs, 13-bp TGTs, and 11-bp
TGTs were between 10° and 10* s, between 10* and 10° s, and
between 10' and 10” s, respectively, over a tension range of
10—15 pN. When the tension varies over time at a certain rate,
the most probable lifetime of the TGT can be obtained from
the distribution density function

=L exp(— L ar SOR ime-
p(t) = O exp( /0 @ dt ), where 77!(t) is the time

varying rupturing rate of the TGT caused by a time-varying
tension f(t). Therefore, when the tension dynamics are known,
TGTs can serve as sensors for the average tension duration.
This property can be used to determine the threshold duration
of tension needed for mechanotransduction.

The process of transitioning from nascent to matured focal
adhesions involves the use of talin and vinculin-mediated
rigidity sensing. This process involves the mechanical
unfolding of helical bundles in talin under tension and the
binding and activation of vinculin.'>'®'®3*73* Research has
shown that newly assembled talin-mediated linkages are
subjected to increasing tension due to the retrograde flow of
actin.”® Although there is no direct measurement of the force
loading rate for integrins, estimates can be made based on the
rate of retrograde actin flow (in the order of 10 nm/ s°7%%), the
magnitude of tensions involved in the unfolding of protein
domains (from a few to tens of pN for talin domains'®), and
the extension range over which the unfoldin% of protein
domains can occur (200—300 nm for talin rod'”). Based on
these estimates, it is reasonable to approximate the loading
rates for such linkages to be in the order of pN/s.

In Figure 5b, we compare the lifetime distribution of talin’s
13 tension-bearing helical bundles in the rod domain, based on
the tension-dependent unfolding rates measured in our
previous study, ® to the lifetimes of the 11-bp and 15-bp
TGTs at the same loading rates of r = 1, 2, 4, and 8 pN/s. The
11-bp and 15-bp TGTs are known to provide minimal stability
for the formation of nascent and matured FAs, respec-
tively.””** Our results show that the 11-bp TGT has a longer
lifetime than the majority of talin’s a-helical bundles and the
15-bp TGT has a longer lifetime than all of talin’s a-helical
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bundles at the corresponding loading rates. Therefore, both
TGTs are able to support the mechanical unfolding of talin’s a-
helical bundles.

Since the 11-bp TGT cannot support the transition from
nascent to matured FAs>®*® it is likely that the tension
duration it provides might not be sufficiently long to support
the downstream mechanotransduction that requires recruiting
and activating vinculin. A more stable TGT, such as the 15-bp
TGT that was reported able to support the formation of
matured FAs," is needed to provide a longer tension duration
(Figure Sb) for the downstream mechanotransduction steps.
Indeed, over the loading rate range, the lifetimes (5—35 s) of
the 15-bp TGT are significantly longer than those (3—20's) of
the 11-bp TGT. Moreover, for other downstream process like
YAP translocation from cytoplasm to nucleus driven by
mechanical cues, cells on even more stable 18-bp TGT
showed a dramatic enrichment of YAP nuclear localization
than 11-bp and 15-bp TGTs."® This observation can be
similarly expained based on a longer tension duration needed
for mechanotransduction that leads to YAP translocation into
the nucleus, which requires a more stable TGT than the 15-bp
TGT. Overall, the knowledge of 7(f) offers new insights into
previous cell studies from a novel perspective of tension
duration.

Having knowledge of 7(f) significantly expands the range of
uses for TGTs as a tension threshold or tension duration
reporter, enabling us to gain valuable insights into the
mechanotransduction activities occurring on the tension—
transmission linkage where the TGT is inserted.

B CONCLUSION

In summary, we have examined the 7(f) of several TGTs at 37
°C over a range of time scales that are relevant to physiological
processes. Our findings reveal a complete picture of the
mechanical stability of TGTs. We discovered that previously
reported two-second tension tolerance values for TGTs are
significantly overestimated and that z(f) can be used to
determine tension tolerance for TGTs over a wide range of
time scales when used as a tension threshold sensor in
situations with near-constant, known tension durations.
Additionally, we found that TGTs can also serve as a tension
threshold sensor in situations where tension varies over time,
based on the peak rupturing tension of the distribution density
function of rupturing tensions that can be calculated from z(f).
Our results also highlight the potential use of TGTs as a
tension duration sensor in situations where the dynamics of
tension are known, which can provide information on the
minimal tension duration required for specific mechanotrans-
duction activities on tension—transmitting supramolecular
linkages. Overall, our findings provide a foundation for using
TGTs as a tension threshold or duration sensor in a wide range
of situations depending on the available knowledge of the
experimental system.

One limitation of this study is that it only considers the
TGTs in the shear-stretching mode, which means that the
transition state structure corresponds to the last base pair in
the shear-mode part of the duplex being ruptured. This means
that the tensions must be higher than the base-pair-
destabilizing threshold under the unzipping geometry (greater
than 10 pN) for this model to be applicable to the remaining
part of the DNA. The unzip-mode part of TGTs is expected to
significantly increase the TGT’s lifetime at tensions below 10
pN, where the unzip-mode part is mechanically stable. It is
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important to have a complete understanding of the tension-
dependent lifetime of TGTs, including the lower tension range
(below 10 pN), which is a current project in our group.
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