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Abstract

Mechanical forces are central to most, if not all, biological processes including cell development,
immune recognition, and metastasis. Because the cellular machinery mediating mechano-sensing
and force generation is dependent on the nanoscale organization and geometry of protein
assemblies, a current need in the field is the development of force-sensing probes that can be
customized at the nanometer lengthscale. In this work, we describe a DNA origami tension sensor
that maps the piconewton (pN) forces generated by living cells. As a proof-of-concept, we
engineered a novel library of six-helix-bundle DNA-origami tension probes (DOTPs) with a
tailorable number of tension-reporting hairpins (each with their own tunable tension response
threshold) and a tunable number of cell-receptor ligands. We used single-molecule force
spectroscopy to determine the probes’ tension response thresholds and used computational
modeling to show that hairpin unfolding is semi-cooperative and orientation-dependant. Finally,
we use our DOTP library to map the forces applied by human blood platelets during initial
adhesion and activation. We find that the total tension signal exhibited by platelets on DOTP-
functionalized surfaces increases with the number of ligands per DOTP, likely due to increased
total ligand density, and decreases exponentially with the DOTP’s force-response threshold. This
work opens the door to applications for understanding and regulating biophysical processes
involving cooperativity and multivalency.
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Mechanical cues are essential for a wide range of cellular processes including cell adhesion,
immune recognition, metastasis, and clotting.1~# Cells sense the mechanical properties of the
extracellular matrix (ECM) through integrin receptors that transmit forces bidirectionaly
between the cellular cytoskeleton and the ECM. There are several different methods for
studying integrin mechanics. For example, single-molecule force spectroscopy techniques,
including atomic force spectroscopy, magnetic tweezers, and optical tweezers, are used to
probe the interactions between cell receptors and their ligands.> ® These methods capture the
physical chemistry of ligand-receptor interactions, but often poorly recapitulate biological
processes because many membrane receptors function within oligomers rather than
operating as isolated molecules. For example, groups of integrins assemble into focal
adhesions (FAs) containing hundreds of different structural and signaling proteins that
physically bridge the ECM to the cytoskeleton.” Another complementary method for
studying cell mechanobiology is traction force microscopy (TFM), which measures the cell-
driven deformation of polymer substrates8. With micrometer spatial resolution and
nanonewton sensitivity,? TFM is capable of mapping the forces generated by mature FAs but
cannot resolve the forces by nascent adhesions or focal complexes that precede the
formation of mature FAs. To bridge the gap between these two types of methods, we
developed molecular tension-based fluorescence microscopy (MTFM) for imaging cell
traction forces with piconewton (pN) resolution.10: 11 The technological center-piece of
MTFM is a molecular reporter comprised of an extendable, “spring-like” unit that is flanked
by a fluorophore and quencher and anchored to a substrate. Tension transmitted to the probe
leads to its extension, which separates the fluorophore from the quencher and results in a
drastic increase (up to 100 fold) in fluorescence intensity.12 13

Over the past few years, we and others have developed several different classes of MTFM
probes that include polytheylene glycol,12: 14-16 protein,17-19 and DNA-based probes.
13,20-25 Among these, DNA-based MTFM probes exhibit several advantages including ease
of synthesis, modular design, and the best reported signal-to-noise ratio.2? These probes are
typically comprised of three oligonucleotides. The first secures the probe to an underlying
substrate. The second is a stem-loop hairpin with a well-characterized force-extension
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relationship. The third oligonucelotide presents a ligand that binds to a cell surface receptor
(e.g. cyclic Arg-Gly-Asp-Phe-Lys (cCRGDfK), a synthetic peptide engineered to have high
affinity towards a3 integrin receptors). Importantly, the arms flanking the hairpin are
complementary to the other two oligonucleotides which also carry a fluorophore (e.g. Cy3B)
and quencher (e.g. BHQ-1). When folded the probe is highly quenched (~97-99%
quenching efficiency). Tension applied to the probe unfolds the DNA hairpin, resulting in a
significant increase in fluorescence. Within a fluorescence tension image, the fluorescence
intensity is directly proportional to the number of unfolded hairpins per unit area. The Fy,
of a given DNA-hairpin probe, which is defined as the equilibrium force at which the hairpin
spends half of its time in an unfolded state, can be tuned from ~2 to 19 pN by modifying the
GC content and length of the stem region of the hairpin.20: 22, 26, 27

The tunability of the probe Fy/, is important as it enables determination of the magnitude of
receptor forces. For example, we found that the T cell receptor (TCR) applies between 12
and 19 pN to its antigen in CD8* mouse T-cells,13 while human platelet integrins apply a
range of forces that can exceed 19 pN.28 We also found that TCR forces were enhanced to
>19 pN and spatially reorganized by enabling surface adhesion of the Lymphocyte function-
associated antigen 1 (LFA-1), demonstrarting the importance of cooperative interactions in
receptor mechanics.13 Accordingly, it is highly desirable to engineer a new generation of
MTFM probes that can present multiple ligands for testing the role of multivalency in force
transmission and access a broader range of force response thresholds.

DNA origami can be used to create complex nanoscale 3D structures by using the well-
characterized properties of Watson-Crick base-pairing.2® Such approaches have formerly
been used to design complex DNA nanostructures including lattices, tubes, boxes,
polyhedra, and functional machines.3%-34 DNA origami nanostructures allow for highly-
defined integration of molecular components, enabling the creation of nanostrcutures with
prescribed geometric, chemical, optical, and mechanical properties.3>-44 Furthermore, the
integration of mechanosensitive biomolecules into DNA origami nanostructures has enabled
several novel single-molecule force spectroscopy techniques.#>-59 For example, a recently
developed DNA origami force-clamp was used in conjunction with single-molecule
fluorescence imaging to study transitions between folded and unfolded states in
biomolecules under a constant, structurally-specified force?®. These mechanically-informed
designs are enabled in part by recent computational tools such as CanDo,1-53 which applies
finite element methods to the prediction of the 3D shape and mechanical properties of DNA
nanostructures, and OXDNA, 2457 a coarse-grain molecular dynamics platform for
oligonucleotide and small origami systems.

In this work, we present DNA origami tension probes (DOTPs) that can multiplex adhesive
peptides and force-sensitive hairpins in a parallel fashion (Figure 1a), enabling the first use
of DNA origami to study molecular mechanics in living cells. Using the biomembrane force
probe (BFP), we measure the unfolding forces (Fynfoig, the average force required to unfold
a tension sensor) of DOTPs with one, two, or three hairpins in parallel and observe that
Funfolg correlates positively both with the number of hairpins and with the Fy/, of the
constituent hairpins. We then compare our experimental results to theoretical models and
perform finite element simulations which suggest that the hairpins unfold in a semi-

Nano Lett. Author manuscript; available in PMC 2019 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dutta et al.

Page 4

coopertative, orientation-dependant manner. Finally, we use DOTPs in live-cell experiments
with human platelets. These live-cell experiments show that the inclusion of multiple ligands
increases cell-spreading and tension signal, which we attribute to a two-fold increase in the
total ligand density. Additionally, we observed that the use of multiple hairpins in parallel
increases Fynfolg and therefore decreases cellular tension signal. We quantitatively compare
these results from previous live-cell studies of platelent traction forces using conventional
DNA-based tension probes2® and observe similar trends with respect to Fynfoig- This new
class of nanoscale tension probes opens the door toward more complex and sophisticated
reporters of molecular mechanics.

The DOTP is comprised of three components: a ligand-presenting domain with one or more
cRGDfk peptides, an origami body, and a force-sensor unit consisting of one or more DNA
hairpins arrayed in parallel (Figure 1a). The origami body of the tension sensor consists of a
425-nucleotide single-stranded DNA scaffold folded by 17 staples through hybridization
using the DNA origami technique.2® The resulting structure is a six-helix bundle packed on a
honeycomb lattice (Figures 1a and S2-S3, see Supporting Information for details on design
and synthesis). The six-helix bundle is ~45 nm long and ~6 nm in diameter and presents its
ligand-presenting domain at one end and its force-sensor domain at the other end. The 3’
termini of the strands displaying the force-sensor domain are modified with thiol groups,
which anchor the construct onto an AuNP-coated glass surface. The force-sensor domain
includes one or more DNA hairpins, each tagged with a fluorophore-quencher pair (Cy3B
and BHQL) near the base of the hairpin stem (Figure 1b). As in conventional DNA hairpin-
based tension probes, each Cy3B molecule is dual-quenched by BHQ1 and the AuNP.13
Engagement of the ligand-presenting domain by a receptor with a tensile force exceeding the
Funfolg Of the DOTP results in cooperative unfolding of all hairpins, which in turn
dequenches the fluorophore(s) and generates increased fluorescence signal (Figure 1b). For
this proof-of-concept study, we generated four DOTPs with differing numbers of peptide
ligands and hairpins: one-hairpin and one-peptide (1H1P), one-hairpin and two-peptide
(1H2P), two-hairpin and two-peptide (2H2P) and three-hairpin and two-peptide (3H2P)
(Figures 1c and S2). We confirmed the successful incorporation of multiple hairpins within
the DNA origami scaffold using agarose gel electrophoresis (Figure 1d).

To measure the Fynfoig Values of different DOTP constructs, we performed single-molecule
force spectroscopy using the BFP technique®® (Figure 2a). In this technique, a streptavidin-
coated probe bead is attached to a red blood cell (RBC). The RBC is then lightly aspirated
into and held with a micropipette tip as shown in Figure 2a. A microparticle coated with
biotin-presenting DOTP is then brought into contact with the probe bead and the formation
of a biotin-streptavidin bond bridges the two particles together via the DOTP. The target
bead is then retracted to stretch the RBC, resulting in a tensile force ramp applied to the
DOTP at a rate of 500 pN/s. The displacement of the interface between the probe bead and
RBC is optically monitored and transduced to force, generating a force vs. time curve
(Figures 2b and S4).59 Note that the extension is halted upon irreversible separation (either
through shearing of the DNA handles or mechanical rupture of the biotin-streptavidin bond),
as indicated by a reduction of force to baseline. Within this force vs. time curve, we
measured the force at which a sharp, substantial dip in the force level occurred (Figure 2b,
inset). We attribute this sharp drop to a rapid elongation of the tension sensor due to
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unfolding of the hairpin(s). We repeated this experiment several times (7> 30) and averaged
the dip-force across all trials to obtain Fynfoiq for each construct. We performed this
experiment on 1H, 2H, and 3H DOTPs with hairpins of 22% GC-content stems and 77%
GC-content stems (Figure 2c, d and S5). Because all hairpins were of identical length (25
bp) and loop size (7 T bases), we anticipated that hairpins with higher GC-content would
display a higher Fynfolq.2% 27

With a loading rate of 500 pN/s, we found that the F 014 Of the DOTPs with 1H, 2H and 3H
containing 22% GC-content stems were 5.1 + 2.4 pN (hairpin attached to helix-3; 7= 50),
8.4 £ 3.0 pN (hairpins attached to helix-1 and -3; 7= 100), and 11.7 £ 3.5 pN (hairpins
attached to helix-1, -3 and -5; n=90), respectively (Figures 2c). For the DOTPs with 77%
GC-content stems, the thresholds were 9.8 + 3.4 pN (n=42), 15.0 + 4.2 pN (n=230) and
18.8 £ 4.2 pN (7= 98), respectively (Figures 2d). In all cases mentioned above, increasing
the number of hairpins or the GC content resulted in statistically significant increases in
Funfolg (comparisons performed using two-sample t-tests, Table S1). The Fynfoig 0f 5.1 £ 2.4
pN observed in the 1H-22% GC DOTP, agreed with the F 014 Of an individual hairpin (4.8
+ 1.9 pN, n= 236, p< 0.01), suggesting that incorporation of the bulky origami structure does
not significantly alter the mechanical response of a single hairpin probe (Figure S7). This
agreement of Fnfo14 alSO suggests that it is the single 22% GC hairpin in the origami sensor
that unfolds rather than other elements within the origami scaffold. We also found that
moving the postion of the 22% GC hairpin from helix-3 to helix-1 or from helix-3 to helix-5
did not greatly alter the F 019 (Figures S6a and S7a, b, p=0.345 and 0.179 respectively),
suggesting a weak or negligible influence of hairpin location on Fynfqq- NOte that it is also
possible to assemble different types of hairpins with different GC-contents (such as 22% and
77%) on a single origami sensor (Figures S6b and S7a, ¢). The Fynfoig 0f @ 2H-mixed DOTP
with one 22% GC hairpin and one 77% GC hairpin was 11.4 + 4.1 pN (n=57), which is
higher than the Fynpfoiq Of the 2H-22% GC DOTP (p < 0.01) and lower than Fu5014 OF
2H-77% GC hairpins (p< 0.01). A 3H-mixed DOTP with one 77% GC hairpin and two 22%
GC hairpin yielded an Fps01q Of 12.1 + 4.1 pN (7= 113), which is significantly lower than
the 3H-77% construct (p < 0.01) but not significantly higher than the 3H-22% GC DOTP (p
= 0.657) or the 2H-mixed DOTP (p = 0.291). Altogether, these measurments demonstrate
that the Fynoig Of @ DOTP can be tuned by multiplexing the hairpin structures comprising
the force-sensitive unit of the probe.

To obtain a deeper understanding how multiplexed DNA hairpins cooperate to increase
Funfold, We compared our experimental data to theoretical models of multi-bond rupture.
Rupture of multiple molecular bonds in parallel has previously been studied using dynamic
force spectroscopy®%-93 and these observations have been accompanied by quantitative
theoretical models relating the number of bonds to unfolding force.6! The unzipping and
parallel models represent two extreme cases, and differ in their assumption of the nature of
cooperativity between bonds: In the unzipping model, only one hairpin is under tension at a
time, so each hairpin unfolds sequentially at its own individual unfolding force and Fynfoiq IS
minimized due to the lack of cooperativity between the hairpins. In the parallel unfolding
model, tension is equally divided between all hairpins and hairpins unfold cooperatively.
Given the parallel arrangement of the hairpins, we anticipated that DOTPs would match
predictions by the parallel unfolding model.
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The results of our comparisons are shown in Table 1, and further details of our modeling
methods are explained in the Supplemental Note. As expected, the unzipping model
underpredicts Fynfoig for all six DOTPs by an average of 21.7%. Surprisingly, the parallel
model overpredicts F 01 for all six DOTPs by an average of 18.8%. While we initially
expected hairpins to unfold in a fully cooperative manner, it appears that hairpin unfolding is
best described by a model which is intermediate between unzipping and parallel. Given the
rigid nature of the six-helix bundle body of the probe,*3 we hypothesized that the
discrepancy from the parallel model could be explained by imbalance of tension transmitted
to the hairpins. In other words, force transmitted through the ligand may not be evenly
distributed to each of the two or three hairpins at the bottom of the rigid six-helix bundle. A
logical extension of this hypothesis is that the orientation of tension relative to the long axis
of the DOTP could influence how tension is distributed amongst the hairpins.

To illustrate the effect of tension imbalance, we performed Monte Carlo simulations of a 2H
77% GC DOTP in which the percentage of force experienced by one hairpin is varied from
0% to 50% (note that these two extreme cases approximate the unzipping and parallel
models respectively). Our results indicate that more heterogeneous force distributions lead to
a decrease in Fynforg (Figure 3a, b). We next examined how changes in the orientation of
tension could modulate Fynf01q4 OF multivalent DOTPs by changing the heterogeneity of
tension distributed to the hairpins. To do this, we used a finite element method derived from
the previously mentioned CanDo software®: 52 combined with our Monte Carlo simulation
method (Figures 3c and S9, Movie S1). We found that tension imbalance was substantial and
dependant on the orientation of tension (Figures 3d—e and S10). We quantify force
orientation using azimuthal angle ¢ (the angle around the long axis of the DOTP) and polar
angle @ (the angle between tension and the long axis of the tension probe, Figure S12). We
assume that forces are randomly distributed in ¢ and have an unknown distribution in 6
which depends on the orientations of the force and the DOTP with respect to the sample
plane (Figures S10c and S11a). The range of F 01 reported in Table I reflects the range of
Funfolq Obtained after averaging with respect to ¢, while the relative error is calculated using
the midpoint of this range.

When accounting for the effect of tension imbalance, the F 019 Of our Monte Carlo
simulations was only 1.3% lower than the experimentally measured Fynfo1q ON average
(Table 1). In addition, our orientation-dependant model was the most accurate model for five
of the six DOTPs. Together, these results indicate that the combination of multiple hairpins
increases Fynfolq through partial cooperativity between the hairpins and that the unfolding of
parallel tension sensors depends on the orientation of force.

Note that in the above simulations we assume that hairpin unfolding is irreversible. In
reality, hairpin refolding is possible, particularly if the DOTP is still held closed by one or
two folded hairpins. To examine the effect of refolding on the simulated F 01 Values, we
modified the Monte Carlo simulations to allow hairpin refolding. We found that accounting
for refolding slightly increased the simulated F 014 Values in a manner that depended on the
number of hairpins in the DOTP and their GC content. We also found that, regardless of the
parameters chosen to model refolding, refolding decreases the accuracy of the parallel bond
rupture model and therefore reinforces our conclusion that Fnto1q IS Orientation-dependent.

Nano Lett. Author manuscript; available in PMC 2019 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dutta et al. Page 7

As such, the values in Table | represent lower bounds. We refer readers to the Supplementary
Note, Figure S18, and Table S3 for a more detailed discussion of the effect of hairpin
refolding on the predicted Fynfolg-

Application of DOTPs in living cells

To demonstrate DOTPs’ potential for use in biological applications, we used DOTPs
presenting the a3 integrin-binding peptide cRGDfK to map molecular tension exerted by
human platelets. We chose human platelets as a model system because under our
experimental conditions they produce bright tension signal with probes in the 5-19 pN range
for extended durations and because mechanical contraction is a core function of platelet
biology* 20: 28.64-66 The cRGDfK ligand is a peptide that mimics the integrin receptor
binding site of fibrinogen and fibronectin, which mediate platelet aggregation by targeting
mechanosensitive integrin proteins on the platelet surface®”. Human platelets were pre-
activated with adenosine diphosphate (ADP) and seeded onto a surface coated with
1H2P-22% GC (Fynfolgd = 5.1 pN) DOTPs. The platelets attached to the surface within 3
minutes and unfolded the 5.1 pN DOTPs, resulting in increased fluorescence intensity under
the cell body (Figures 4a, S15 and Movie S2). Tension signal continued to increase as the
platelets further spread out for 5 min, at which point the tension signal reached a plateau
(Figure 4b) and the cells stopped spreading (Figure 4a). This experiment demonstrates that
DOTPs can be used to map integrin traction forces in living cells.

We next examined the effect of multiplexed ligands by comparing platelets on 1H1P and
1H2P surfaces (Figures S16). Surfaces functionalized with the two different types of tension
probes showed similar background intensity, indicating that the two surfaces present the
probes at similar densities. ADP activated-platelets were added to these two surfaces and cell
adhesion density and tension signal were measured after 20 minutes of incubation. When
compared to the 1H1P sensor, the 1H2P sensor supported ~62% higher platelet adhesion and
~50% higher platelet spreading area (Figure S16e—g). In addition, platelets spreading on
1H2P-functionalized surfaces exhibited fluorescent tension signal that was twice as high as
platelets on 1H1P surfaces (Figure S16d). To confirm that the increased adhesion was indeed
a result of ligand multiplexing, we compared adhesion density and fluorescent tension signal
of 1H1P sensors presenting peptides on helix-6 and 1H1P sensors presenting peptides on
helix-4 and found little difference between the two constructs (Figure S16). Note that
because the ~6 hm separation between the two peptides is smaller than the ~10 nm diameter
of an individual integrin, it is unlikely that two integrins can engage two ligands of the same
1H2P sensor simultaneously58. As such, we speculate that the increased adhesion and
tension signal of the 1H2P probe arose due to increased ligand density and a
correspondingly increased probability of each integrin binding to a DOTP. Furthermore, we
posit that each individual integrin-DOTP bond is stabilized because stochastic cRGDfK-
integrin dissociations are twice as likely to be rapidly followed with rebinding (this is known
in the research literature as the “statistical effect” or “statistical rebinding”).59

We next investigated the mechanical response of platelets when challenged with DOTPs
with higher Fnf014- Platelets were seeded onto surfaces functionalized with 1H2P, 2H2P and
3H2P sensors containing either 22% GC or 77% GC hairpins. Representative cell spreading

Nano Lett. Author manuscript; available in PMC 2019 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dutta et al.

Page 8

and tension signal images are shown in Figure 4c. The average whole-cell fluoresecence
(normalized to area) for each construct is plotted in Figure 4d. Platelets adhered to and and
spread on all substrates and generated tension signal regardless of Fynfoig- AS €xpected,
average whole-cell fluorescence was negatively correlated with Fnso14, fitting well to the
equation 1=1.61exp(Fynfoia/9.78 pN) (Figure S17). This trend is similar to that observed in
previous work using conventional real-time DNA hairpin probes, which similarly fit the
equation 1=1.68exp(—Fynfold/9.86 pN) (Figure $17).28 This general trend confirms that
DOTPs with different numbers of hairpins generate different force response thresholds.
These data also confirm previous observations that, within a single platelet, forces applied
by integrins are highly heterogeneous and predominantly range from 5 to 19 pN.

We also observed that the 1H2P-77% GC probe reported a lower tension signal compared to
the 2H2P-22% GC probe (p < 0.01), despite these two DNA origami sensors having similar
calibrated tension thresholds (9.8 and 8.4 respectively). One potential explanation for this
result may be the orientation dependence of Fynfoig. In @ recent study, we developed
molecular force microscopy (MFM) to measure traction force orientation using conventional
DNA-based tension sensors.%° Using MFM, we estimated that platelet integrin forces are
applied, on average, at an angle of ~45° from the z-axis. Interestingly, the Fynfoiq OF the 2H
sensors is generally expected to decrease at this force angle compared to forces aligned with
the z-axis, while the Fynso1g OF 1H sensors is not expected to change with respect to force
orientation. Such a decrease in Fnf01q COuld be expected to result in an increase in intensity.

We emphasize that the calibrated Fynfo1g Values do not provide a metric to quantify the
results of live-cell experiments. The unfolding of DOTPs in live-cell experiments can differ
from the unfolding of DOTPs in the BFP experiments due to many factors including
differences in the distributions of orientations and loading rates experienced by the DOTPs.
These factors are also expected to vary substantially spatially and temporally for a single
live-cell. As such, we emphasize the importance of interpreting results of live-cell
experiments in a relative manner; the exact Fynfo1q Value measured with the BFP technique
may not correspond directly to the force required for a cell to open a DOTP, but the scaling
of Funfolg With the number of hairpins and hairpin GC content should persist for the live-cell
experiment.

In conclusion, we present the first design of a DNA origami tension sensor and use platelet
integrins as a model system to demonstrate the feasability of applying this new class of
tension probe to the study of cellular forces. By multiplexing extensible hairpin domains, we
demonstrate the ability to further tune the Fynfoiq Of real-time DOTPs as measured using the
BFP technique. Using a finite element method, we estimated the effect of force orientation
on Fynfolg- This application of CanDo represents, to the best of our knowledge, the first use
of finite element simulations to estimate the response of a DNA origami nanostructure to
tension applied via single molecule force spectroscopy. In future works we hope to use this
approach to design tension sensors with orientation-dependant functions, mimicking cellular
orientation-dependant mechanosensors such as the t-cell receptor3. Such structures could, in
theory, be designed to release signaling molecules or therapeutics only when pulled in a
specific direction. Such structures could also act as molecular orientation gates, dissociating
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from the surface when pulled at certain orientations and remaining anchored when pulled at
other orientations.

In cell experiements, we observed that multiplexing DOTPs with greater Fynfo1q generates
lower levels of tension signal. As a rough estimate, our results imply that ~70% of platelet
integrins apply forces below 15 pN, while a small portion of integrins can exert forces
surpassing 19 pN. Platelet tension maps also revealed that platelet tension is highly
heterogeneous in space and time, an effect which may arise from variations in tension
magnitude, orientation, and loading rate due to changing distributions of different force-
mediating machinery across the cell suface.

In principle, DOTPs can be used in future work to study this effect and others by presenting
multiple distinct ligands which target different interacting adhesion receptors (a
phenomenon known as hetero-multivalency’©). For example, the T-cell receptor (TCR) is a
mechanosensor that specifically detects foreign pathogens.3 Mechanical cooperativity
between the TCR and the integrin LFA-1 is an active area of research for which the
geometric and mechanical tunability of DOTPs could prove particularly useful. While the
short (~6 nm) spacing between ligands in current DOTPs likely prevents simultaneous
binding to multiple receptors, this limitation can be overcome in future designs by using
differently-shaped origami bodies or flexible linkers. For example, inserting 10-base single-
stranded DNA spacers between each ligand and the DOTP body would rroughly triple the
maximum spacing between ligands from ~6 to ~18 nm. Alternatively, the six-helix bundle
that composes the DOTP’s origami body could be replaced with a more sophisticated DNA
origami design (e.g. a rigid Y-shaped nanostructure that presents two ligands at a precise
distance from each other).

The geometric tunability of DOTPs may also prove useful in the study of cellular receptors
which have multiple ligand-binding sites. For example, DNA origami tension sensors can be
applied to study how the synergy site on fibronectin, located about 32 A away from the RGD
sequence, influences integrin mechanical force transmission1% 18. 71 Previous studies have
shown that molecular tension probes containing both the RGD sequence and the synergy site
display increased fluorescencel®, and DOTPs could be used to expand upon these results by
showing the effect of spacing between the RGD sequence and the synergy site on integrin
tension. With this work, we have taken an important step forward in the design of molecular
probes for the study of molecular biomechanical functions including mechanosensation and
mechanotransduction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors thank M. Bathe and K. Pan (Massachusetts Institute of Technology) for their assistance with setting up
finite element simulations and W. Lam and Y. Qiu (Georgia Institute of Technology and Emory University) for
assistance with obtaining human platelets. The work was supported through NIGMS R01 GM124472 (K.S.), NSF
1350829 (K.S.), NSF IDBR 1353939 (K.S.), NIAID R21 AI135753 (Y.K. and C.Z.).

Nano Lett. Author manuscript; available in PMC 2019 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dutta et al.

References

1.

Page 10

Evans EA, Calderwood DA. Science. 2007; 316(5828):1148-53. [PubMed: 17525329]

2. Levental KR, Yu H, Kass L, Lakins JN, Egeblad M, Erler JT, Fong SF, Csiszar K, Giaccia A,

Weninger W, Yamauchi M, Gasser DL, Weaver VM. Cell. 2009; 139(5):891-906. [PubMed:
19931152]

. Kim ST, Takeuchi K, Sun ZY, Touma M, Castro CE, Fahmy A, Lang MJ, Wagner G, Reinherz EL.

Journal of Biological Chemistry. 2009; 284(45):31028-31037. [PubMed: 19755427]

. QiuY, Brown AC, Myers DR, Sakurai Y, Mannino RG, Tran R, Ahn B, Hardy ET, Kee MF, Kumar

S, Bao G, Barker TH, Lam WA. Proc Natl Acad Sci U S A. 2014; 111(40):14430-5. [PubMed:
25246564]

5. Neuman KC, Nagy A. Nat Methods. 2008; 5(6):491-505. [PubMed: 18511917]

. Ott W, Jobst MA, Schoeler C, Gaub HE, Nash MA. Journal of Structural Biology. 2017; 197(1):3-

12. [PubMed: 26873782]

. Kanchanawong P, Shtengel G, Pasapera AM, Ramko EB, Davidson MW, Hess HF, Waterman CM.

Nature. 2010; 468(7323):580-262. [PubMed: 21107430]

8. Munevar S, Wang YL, Dembo M. Biophys J. 2001; 80(4):1744-1757. [PubMed: 11259288]

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

. Maskarinec SA, Franck C, Tirrell DA, Ravichandran G. P Natl Acad Sci USA. 2009; 106(52):

22108-22113.

Jurchenko C, Salaita KS. Mol Cell Biol. 2015; 35(15):2570-2582. [PubMed: 26031334]

Liu Y, Galior K, Ma VP-Y, Salaita K. Accounts of Chemical Research. 2017; 50:2915-2924.
[PubMed: 29160067]

Stabley DR, Jurchenko C, Marshall SS, Salaita KS. Nat Methods. 2011; 9(1):64—7. [PubMed:
22037704]

Liu Y, Blanchfield L, Ma VPY, Andargachew R, Galior K, Liu Z, Evavold B, Salaita K. P Natl
Acad Sci USA. 2016; 113(20):5610-5615.

Liu Y, Yehl K, Narui Y, Salaita K. J Am Chem Soc. 2013; 135(14):5320-5323. [PubMed:
23495954]

Chang Y, Liu Z, Zhang Y, Galior K, Yang J, Salaita K. J Am Chem Soc. 2016; 138(9):2901-2904.
[PubMed: 26871302]

Jurchenko C, Chang Y, Narui Y, Zhang Y, Salaita Khalid S. Biophys J. 2014; 106(7):1436-1446.
[PubMed: 24703305]

Galior K, Liu Y, Yehl K, Vivek S, Salaita K. Nano Letters. 2016; 16(1):341-348. [PubMed:
26598972]

Morimatsu M, Mekhdjian AH, Adhikari AS, Dunn AR. Nano Letters. 2013; 13(9):3985-3989.
[PubMed: 23859772]

Kornelia G, Pui-Yan MV, Yang L, Hanquan S, Nusaiba B, APR, Cherry W, Khalid S. Advanced
Healthcare Materials. :1800069.

Zhang Y, Ge C, Zhu C, Salaita K. Nature communications. 2014; 5:5167.

Ma VPY, Liu Y, Blanchfield L, Su H, Evavold BD, Salaita K. Nano Lett. 2016; 16(7):4552-4559.
[PubMed: 27192323]

Blakely BL, Dumelin CE, Trappmann B, McGregor LM, Choi CK, Anthony PC, Duesterberg VK,
Baker BM, Block SM, Liu DR, Chen CS. Nat Methods. 2014; 11(12):1229-32. [PubMed:
25306545]

Ma VPY, Liu Y, Yehl K, Galior K, Zhang Y, Salaita K. Angewandte Chemie (International ed in
English). 2016; 55(18):5488-5492. [PubMed: 27038115]

24. Zhang Y, Qiu Y, Blanchard AT, Chang Y, Brockman JM, Ma VP, Lam WA, Salaita K. Proc Natl

25.

26.

Acad Sci U S A. 2017
Brockman JM, Blanchard AT, Ma VP-Y, Derricotte WD, Zhang Y, Fay ME, Lam WA, Evangelista
FA, Mattheyses AL, Salaita K. Nat Methods. 2017

Woodside MT, Behnke-Parks WM, Larizadeh K, Travers K, Herschlag D, Block SM. Proc Natl
Acad Sci U S A. 2006; 103(16):6190-5. [PubMed: 16606839]

Nano Lett. Author manuscript; available in PMC 2019 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dutta et al.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44,

45.

46.

47.

48.
49.

50.

51.

52.

53.

Page 11

Albrecht C, Blank K, Lalic-Multhaler M, Hirler S, Mai T, Gilbert I, Schiffmann S, Bayer T,
Clausen-Schaumann H, Gaub HE. Science. 2003; 301(5631):367-70. [PubMed: 12869761]

Zhang Y, Qiu Y, Blanchard AT, Chang Y, Brockman JM, Ma VP, Lam WA, Salaita K. Proc Natl
Acad Sci U S A. 2017; 115(2):325-330. [PubMed: 29269394]

Rothemund PWK. Nature. 2006; 440(7082):297-302. [PubMed: 16541064]

Douglas SM, Dietz H, Liedl T, Hogberg B, Graf F, Shih WM. Nature. 2009; 459(7250):1154—
1154,

Andersen ES, Dong M, Nielsen MM, Jahn K, Subramani R, Mamdouh W, Golas MM, Sander B,
Stark H, Oliveira CLP, Pedersen JS, Birkedal V, Besenbacher F, Gothelf KV, Kjems J. Nature.
2009; 459(7243):73-6. [PubMed: 19424153]

Han DR, Pal S, Nangreave J, Deng ZT, Liu Y, Yan H. Science. 2011; 332(6027):342-346.
[PubMed: 21493857]

Benson E, Mohammed A, Gardell J, Masich S, Czeizler E, Orponen P, Hogberg B. Nature. 2015;
523(7561):441-444. [PubMed: 26201596]

Zhang F, Jiang SX, Wu SY, Li YL, Mao CD, Liu Y, Yan H. Nat Nanotechnol. 2015; 10(9):779—
784. [PubMed: 26192207]

Rinker S, Ke YG, Liu Y, Chhabra R, Yan H. Nat Nanotechnol. 2008; 3(7):418-422. [PubMed:
18654566]

Maune HT, Han SP, Barish RD, Bockrath M, Goddard WA, Rothemund PWK, Winfree E. Nat
Nanotechnol. 2010; 5(1):61-66. [PubMed: 19898497]

Ding BQ, Deng ZT, Yan H, Cabrini S, Zuckermann RN, Bokor J. J Am Chem Soc. 2010; 132(10):
3248-3249. [PubMed: 20163139]

Dutta PK, Varghese R, Nangreave J, Lin S, Yan H, Liu Y. J Am Chem Soc. 2011; 133(31):11985—
11993. [PubMed: 21714548]

Douglas SM, Bachelet I, Church GM. Science. 2012; 335(6070):831-834. [PubMed: 22344439]
Schreiber R, Do J, Roller EM, Zhang T, Schuller \VVJ, Nickels PC, Feldmann J, Liedl T. Nat
Nanotechnol. 2014; 9(1):74-78. [PubMed: 24292513]

Urban MJ, Dutta PK, Wang P, Duan X, Shen X, Ding B, Ke Y, Liu N. J Am Chem Soc. 2016;
138(17):5495-8. [PubMed: 27082140]

Zhan P, Dutta PK, Wang P, Song G, Dai M, Zhao SX, Wang ZG, Yin P, Zhang W, Ding B, Ke Y.
ACS Nano. 2017; 11(2):1172-1179. [PubMed: 28056172]

Castro CE, Su HJ, Marras AE, Zhou L, Johnson J. Nanoscale. 2015; 7(14):5913-5921. [PubMed:
25655237]

Pal S, Dutta P, Wang HN, Deng ZT, Zou SL, Yan H, Liu Y. J Phys Chem C. 2013; 117(24):12735-
12744,

Hudoba MW, Luo Y, Zacharias A, Poirier MG, Castro CE. ACS Nano. 2017; 11(7):6566—6573.
[PubMed: 28582611]

Le JV, Luo Y, Darcy MA, Lucas CR, Goodwin MF, Poirier MG, Castro CE. ACS Nano. 2016;
10(7):7073-7084. [PubMed: 27362329]

Funke JJ, Ketterer P, Lieleg C, Korber P, Dietz H. Nano Letters. 2016; 16(12):7891-7898.
[PubMed: 27960448]

Iwaki M, Wickham SF, Ikezaki K, Yanagida T, Shih WM. Nature communications. 2016; 7:13715.
Nickels PC, Wunsch B, Holzmeister P, Bae W, Kneer LM, Grohmann D, Tinnefeld P, Liedl T.
Science. 2016; 354(6310):305-307. [PubMed: 27846560]

Pfitzner E, Wachauf C, Kilchherr F, Pelz B, Shih WM, Rief M, Dietz H. Angewandte Chemie
International Edition. 2013; 52(30):7766—7771. [PubMed: 23794413]

Castro CE, Kilchherr F, Kim DN, Shiao EL, Wauer T, Wortmann P, Bathe M, Dietz H. Nat
Methods. 2011; 8(3):221-9. [PubMed: 21358626]

Kim DN, Kilchherr F, Dietz H, Bathe M. Nucleic Acids Res. 2012; 40(7):2862-8. [PubMed:
22156372]

Pan K, Kim D-N, Zhang F, Adendorff MR, Yan H, Bathe M. Nature communications. 2014;
5:5578.

Nano Lett. Author manuscript; available in PMC 2019 August 08.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dutta et al.

54.

55.

56.

57.
58.
59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Page 12

Romano F, Chakraborty D, Doye JPK, Ouldridge TE, Louis AA. The Journal of Chemical Physics.
2013; 138(8):085101. [PubMed: 23464177]

Ouldridge TE, Louis AA, Doye JPK. Physical Review Letters. 2010; 104(17):178101. [PubMed:
20482144]

Mosayebi M, Louis AA, Doye JPK, Ouldridge TE. ACS Nano. 2015; 9(12):11993-12003.
[PubMed: 26575598]

Shi Z, Castro CE, Arya G. ACS Nano. 2017; 11(5):4617-4630. [PubMed: 28423273]
Merkel R, Nassoy P, Leung A, Ritchie K, Evans E. Nature. 1999; 397:50. [PubMed: 9892352]

Chen Y, Liu B, Ju L, Hong J, Ji Q, Chen W, Zhu C. J Vis Exp. 2015; (102):e52975. [PubMed:
26274371]

Sulchek TA, Friddle RW, Langry K, Lau EY, Albrecht H, Ratto TV, DeNardo SJ, Colvin ME, Noy
A. Proc Natl Acad Sci U S A. 2005; 102(46):16638-43. [PubMed: 16269547]

Williams PM. Analytica Chimica Acta. 2003; 479:107-115.

Sarangapani KK, Marshall BT, McEver RP, Zhu C. J Biol Chem. 2011; 286(11):9567-76.
[PubMed: 21216951]

Zhang Y, Jiang N, Zarnitsyna VI, Klopocki AG, McEver RP, Zhu C. PL0oS One. 2013;
8(2):e57202. [PubMed: 23451187]

Wang Y, LeVine DN, Gannon M, Zhao Y, Sarkar A, Hoch B, Wang X. Biosensors and
Bioelectronics. 2018; 100:192-200. [PubMed: 28915383]

Brockman JM, Blanchard AT, Ma VPY, Derricotte WD, Zhang Y, Fay ME, Lam WA, Evangelista
FA, Mattheyses AL, Salaita K. Nat Methods. 2017; 15(2):115-118. [PubMed: 29256495]

Qiu YZ, Ciciliano J, Myers DR, Tran R, Lam WA.. Blood Rev. 2015; 29(6):377-386. [PubMed:
26005062]

Haubner R, Gratias R, Diefenbach B, Goodman SL, Jonczyk A, Kessler H. J Am Chem Soc. 1996;
118(32):7461-7472.

Huang J, Grater SV, Corbellini F, Rinck S, Bock E, Kemkemer R, Kessler H, Ding J, Spatz JP.
Nano Letters. 2009; 9(3):1111-1116. [PubMed: 19206508]

Gestwicki JE, Cairo CW, Strong LE, Oetjen KA, Kiessling LL. J Am Chem Soc. 2002; 124(50):
14922-33. [PubMed: 12475334]

Xu L, Josan JS, Vagner J, Caplan MR, Hruby VJ, Mash EA, Lynch RM, Morse DL, Gillies RJ.
Proc Natl Acad Sci U S A. 2012; 109(52):21295-300. [PubMed: 23236171]

Leahy DJ, Aukhil I, Erickson HP. Cell. 1996; 84(1):155-164. [PubMed: 8548820]

Nano Lett. Author manuscript; available in PMC 2019 August 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dutta et al.

Page 13
a 28 Body = Six-helix-bundle |
SE DNA origami G
- O ¥
Integrin
Ligand ‘8 g
S :
Force ec Adhgswe
sensor 3 g peptide
QS
o
(o]
('S
DNA-hairpin DOTP
tension probe
b
Fluorophore
'Quencher
uNP
Low fluorescence High fluorescence
c 1H2P d 1H2P 2H2P 3H2P
3 3 B
3 3 £ 3 & ¥ %
£ & £ 28 £ @&
a8 & S5 & S5 & 5
awmern
Figure 1.

Design and characterization of DNA origami-based tension probes (DOTPs). (a) Schematic
showing three components of a DOTP: a ligand presenting domain, an origami body, and a
force sensing domain. The body is comprised of a six-helix-bundle DNA origami (side and
top view), in which six parallel double-helices are packed on a honeycomb lattice. (b)
Illustration of a platelet spreading on a glass surface functionalized with DOTPs. The
zoomed-in scheme shows the mechanism of tension-to-fluorescence transduction. The
origami constructs are conjugated to gold nanoparticle (AuNP)-coated glass surfaces
utilizing thiol-Au binding. Upon receptor (integrin) engagement to the adhesive peptide
(cRGDfk) and application of sufficient tension the hairpin unfolds, separating the
fluorophore from the AuNP and organic quencher and dequenching the dye. (c) Schematic
of DOTPs with two adhesive peptides (blue) on the ligand presenting domain (top end) and
one, two or three hairpin(s) on the force sensor domain (bottom end), denoted 1H2P, 2H2P
and 3H2P, respectively. (d) Agarose gel electrophoresis of purified and unpurified 1H2P,
2H2P and 3H2P. The scaffold band contains the 425 nucleotide scaffold strand.
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Figure2.

DOTP calibration with BFP single-molecule force spectroscopy. (a) Schematic showing BFP
setup. A micropipette-aspirated red blood cell (RBC) is affixed to a streptavidin (STV,
green)-coated probe bead. A DOTP-coated target bead, which itself is aspirated by another
micropipette, is brought into contact with the STV-coated bead. The ligand-presenting
domains each present one biotin (purple sphere), resulting in biotin-STV binding between
the two beads. The target bead is then retracted to apply tension to the DOTP. Zoom-in
shows the assembled DOTP between the two beads. (b) Representative trace of a single
molecule unfolding event showing unfolding of a 1H-77% GC DOTP. Zoom-in of the trace
(inset) shows the unfolding event. The red arrow indicates the opening of the hairpin at ~10
pN. (c) Histogram of unfolding events for 1H-22% GC (black, 7= 50), 2H-22% GC (red, n
=100) and 3H-22% GC (blue, 7= 90) DOTPs. (d) Histogram of unfolding events for
1H-77% GC (black, n=42), 2H-77% GC (red, n=230) and 3H-77% GC (blue, n=98). The
legends in (c) and (d) show the corresponding Fynfoiq With standard deviation for each probe.
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Figure 3.
Uneven distribution of tension between hairpins influences Fynfolq in an orientation-

dependant manner. (a) Visual representation of force imbalance, where total force F is
distributed between two hairpins according to constant P. (b) Results of Monte Carlo
simulations showing that F 014 decreases as P decreases from 0.5 to 0 due to increasing
tension imbalance. (c) Snapshot of a 3H DOTP rendered as a finite element structure.
Elements (short blue lines) are connected by nodes (blue diamonds). Nodes at crossover
positions are circled in red. A 50 pN force applied at the site of the ligand, as well as
resulting 27 pN, 17 pN, and 6 pN forces experienced at the hairpins, are denoted as black
arrows. (d) Coordinate system showing force vector (black arrow), unit force vector (/:', a
vector of magnitude 1 that is parallel to the force denoted by the green dashed arrow), and
the X, y, and z components of unit force vector (blue arrows). (e) Plot showing simulated
Funfolg as a function of force orientation, as denoted by the x and y components of the unit
force vector. The z component of the unit vector is related to radial position on plot. Black x
denotes the orientation shown in c.
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Figure 4.

Platelet mechanics measured by DOTPs. (a) Representative time-lapse images of platelet
spreading imaged in the reflection interference contrast microscopy (RICM) channel and
tension signal in total internal reflection fluorescence (TIRF) channel on a glass surface
coated with 1H2P-22% GC origami tension sensors. Scale bar: 5 um. (b) Plot of whole-cell
tension signal as a function of time for the platelet shown in (). (¢) Representative platelet
adhesion and corresponding tension signal of platelets activated on surfaces coated with
DNA origami tension probes with one (1H2P), two (2H2P) and three (3H2P) hairpin(s) of
22% GC content and 77% GC content. For each tension signal image the F 014 Of the
corresponding DOTP is shown in the top-right corner. (d) Comparison of the tension signal
from platelets activated on DNA origami tension probes with one, two and three hairpin(s)
of 22% GC content and 77% GC content. Mean tension signal for 1H2P with 22% GC was
normalized to 1 and all the others were calculated relative to it. Each mean value (solid
square) represents averaged signal from more than 20 individual cells (whiskers indicate the
range of the data, while the line and box represent the median + quartile). Corresponding
BFP-calibrated Ffo1g Values are shown. (* p< 0.05; ** p< 0.01; ns: non-significant (p >
0.05); ANOVA).
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Table 1

Comparison of experimentall measured Fynfo1q to Theoretical Models, with Relative Errors

Tension Sensor  Experiment  Unzipping Parallel Orientation Dependent
2H-22% 8424  7.1(-16%) 9.6 (+15%) 7.8-8.4 (-4%) ™
3H-22% 11.7+3.0 75(-36%) 126 (+8%) ™ 9.9 -10.8 (-11%)
2H-77% 155+4.2 12.0 (-23%) 19.2 (+24%) 14.8 - 16.6 (1%) *
3H-77% 18.8+4.2 13.0 (-31%) 26.5 (+41%) 18.3-20.9 (4%) *
2H-Mix 114+41 102 (-11%) 12.0 (+6%) 10.8-11.3 (—2%) *
3H-Mix 121+4.1 10.5 (-13%) 14.4 (+19%) 12.3-12.9 -+4%) *

Average Error

-21.7%

+18.8

-1.3% "

*
Model with lowest relative error
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