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Integrin-Generated Forces Lead to Streptavidin-Biotin Unbinding in
Cellular Adhesions

Carol Jurchenko, Yuan Chang, Yoshie Narui, Yun Zhang, and Khalid S. Salaita*
Department of Chemistry, Emory University, Atlanta, Georgia

ABSTRACT The interplay between chemical and mechanical signals plays an important role in cell biology, and integrin recep-
tors are the primary molecules involved in sensing and transducing external mechanical cues. We used integrin-specific probes
in molecular tension fluorescence microscopy to investigate the pN forces exerted by integrin receptors in living cells. The
molecular tension fluorescence microscopy probe consisted of a cyclic Arg-Gly-Asp-D-Phe-Lys(Cys) (cRGDfK(C)) peptide
tethered to the terminus of a polyethylene glycol polymer that was attached to a surface through streptavidin-biotin linkage. A
fluorescence resonance energy transfer mechanism was used to visualize tension-driven extension of the polymer. Surprisingly,
we found that integrin receptors dissociate streptavidin-biotin tethered ligands in focal adhesions within 60 min of cell seeding.
Although streptavidin-biotin binding affinity is described as the strongest noncovalent bond in nature, and is ~10° - 108 times
larger than that of integrin-RGD affinity, our results suggest that individual integrin-ligand complexes undergo a marked
enhancement in stability when the receptor assembles in the cell membrane. Based on the observation of streptavidin-biotin
unbinding, we also conclude that the magnitude of integrin-ligand tension in focal adhesions can reach values that are at least

10 fold larger than was previously estimated using traction force microscopy-based methods.

INTRODUCTION

In multicellular organisms, the task of sensing and trans-
ducing mechanical signals across the lipid membrane is
primarily mediated through the integrin family of receptors,
which are heterodimeric proteins composed of «- and
B-subunits spanning the cell membrane (1). There has
been intense effort aimed at better understanding how these
receptor molecules probe mechanical and chemical cues
within the surrounding extracellular matrix (ECM) and
convert molecular tension into chemical signals (2). In gen-
eral, integrin activation results in recruitment of adaptor pro-
teins, such as talin and vinculin, which link the filamentous
actin (f-actin) cytoskeleton to integrin receptors and trigger
the formation of supramolecular focal adhesion structures
responsible for signaling to downstream effectors. Increased
mechanical tension generally stimulates the growth and as-
sembly of focal adhesions (3). However, tension can also
lead to the disassembly of focal adhesions at the receding
edge of a cell, thus allowing for processes such as cell
migration (4). Therefore, integrins display complex mecha-
nochemical responses and, in the absence of methods to
directly image single molecule tension within integrin-
ligand complexes, the interplay between chemical and
physical signals will remain difficult to fully understand,
particularly in light of recent evidence for oscillatory force
behavior within focal adhesions (5), as well as the observa-
tion of a minimum force requirement for cell adhesions (6).

Two main methods are widely used to estimate the forces
that cells generate against their surrounding matrix environ-
ment. The first, which is called traction force microscopy,
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relies on culturing cells on soft compliant polymer films
(polyacrylamide gels, for example) that deform under
tension (7). These deformations are then deconstructed
using computational finite element analysis to calculate
the lateral force vectors applied to micrometer elements.
Using this method, the literature estimate for integrin ten-
sion within focal adhesions is approximately 2-3 pN per re-
ceptor (see Schwarz, et al. 49). This is a computationally
intensive and challenging approach given the uncertainty
of deformation in the regions between each element. A sec-
ond approach uses arrays of polydimethylsiloxane polymer
microneedles, with known spring constant, that bend in
response to lateral cell forces (8). In these methods, optical
microscopy tracks microscopic substrate deformations to
generate lateral force maps across entire cells, thus enabling
the vast majority of quantitative measurements of cell-ma-
trix interactions. Nonetheless, quantifying substrate defor-
mation is indirect and the inherent bulk nature of these
probes obscures the molecular, temporal, and spatial details
of integrin tension that underpin biochemical signaling.
Given that tension is exerted through individual integrin re-
ceptors, molecular force sensors with pN sensitivity are
needed to better characterize mechanotransduction path-
ways in living cells (9).

We recently invented a technique termed molecular
tension-based fluorescence microscopy (MTFM) to image
the forces exerted by cell surface receptors (10). MTFM
uses a probe molecule composed of a discrete polyethylene
glycol (PEG) linker flanked by a fluorophore and a quencher
that undergo fluorescence resonance energy transfer
(FRET), or nanosurface energy transfer, and thus report on
the overall conformation of the PEG linker. The surface
grafted PEG chain adopts a predictable and quantifiable
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mushroom conformation (11), and whereas one terminus is
anchored to a surface, the other terminus is modified with a
ligand that binds to a specific cell surface receptor. Conse-
quently, the PEG chain will reversibly extend from its
relaxed conformation in response to mechanical tension
exerted by receptor molecules. In its initial proof-of-concept
demonstration, the head of the MTFM PEG chain was
conjugated to the epidermal growth factor, which was fluo-
rescently tagged, whereas the PEG tail was anchored to a
surface using biotin bound to quencher-modified streptavi-
din. Because the fluorophore concentration remains fixed
and is nonmobile, FRET efficiency values are determined
solely by the donor emission intensity in the presence and
absence of acceptor. Therefore, only a conventional fluores-
cence microscope is needed to visualize the forces applied
between a specific receptor and its cognate ligand. More
recently, we demonstrated the flexibility of MTFM by
tethering the probes to the surface of gold nanoparticles
and employed nanosurface energy transfer readout to image
integrin cell traction forces (12). To the best of our knowl-
edge, MTFM (10) and recently reported variants (12, 13)
provide the only reported method to visualize pN molecular
forces exerted between cell surface receptors and their
ligands.

Herein, we investigate the use of FRET-based MTFM to
image integrin receptor-mediated tension in living cells
(Fig. 1 a). By generating three different MTFM integrin
probes and running an array of controls, we found that integ-
rin receptors exert forces sufficient to dissociate streptavi-
din-biotin complexes, the highest affinity noncovalent
interaction in nature (14). These findings are important
because a), to the best of our knowledge, this is the first
report of a protein-ligand interaction that is apparently
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stronger than the streptavidin-biotin association; b), it sug-
gests that integrin receptors exert molecular forces much
larger than had been predicted or reported previously;
and c), these results show that isolated single molecule
measurements can drastically diverge from results obtained
using biomolecules within their native supramolecular envi-
ronment. In general, these results underscore the need for
using MTFM to study the diverse cellular and mechanoregu-
latory processes that occur at the cell membrane.

MATERIALS AND METHODS
Reagents

Unless otherwise stated, all starting materials and reagents were purchased
from Sigma-Aldrich (St. Louis, MO) and used without further purification.
All buffers were made with Nanopure water (18.2 MQ) and passed through
a 0.2 um filtration system.

Synthesis of cRGDfK(C)-QSY21-PEG,;-biotin and
cRGDfK(C)-A647-PEG.3-biotin

The cyclic Arg-Gly-Asp-D-Phe-Lys(Cys) (cRGDfK(C)) peptide was
custom synthesized and reverse-phase HPLC (RP-HPLC) purified by Pep-
tides International (Louisville, KY). Peptide purity was verified by electro-
spray ionization-mass spectrometry and reported to be 98.4% pure (based
on HPLC). The QSY21 N-hydroxysuccinimidyl (NHS) ester and Alexa
Fluor 647 NHS ester were obtained from Life Technologies (Carlsbad,
CA). The biotin-PEG,3-maleimide was obtained from Quanta Biodesign
(Powell, OH). A 7 mM solution of Alexa 647-NHS ester (or QSY21-
NHS ester) and biotin-PEG,;-maleimide were typically reacted with a
1.4 mM solution of cRGDfK(C) in DMF (anhydrous grade; EMD Chemi-
cals, Billerica, MA). A 1.5 molar excess of triethylamine (reagent grade,
99%; Fisher Scientific, Pittsburgh, PA) relative to the molar amount of
cRGDfK(C) was added to maintain a basic pH, and this reaction was
allowed to proceed overnight at r.t.

a b o
o
® Ligand Cell o N—QN,:QZH o;ljﬁ OHNYNHZ
; Quencher /;é)/‘- Hmz)DLN/\/:N)ﬂ_)‘:" o Ij
Fluorophore i /f‘/......"‘ - ; J:‘ o
Q PEG linker " ; m L e |
i @ =cRGDfK(C) peptide DMF, TEA 35_“ s cm oo
5 PEG passivation Integrins a o 4°C,12h 08 N { H-so
e  Biotin group B \P‘\S;:V EiN—o—g—tcHz)g CH; PG ﬁ:ﬁu g
© '035503— o L 50, "0,8
Energy Integrin g g s

é‘Transfer MTFM sensor

5.' o o ‘.% cell o

SiOy applied
Low fluorescence force

.19
Sle
High fluorescence

FIGURE 1

¥ =Alexa 647

o
i Ko
W n\/‘f an\b
4 \/T OMzao s

H
Q:Maleimide-PEGm-biotin ‘ﬁ“[}

50;," "0;8

oz

Hi 23 =
F

MTFM sensor

(a) Schematic of the MTFM integrin force sensor, which is composed of a PEG polymer flanked by a peptide and the fluorophore Alexa 647 at

one terminus, and a quencher-modified streptavidin protein at the other terminus. In principle, we anticipated that mechanical tension applied through
integrin receptors would extend the PEG linker and increase fluorescence. (b) Synthetic scheme showing the preparation of the cRGDfK(C)-A647-

PEG,;-biotin conjugate. To see this figure in color, go online.
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A RP-HPLC equipped with a binary pump system and a linear diode
array detector (Agilent 1100) with monitoring at 220 and 647 or 660 nm
was used to purify the final product (Fig. S1 and Fig. S2 in the Supporting
Material). The reaction mixture was injected through a 5 um, 4.6 x 250 mm
Cg column at a flow rate of 1 ml/min with a linear gradient of 10-60% B
over 50 min (A: aqueous 0.05% trifluoroacetic acid (HPLC grade, EMD
Chemicals) buffer; B: 0.05% trifluoroacetic acid in acetonitrile (LC-MS
Chromasolv, >99.9%; Fluka). This elution gradient was followed by a
second gradient of 60—100% B over 10 min to collect the more hydrophobic
fractions.

HPLC fractions were collected and analyzed by a matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF) mass spectrometer
(Voyager-STR) to characterize the final product (Fig. S1 and Fig. S2). Frac-
tions were mixed with a saturated 2,5-dihydroxybenzoic acid solution (1:1
ethanol:Nanopure water, 0.1% trifluoroacetic acid) at a 1:1 ratio by volume.

Streptavidin labeling

Recombinant streptavidin (Rockland Immunochemicals, Gilbertsville, PA)
was labeled with either QSY21 or Alexa 647 by mixing 100 ug of the
protein (1 mg/ml) in phosphate buffered saline (PBS) (10 mM phosphate
buffer, 137 mM NaCl, 2.7 mM KCI, pH 7.4) with 10 ul of 1 M sodium
bicarbonate (GR ACS, EMD Chemicals) and a fivefold molar excess
of Alexa 647-NHS ester. The reaction was allowed to proceed for
25-30 min at r.t. on a rotating platform. Purification was performed by
size-exclusion chromatography using Bio-Gel P4 resin (Bio-Rad, Hercules,
CA) swollen with PBS, pH 7.4. The average labeling ratio of the final prod-
uct was determined by UV-vis absorbance.

Biotin functionalization of glass substrates

The glass substrates were covalently functionalized with biotin following
literature precedent (10,15). Briefly, glass coverslips (number 2, 25 mm
diameter; VWR, Radnor, PA) were sonicated in Nanopure water for
15 min and etched in piranha (3:1 mixture of sulfuric acid (AR ACS,
Macron Chemicals, Center Valley, PA) and 30% hydrogen peroxide) for
15 min. Warning: piranha is extremely corrosive and may explode if
exposed to organics. The coverslips were thoroughly rinsed with Nanopure
water and then placed into three successive wash beakers containing ethyl
alcohol (200 proof, Decon Labs, King of Prussia, PA). Next, coverslips
were placed into a beaker containing 43 mM silane solution in ethanol.
To vary the surface density of terminal amines (Fig. S3), the surfaces
were exposed to binary mixtures of silanes, 3-aminopropyltriethoxysilane
(APTES), and CH}(CHzCHzo)g,lz(CHz)gsl(OCHg)‘; (mPEG, Gelest,
Morrisville, PA). The molar ratios of the two silanes were 1:1, 1:10,
1:100, and 1:1000. Note that the total silane concentration remained
constant at 43 mM. After 1 h immersion in the binary silane solution, slides
were submerged in three separate beakers filled with ethanol, rinsed with
additional ethanol, and then dried under a stream of ultrahigh purity N.
Substrates were then baked in an oven at ~100°C for 15-30 min. After cool-
ing, the slides were incubated with NHS-biotin (Thermo Fisher) at 2 mg/ml
in DMSO overnight at r.t. Substrates were then rinsed with ethanol, dried
under N, and stored at r.t. until used for sensor preparation.

Surface density quantification

This procedure was adapted from Galush et al. (16) and is described in more
detail in the Supporting Material (Methods and Fig. S4). Briefly, we synthe-
sized an Alexa 647 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphoetha-
nolamine (DOPE) conjugate (Avanti Polar Lipids, Alabaster, AL). A
fluorescence surface density calibration was generated by measuring the
intensity of known concentrations of Alexa 647-DOPE doped within a
standard set of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti
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Polar Lipids) supported lipid bilayers. This calibration plot was used to
determine the streptavidin molecular density for glass slides that were
prepared with binary mixtures of APTES:mPEG at ratios of 1:1, 1:10,
1:100, and 1:1000.

cRGDfK(C)-peptide conjugate immobilization
with streptavidin-biotin

The biotin functionalized slides (described previously) were placed into cell
chambers (attofluor chambers, Life Technologies), rinsed with 50 ml of
Nanopure water, and then 50 ml of PBS, pH 7.4. To minimize nonspecific
protein adsorption, surfaces were incubated with 100 pg/ml bovine serum
albumin (BSA) (OmniPur BSA, Fraction V; EMD Chemicals) at r.t. for
1 h. The chamber was rinsed with 50 ml PBS, pH 7.4 and streptavidin con-
jugated with either QSY21 or Alexa 647 was added to a final concentration
of 47 nM. After 1 h incubation, the chamber was rinsed with 50 ml PBS,
pH 7.4, and the cRGDfK(C)-peptide conjugate was added at a concentra-
tion of 100 nM to the chamber and incubated for 1 h. The chamber was
finally rinsed with 50 ml of PBS before imaging and plating cells.

Synthesis of cRGDfK «a-thioester, 1

Synthesis of 1 was based upon the solid-phase synthesis of cyclic RGD
derivatives reported by Xiao et al. (17). The resulting peptide thioester 1
was then purified by RP-HPLC and characterized by MALDI-TOF MS
(data not shown).

Synthesis of fluorescein-PEG,4-biotin conjugate, 2

This precursor was generated using solid-phase peptide synthesis and on-
resin dye labeling. The sensor was cleaved from the resin with 95%
trifluoroacetic acid with triisopropylsilane as a scavenger. Compound 2
was characterized by RP-HPLC and MALDI-TOF MS (data not shown).

Conjugation of 1 and 2 to generate cRGDfK-Alexa
647-PEGy,-fluorescein-biotin, 4

Native chemical ligation was used to conjugate 1 and 2 by mixing 5 mM of
1 and 10 mM of 2 in 20 mM sodium phosphate buffer (pH 7.5) containing
5 mM betaine and 30 mM sodium 2-mercaptoethanesulfonic acid (MPAA)
(Fig. S5). The reaction mixture was incubated for 24 h at room temperature
to form compound 3. Finally, the Alexa 647-maleimide was coupled to the
cysteine thiol group in 3 through Michael addition. The reaction mixture
was incubated in DMF with N,N-diisopropylethylamine for 6 h. The prod-
uct 4 was then purified by RP-HPLC and analyzed by MALDI-TOF MS
(Fig. S6).

Covalent conjugation of cRGDfK(C)-A647-PEG2,
to substrate

This procedure was adapted from Ha et al. (18) and Roy et al. (19). Briefly,
glass coverslips were functionalized with 100% APTES (as described pre-
viously). They were then incubated in a PBS solution containing 5% w/v of
methoxy capped PEG-NHS ester (MW: 2000, Nanocs, New York, NY),
0.2% w/v NHS-PEG,,4-maleimide (Quanta Biodesign), and 0.1 M NaHCO;
to adjust the pH. After 3 h, slides were thoroughly rinsed with Nanopure
water followed by neat ethanol and dried under N,. A 20 uM solution of
the cRGDfK(C)-A647 peptide in PBS (pH 7.4) was then incubated on
the surface and allowed to react with the maleimide-presenting PEG poly-
mer for 3 h. Slides were rinsed with Nanopure water and used with live cells
within 24 h of functionalization.
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Cell culture

HCC 1143 cells were cultured in RPMI 1640 medium (Mediatech, Mana-
ssas, VA) supplemented with 10% fetal bovine serum (FBS) (Mediatech),
HEPES (10 mM, Sigma), sodium pyruvate (1 mM, Sigma), L-glutamine
(2.5 mM, Mediatech), penicillin G (100 IU/ml, Mediatech), and strepto-
mycin (100 pg/ml, Mediatech). NIH 3T3 fibroblasts were cultured in
Dulbecco’s modified Eagle’s medium (Mediatech) supplemented with
10% Cosmic Calf serum (Mediatech), L-glutamine (2.5 mM, Mediatech),
penicillin G (100 IU/ml, Mediatech), and streptomycin (100 ug/ml, Medi-
atech). HEK 293 cells were cultured in EMEM (Mediatech) supplemented
with 10% FBS (Mediatech), nonessential amino acids (1%), penicillin G
(100 IU/ml, Mediatech), and streptomycin (100 ug/ml, Mediatech). All
cells were incubated at 37°C with 5% CO, and passaged at 70-80%
confluency.

Live cell fluorescence microscopy imaging

The plated cells were maintained at 37°C during imaging by using a warm-
ing apparatus consisting of a sample warmer and an objective warmer
(Warner Instruments 641674D and 640375). An Eclipse Ti microscope
driven by the Elements software package (Nikon) was used for all imaging
experiments. The microscope features an Evolve electron multiplying
charge-coupled device (EMCCD; Photometrics), an Intensilight epifluores-
cence source (Nikon), a CFI Apo 100 (numerical aperture (NA) = 1.49)
objective (Nikon), and a total-internal reflection fluorescence (TIRF)
launcher with two laser lines (Coherent): 488 nm (10 mW) and 640 nm
(20 mW). This microscope also includes the Nikon Perfect Focus System,
an interferometry-based focus lock that allowed the capture of multipoint
and time-lapse images without loss of focus. The microscope was equipped
with the following Chroma filter sets: TIRF 488, TIRF 640, Cy5, TRITC,
and reflection interference contrast microscopy (RICM).

Immunostaining protocols

Cells were fixed with 4% paraformaldehyde for 12 min, treated with 0.1%
Triton X for 5 min, and rinsed with 1% BSA in PBS, pH 7.4. Cells were left
in BSA blocking for 4 h or overnight at 4°C and then immunostained with
FITC-conjugated mouse antivinculin monoclonal antibody (clone hVIN-1,
Sigma) according to manufacturer’s protocol. A final rinse of 5 mL of 1%
BSA in PBS, pH 7.4 was performed three times before imaging.

RESULTS AND DISCUSSION
Design and synthesis of MTFM sensor

To measure mechanical tension across the integrin receptor,
we synthesized and characterized an integrin-specific
MTEFM sensor (Fig. 1 a). First, a cRGDfK(C) peptide, a
common motif in ECM proteins, which shows high affinity
(Kp ~nM) toward the ayf; integrin receptor (ay@3 >>
asf; ayfs) (20,21) was custom synthesized to include a
cysteine residue bound to the e-amine of lysine. Addition
of the cysteine allowed orthogonal conjugation of a 23
unit PEG-biotin through a maleimide group via Michael
addition and an Alexa 647 fluorescent dye via standard
NHS ester chemistry (Fig. 1 b). The cRGDfK(C)-A647-
PEG;-biotin final product was purified and characterized
by RP-HPLC and MALDI-TOF (Fig. S1). Of importance,
this general strategy may be used for orthogonal and site-
specific conjugation of a vast array of peptide and small
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molecule ligands, thus allowing one to investigate biophys-
ical forces exerted by many receptors of interest.

Surface characterization and density calibration

Given that a sufficient ligand density is required for receptor
clustering and activation (22), and polymer density influ-
ences the MTFM sensor conformation (and thus sensor
response), it was important that we first measure and tune
the surface density of the cRGDfK(C) MTFM sensors. To
measure the donor only and donor-acceptor intensity from
identical surfaces, we synthesized a cRGDfK(C)-QSY21-
PEG,3-biotin conjugate (Fig. S2) and anchored this to a
streptavidin-Alexa 647 monolayer that was immobilized
onto a standard glass coverslip (Fig. S3). The peptide sur-
face density was controlled by modifying glass coverslips
with binary mixtures of APTES and mPEG, where the ter-
minal amine group of APTES was reacted with an NHS-
ester biotin to capture streptavidin-Alexa 647, whereas the
mPEG passivates the surface against nonspecific protein
adsorption. To confirm the strength of binding between
streptavidin and the biotinylated MTFM probes, the k¢ of
biotin dissociation in the presence of free biotin was
measured (Fig. S7) and was found to be similar to that
reported in the literature. (23,24). Moreover, we determined
that nonspecific binding of streptavidin and the PEG ligand
contributed <0.5% of total bound MTFM probes (Fig. S8),
thus confirming that the MTFM sensor was immobilized
specifically through streptavidin-biotin interactions. To
quantify the molecular surface density, we calibrated the
Alexa 647 fluorescence intensity using a standard set of sup-
ported lipid membranes (Fig. S4 and Methods) (16,25).
Based on this quantitative fluorescence calibration, we
found that APTES:mPEG ratios of 1:0, 1:1, 1:10, 1:100,
and 1:1000 resulted in streptavidin surface densities of
5300, 4600, 4400, 520, and 17 molecules/,umz, respectively
(Fig. 2 a). Note that on average streptavidin was conjugated
to approximately one cRGDfK(C) peptide force sensor
when estimated to the nearest integer value using a quanti-
tative fluorescence calibration (Methods in the Supporting
Material).

Because the dynamic range and sensitivity of the MTFM
probe, and its affinity to the integrin receptor depends on
its average equilibrium conformation on the surface, we
measured the average fluorophore-quencher distance (poly-
mer extension) using the FRET relation. For these experi-
ments, we synthesized cRGDfK(C)-PEG,; probes that
lacked the quencher (donor only), and compared surface
fluorescence intensity to that of the tension sensor modified
surfaces (donor and acceptor) (Fig. 2 a). We found that the
average quenching efficiency was 0.93 + 0.02 (Fig. 2 b),
thus indicating that the fluorophore-quencher distance
ranges from 4.2 to 4.7 nm based on two independent
methods that estimate Ry at 6.4 = 0.2 nm and 7.2 =+
0.2 nm (Methods and Fig. S9 and Fig. S10) and assuming
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FIGURE 2 (a) Representative fluorescence images of MTFM sensor
surfaces generated with a range of densities and the corresponding mean
streptavidin intermolecular distance. Scale bar is 10 um. (b) Plot showing
the measured streptavidin surface density and the cRGD-peptide quenching
efficiency as a function of the molar ratio of APTES/mPEG silane. To see
this figure in color, go online.

a k? value of 2/3. This fluorophore-quencher distance is in
agreement with the predicted Flory radius of a 23-unit
PEG (Flory radius is calculated to be 2.3 nm) (11), in addi-
tion to the radius of streptavidin (radius ~2 nm, as estimated
from the crystal structure (PDB:3ry1)). Based on theoretical
models and experimental force spectroscopy measurements
of PEG, the dynamic range of this integrin tension sensor is
expected to be ~1-30 pN for FRET efficiency values ranging
from 0.9 to 0.1 (26-28). Moreover, the surface density
measurements validate the FRET-determined polymer
conformation, and indicate that the average distance
(ranging from 14 to 240 nm) between streptavidin
molecules is larger than the Flory radius. Taken together,
the data indicate that the cRGDfK(C)-QSY?21-PEG,3-biotin
probe adopts the relaxed mushroom conformation on these
surfaces, remains highly quenched (>0.9), and is predicted
to support cell binding and focal adhesion formation for
APTES:mPEG ratios of 1:0, 1:1, 1:10, and 1:100.

Integrin forces lead to MTFM sensor dissociation

In initial experiments, we incubated HCC 1143 immortal-
ized breast cancer cells on surfaces that contained
quencher-modified streptavidin and the cRGDfK(C)-
A647-PEG,;-biotin peptide conjugate. Previously, our
work has shown that cells do not engage or spread when
streptavidin-modified surfaces lack RGD or other cell adhe-
sion ligands (10,12). Cells were incubated on the higher
density peptide surfaces (4400 = 370 streptavidin mole-
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cules/um?) for ~60 min at 37°C and 5% CO,, and then
imaged using brightfield, RICM, and fluorescence micro-
scopy. Unexpectedly, we found that the fluorescence signal
intensity under the perimeter of most cells was negative
(Fig. 3 a) and colocalized with vinculin, a focal adhesion
marker (Fig. S11). This observation was also confirmed
on cRGDfK(C)-A647-PEG,3-biotin surfaces that lacked
the quencher (Fig. 3 b), suggesting that the dark areas
were not related to the presence of the quencher or to poly-
mer conformation. To verify that the PEG ligand was intact,
the MTFM sensor was redesigned such that the termini of
the polymer were tagged with a dye pair (fluorescein and
Alexa 647) that undergoes FRET (Fig. 3, c—d). This was
achieved by generating the sensor using solid-phase peptide
synthesis, which was then purified and characterized by RP-
HPLC and MALDI-TOF (Fig. S5 and Fig. S6). Cells incu-
bated on these surfaces generally revealed areas of reduced
fluorescence in both the donor and the acceptor channels. In
contrast to the donor-quencher system (Fig. 3 a), some
regions of a subset of cells displayed a positive fluorescence
signal in the donor channel (Fig. 3 d), which typically
corresponded to the proximal side of the cell perimeter.
The slight increase (~10%) in donor intensity is likely due
to extension of the polymer, and this signal may be more
readily observed due to the FRET sensitivity when the
dyes are directly conjugated to the PEG chain, rather than
randomly tagged to streptavidin. In the acceptor channel
(Fig. 3 d), the decrease in fluorescence signal is similar to
that observed in Fig. 3, a and b. In all cases, we start
observing a net reduction in fluorescence intensity at the
edges of this epithelial cell type by the 30 min time point,
thus suggesting biotin dissociation. This could occur
through dissociation of the streptavidin complex from the
surface or dissociation of the biotinylated PEG tension
probe from immobilized streptavidin. Further experiments
indicated that under these conditions streptavidin remains
immobilized, whereas the biotinylated PEG tension probes
are dissociated from the surface (vide infra).

In some cases, fluorophores display spectral shifts and
changes in quantum yield as a result of integrin receptor
binding (29). To measure this contribution to the fluo-
rescence emission intensity, we generated cRGDfK(C)-
A647-PEG,, surfaces that were covalently attached to the
substrate. We rationalized that changes to the dye emission
intensity on these surfaces would be due to integrin binding.
In these experiments, the mean fluorescence intensity of
the surface under each cell showed a ~3% decrease when
compared to the background (Fig. 3 e). This decrease was
uniform across the entire cell contact region. In contrast,
streptavidin-biotin anchored ligands showed a decrease of
~30 to 60% at the cell perimeter, which could be clearly
visualized when fluorescence images were normalized and
displayed as heat maps that represented the fraction of
MTFEM ligand removed (Fig. 3 f). The ligand loss appeared
to occur in regions that resembled focal adhesion contacts.
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FIGURE 3 Cells incubated on the biotin-immobilized MTFM sensors exhibit negative signal suggesting streptavidin-biotin dissociation. Representative
brightfield, RICM, and fluorescence images of a cell incubated on a streptavidin-biotin functionalized surface with a donor-quencher construct (a) and donor
only construct (b). A decrease in donor signal is observed under the cell perimeter in both (a) and (b). (c) Schematic and chemical structure of the dual-tagged
FRET MTFM sensor. (d) Cells incubated on this dual-tagged FRET surface generally showed a decrease in fluorescence intensity in both the donor and
acceptor channels. A slight increase in donor emission at the proximal side of the cell perimeter was observed. (e and f) Representative RICM and fluores-
cence images of cells incubated on surfaces with ligands that are covalently anchored (e), or immobilized with streptavidin-biotin (f). Pseudocolored images
represent the normalized ligand density, and highlight the fraction of ligand lost under each cell within 1 h of cell seeding. (g) Radial distribution functions of
fluorescence under cells that were seeded on covalently anchored ligand surfaces (red, such as e), and tethered via streptavidin-biotin linkage (blue, such as f).
Error bars represent the standard deviation of signals averaged from three cells. (7) Representative brightfield, RICM, and fluorescence images of HCC1143
cells adhered to cRGDfK(C)-A647-PEG,3-biotin peptide anchored to the surface by streptavidin. (i) Time-lapse images of the cell region highlighted in
yellow (h). Outline of initial cell position (yellow) reveals the migration of the cell over time (yellow arrow indicates direction of cell motion). Note the
negative signal remains constant despite the translocation of cell edge. All scale bars represent 10 um. To see this figure in color, go online.

The fluorescence intensity of the regions under cells
where the ligand was covalently attached or attached via
streptavidin-biotin was plotted as a radial distribution func-
tion from the cell center (Fig. 3 g). The results indicate that
the fluorescence intensity under cells incubated on surfaces
with ligand anchored by streptavidin-biotin attachment is
10- to 20-fold lower than that observed on surfaces with
covalently tethered ligand.

Further evidence of biotin dissociation is revealed by
the irreversible nature of the observed negative signal. We
collected time-lapse images of a single cell after 90 min
of incubation on a streptavidin-biotin surface containing
only the donor cRGDfK(C)-A647-PEG,s-biotin conjugate
(Fig. 3 h). As the cell moves toward the right corner of

the image and outside the field of view, the negative signal
remains unchanged (Fig. 3 i and Movie S1). This experi-
ment suggests that loss of donor intensity is irreversible.
Controls using pharmacological inhibitors of f-actin and
myosin show that biotin dissociation is dependent on the
cytoskeleton. We found that cells pretreated with the non-
muscle myosin inhibitor blebbistatin for 15 min adhered
to the surface, but completely failed to dissociate the strep-
tavidin-anchored MTFM sensor (Fig. S12). Cells treated
with latrunculin B (LatB), an f-actin inhibitor, 30 min after
adhering to a surface failed to show any reversibility in
signal (Fig. S12). Furthermore, cells treated with soluble
cRGD peptide dissociate from the surface but the negative
signal remains despite the absence of the cell (Fig. S13).
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Taken together, these results unambiguously show that the
majority of the signal decrease is due to irreversible, cyto-
skeleton-dependent, and focal-adhesion-dependent biotin
dissociation.

Integrin driven biotin dissociation is unexpected given that
the streptavidin-biotin interaction is often described as the
strongest noncovalent association in nature with an absolute
free energy of binding of ~—18 kcal/mol (30,31). In support
of this, experimentally measured rupture forces for streptavi-
din-biotin were reported at ~260 pN using atomic force
microscopy (31). It should be noted, however, that rupture
forces are dependent on the loading rate and temperature.
For example, mean streptavidin-biotin rupture forces (at
25°C) have been recorded at ~120 pN and ~200 pN at loading
rates of 198, and 2300 pN/s, respectively (32). Given
this remarkable stability, streptavidin-biotin association is
commonly used in the field of single molecule biophysics
to measure the rupture force and bond lifetime between
receptors and their ligands (33,34), including cell surface
integrins and ligands derived from the ECM (35). It is of
interest to note that one report described streptavidin-biotin
dissociation at low force regimes (~5 pN), but this was shown
to occur due to brief (us-ms) molecular encounters that do
not allow the interaction to reach equilibrium (36,37). In
our experiments, the biotin-tagged ligand is incubated with
streptavidin for ~1 h during MTFM sensor preparation and
is therefore at, or near, equilibrium.

The free energy binding of «, (5 integrins with the linear
GRGDSP peptide was measured at —3.10 kcal/mol (38).
Accordingly, single molecule rupture force for integrin-
ligand associations have been reported in the range of ~40
to 90 pN depending on the loading rate, the type of ligand
(using RGD peptides and various fibronectin fragments),
the type of integrin receptor («,33 or asB), and the activa-
tion state (conformation) of the receptor (39,40). Therefore,
literature precedent indicates that integrin-ligand interac-
tions are more likely to dissociate under mechanical load
when compared to streptavidin-biotin.

To quantify the likelihood of streptavidin-biotin dissocia-
tion over integrin-ligand dissociation when the two bonds
are in series, we used published values of k. for both bonds
(23,24), and applied the analysis developed by Neuert et al.
(41) (Methods in the Supporting Material). Assuming that
both bonds in the series have similar potential widths
(Ax), we found that the probability of streptavidin-biotin
dissociation under integrin-mediated tension is ~2.8 X
107>, If Ax of streptavidin-biotin is greater than that of
the integrin-ligand bond (which is likely), the analysis
becomes more complex, as the change in k.; becomes
loading rate and force dependent. Nonetheless, the kg
values differ by orders of magnitude and the streptavidin-
biotin bond should survive under integrin-mediated forces.

One of the molecular mechanisms that may contribute to
the observed integrin-ligand bond strengthening includes
force-induced stabilization of the high-affinity state of in-
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tegrin receptors (42,43). Kong et al. (44) observed that the
asB; integrin-ligand bond lifetime can be enhanced by
100-fold upon application of cyclic forces, and termed this
phenomenon cyclic mechanical reinforcement. This is
likely important given that recent work reported the exis-
tence of low frequency (~0.1 Hz) traction force oscillations
within focal adhesions (5). Moreover, integrin clustering
and focal adhesion maturation leading to the formation of
parallel and multivalent ligand-receptor bonds may also
contribute to increasing the effective lifetime of the integ-
rin-ligand interaction (45). These supramolecular com-
plexes only form at ECM-integrin interfaces that allow for
clustering (22). Therefore, single-molecule force spectros-
copy experiments performed on the surface of living cells
are unable to recapitulate the ligand-receptor stabilization
mechanisms that likely occur within focal adhesions.
Consequently, the stabilization of integrin-ligand bonds
over streptavidin-biotin may not be present in typical sin-
gle-molecule force-extension experiments. Further evidence
supporting our observation of enhanced integrin-ligand af-
finity comes from a recent report showing that focal adhe-
sion formation requires integrin ligands that can withstand
~50-60 pN of tension (as defined by the rupture force under
steady-state tension over a duration of <2 s) (6). Our own
recent MTFM work also shows that integrin receptors can
apply 15 pN of tension within some focal adhesions (12).
Therefore, integrin-ligand association must be sufficiently
stabilized to withstand these large mechanical loads for
extended durations, suggesting a mechanism of integrin-
ligand affinity enhancement within functional cell adhe-
sions. Interestingly, these reported magnitudes of tension
are likely sufficient to dissociate streptavidin-biotin
associations in our experiments. For example, based on
the Bell model, loading rates of ~0.1 pN/s at 37°C would
lead to a mean streptavidin-biotin rupture force of ~57 pN
(32,46) and the average lifetime of streptavidin-biotin asso-
ciation is on the order of 10* s when placed under 40 pN of
constant tension (36,50). Therefore, it is feasible that biotin
dissociates from streptavidin under the integrin-mediated
tension; however, the enhanced stability of the integrin-
ligand interaction remains unexpected and is likely related
to focal adhesion formation.

Imaging integrin force dynamics

Given that integrin tension may lead to polymer extension as
well as biotin dissociation, the MTFM sensor was rede-
signed such that both events result in a positive turn-on fluo-
rescence signal. In this design, the quencher was conjugated
to the ligand, whereas the streptavidin was labeled with the
Alexa 647 fluorophore (Fig. 4 a). Moreover, we expected
that upon dissociation this signal would be irreversible, re-
maining even after dampening of the mechanical load.
Fluorescence images of cells adhered to surfaces coated
with this version of the sensor show subcellular regions
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with increased fluorescence intensity. This observation
indicates that integrin-mediated mechanical tension leads
to cRGDfK(C)-QSY21-PEG,;-biotin polymer extension
and unbinding from streptavidin (Fig. 4, b and c). Some of
the areas appear punctate, whereas others show highly elon-
gated, fiber-like structures that generally run parallel to each
other, in agreement with typical chemical staining of focal
adhesions (47). However, due to the irreversibility of the
MTFM probe signal, these structures may represent elon-
gated, mature focal adhesions or punctate adhesions that
have translocated. Time-lapse total-internal reflection fluo-
rescence microscopy imaging collected over a 15 min
time duration revealed the rate of growth of regions of
high integrin tension (Fig. 4, c—e, and Movie S2). The linear
rate of integrin tension over this region was ~340 nm/min,
which is in agreement, within an order of magnitude, with
the reported rate of focal adhesion elongation in NIH 3T3
cells (Fig. 4 e) (48). These images also reveal that biotin
unbinding occurs primarily between the sensor and strepta-
vidin rather than at the streptavidin-glass interface. Dissoci-
ation of the fluorophore-modified streptavidin from the
surface would result in dark regions, which are not observed
under these conditions. This is likely due to the high surface
density of biotin, which provides multivalent attachment
for streptavidin. Low-density biotin surfaces, though, may
present streptavidin that is primarily anchored through
single biotin attachment, and thus may be prone to surface
dissociation. We are unable to verify this, however, due to

the low fluorescence signal on surfaces presenting low
biotin densities.

Generality of integrin-driven biotin dissociation
and relationship to focal adhesions

To verify that the MTFM signal (and streptavidin-biotin
dissociation) is applicable beyond the HCC 1143 cell
line and that integrin tension was correlated with focal
adhesion formation, HEK 293 cells (Fig. 5 a) and NIH
3T3 fibroblasts (Fig. 5 b) were incubated on sensor sur-
faces for 60 min and then fixed and immunostained for
vinculin, a common component of focal adhesion com-
plexes. An overlay of the immunostained images with
the MTFM response showed that tension and biotin
dissociation is colocalized to focal adhesion formation.
It is also important to note that a portion of the tension
signal is not directly colocalized with vinculin, likely due
to the irreversibility of the signal. For example, some of
the observed MTFM signal represents areas where
cells engaged the substrate and dissociated ligand mole-
cules before imaging. Moreover, if allowed to incubate
on the MTFM sensor surface for long durations (5 h),
large regions of fluorescence increase were observed
under nearly all cells on the surface (Fig. S14). There-
fore, these data confirm that the MTFM sensor can be
used to observe tension applied by a broad range of
cell types.

Biophysical Journal 106(7) 1436—1446



1444

Brightfield

Q

Jurchenko et al.

Vinculin Overlay

FIGURE 5 Cells immunostained for focal adhesion markers. Representative HEK 293 (a), and NIH 3T3 (b) cells are imaged using brightfield, RICM,
MTEM (red), and immunostained for vinculin (green). The final panel shows an overlay of both fluorescence channels (MTFM and vinculin). Scale bar

is 10 um. To see this figure in color, go online.

CONCLUSION

In conclusion, we found that streptavidin-biotin tethered
integrin ligand molecules dissociate from the surface due
to cell-driven forces. This finding indicates that single mole-
cule measurements almost certainly underestimate the
stability of integrin-ligand interactions within functional
focal adhesions. Many mechanoregulatory processes in the
cell involve multiprotein complexes, and thus kinetic and
thermodynamic parameters derived from single molecule
techniques applied to individual ligand-receptor pairs may
not accurately depict the biological context of the crowded
cell environment. Furthermore, we conclude that integrin-
ligand tension is likely one to two orders of magnitude
larger than had previously been estimated using microscopic
averaging methods, such as traction force microscopy (8).
Our force estimate is derived from experiments and calcula-
tions that indicate that a steady state tension of ~10-20 pN
is needed to reduce the biotin-streptavidin bond lifetime
to approximately 10° seconds (50,36). Interestingly, Dunn
and colleagues recently reported the development of a
recombinant protein-based tension probe to investigate
integrin forces within focal adhesions (13). These probes
employ streptavidin-biotin to tether the force sensor, and
the results indicate that integrin-generated forces are
approximately 1-5 pN per receptor. While our tension esti-
mates are significantly greater than these reported values,
it is plausible that the linear RGD peptide used in the recom-
binant probes sustains lower forces than the cyclized RGD
peptide used in our system. Moreover, spikes in integrin-
generated forces may be transient in nature.

Overall, our results are significant because the strepta-
vidin-biotin association is widely used to display small
molecules and peptides to screen for cues that trigger cell
signaling pathways (51). Therefore, these results suggest
that more robust immobilization strategies are needed to
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exclude the possibility of cell-based dissociation of surface
ligands and remodeling of the surface, which may obscure
results.

MTFM is technically facile; however, due to the un-
expected dissociation of streptavidin-biotin, the signal
presented by the sensor is not easily interpreted as an
average force. Instead, it provides lower bound estimates
of integrin-driven tension and this lower bound estimate
vastly exceeds what has previously been predicted. We
anticipate that the next generation of covalently immobi-
lized MTFM force probes will address existing gaps in
our understanding of mechanotransduction pathways
during cellular processes such as migration, mitosis, and
wound healing.

SUPPORTING MATERIAL

Fourteen figures, two movies, methods, and references (52-56) are avail-
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Supporting Methods:

1. Quantitative fluorescence calibration procedure. DOPE-Alexa 647 lipids were used
to create a calibration curve (Fig. S4) in which the number of DOPE-Alexa 647 molecules
was correlated to the fluorescence intensity of a supported lipid bilayer (SLB) surface (7).
The SLB was composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (Avanti
Polar Lipids) doped with DOPE-Alexa 647 at concentrations that ranged from 0.016 mol
percent to 0.24 mol percent.

DOPE (1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine)  lipids  were
purchased from Avanti Polar Lipids. For the DOPE-Alexa 647 synthesis, the limiting
reagent was the reactive Alexa Fluor 647 NHS ester; therefore the reaction was carried out
at a 1:1 ratio of fluorophore to lipid molecule. From a 10 mg/ml DOPE solution in
chloroform, 38.9 pl (MW=743.5 g/mol, 523 nmol) was transferred to a 2 ml glass vial. The
organic solvent was evaporated off under a stream of ultrapure N, for ~15 min. The dry
lipid film was redissolved in 38.9 ul of dry DMF. A 0.1 M solution of triethylamine in DMF
was prepared and 1.5 fold molar excess (7.86 ul) was added to the lipid solution. The
reactive dye (0.5 mg, 523 nmol) was resuspended in 5 ul of DMF and slowly added to the
lipid mixture. A small teflon stirbar was added to the reaction, which was capped, protected
from light and allowed to stir overnight at room temperature.

After 16 h, the solution was transferred to a 1.5 ml microcentrifuge tube and spun down to
dryness on a Speedvac. The reaction mixture was resuspended in chloroform and
transferred to a 20 ml glass vial; both the free dye and the lipid-dye conjugate are soluble
in chloroform. The solution was then dried on a rotovap and resuspended in 2 ml of
hexane (HPLC grade). The mixture was sonicated briefly (2-3 seconds) until all
components were in solution and allowed to sit on the bench undisturbed for 10-15 min as
the unreacted dye precipitated out of solution. The soluble fraction containing the lipid-dye
conjugate was collected and transferred into a clean 20 ml glass vial, and this process was
repeated 3 times. During the fourth repeat, the hexane mixture was placed on ice for 1.5 h
to promote precipitation of any remaining free dye. The solution was then dried down on a
rotary evaporator and resuspended in 500 ul of chloroform for further use.

After each transfer, TLC was used to check for the presence of free dye. A solvent mixture
of chloroform/methanol/water/concentrated ammonium hydroxide (6/3.4/0.55/0.05) was
used for analysis. The final solution showed no visible trace of free dye as seen in the
image of the TLC plate (below). The final mass of the product (1584 amu) was observed
in MALDI-TOF using negative ion mode with 0.5 M dihydroxybenzoic acid in methanol as
the matrix. The yield ranged from 5-10 nmol of DOPE-Alexa 647 (according to egs50 =
239,000 cm™ M™) resulting in a 1-2% overall yield. After synthesis and purification of the
final product, the lipids were extruded through a 0.1 um filter using a Mini-Extruder (Avanti
Polar Lipids).
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Once a series of SLB surfaces were made using DOPE-Alexa 647 at concentrations
varying from 0.016 mol percent to 0.24 mol percent, the calibration curve was created and
an F-factor (Eqn. 1) was determined where Isoinprotein conj) IS the fluorescence intensity in
bulk solution of the streptavidin- Alexa 647 conjugate and Ison(ipid conj.) IS the intensity of an
equal concentration of DOPE-Alexa 647 in solution.

F= Isoln(protein conj.)/ Equation 1

Isoln(lipid conjugate)

The F-factor corrects for any change that may occur in the fluorophore intensity as a result
of the conjugation and therefore allows the density of streptavidin-Alexa 647 on the surface
to be determined using the DOPE-Alexa 647 calibration. A second F-factor was also
measured for a cRGDfK(C)-Alexa 647-PEGys-biotin conjugate in order to compare the
fluorescence intensity of surfaces with Alexa 647 labeled cRGD to Alexa 647 labeled
streptavidin surfaces and thereby determine a binding ratio of the sensor conjugate to
surface streptavidin.

The fluorescence intensity of the sample was then calibrated using Eqgn. 2,

I
Iear = ™/ Equation 2

where lsampre is the fluorescence intensity of the biotin functionalized surfaces containing
streptavidin-Alexa 647 and F is the F-factor.

The calibrated sample intensity (/.s) was then converted to number of fluorescent
molecules on the sample surface by dividing it by the slope of the DOPE- Alexa 647
calibration curve (Fig. S4).



2. Forster distance between Alexa 647 and QSY21.

To verify the Ry value between Alexa 647 and QSY21 we designed two calibration
experiments (A and B). In the first set of experiments (Calibration A), the quencher was
conjugated to streptavidin that was anchored to a supported lipid bilayer. The fluorophore
was conjugated to the 5’ terminus of a DNA duplex that was then bound to the streptavidin
surface through a biotin group at the second 5’ terminus. The distance between Alexa 647
and QSY21 was adjusted by changing the length (number of base pairs) of the DNA
duplex (Fig. S9). Note that the base pair composition of the 5" ends of the duplex were
maintained (GCC or CAC) throughout each duplex such that the local dye environment
remained relatively constant (2).

The fluorophore-quencher distance was determined using the following equation,
Distance (r)=0.34(N—-1) + L Equation 3

where N represents the number of base pairs in the DNA duplex, and L is the distance
added by the fluorophore and biotin attachment linkers at the 5’ ends of the DNA strands
(3, 4) as well as the streptavidin radius (as estimated by the crystal structure PDB: 1SWB).
The final value of L was estimated to be 3.3 nm with 1.3 nm estimated for the combined
linker lengths and 2 nm for the streptavidin radius.

In calibration B, the Forster radius (Rg) of Alexa 647 and QSY21 was determined using
DNA hairpin structures of varying lengths (Fig. S10). Each hairpin strand was converted
from the closed state (high quenching efficiency) to the open state (decreased quenching
efficiency) by adding the complementary strand. The distance between fluorophore and
quencher was calculated using Eqn. 3, where L in this case represents the theoretical
distance parallel to the DNA helical axis separating Alexa 647 and QSY21 for the case that
n=1. The final value of L was estimated to be 1.3 nm for the combined fluorophore linker
lengths (3, 4).

The Rp values obtained from the two calibrations were then averaged to get a final Ry
value of 6.8 nm. This value is close to the 6.9 nm Fodrster distance reported by the
manufacturer.

Calibration A to obtain the Forster distance of Alexa 647 and QSY21. The following
DNA oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA):

12 mer
5’- /5Biosg/ GCC AGA GCA GTG -3’
5- /I5AmMC6/ CAC TGC TCT GGC -3’

16 mer
5’- /5Biosg/ GCC TAG AGC ATC AGT G -3
5-/5AmMC6/ CAC TGA TGC TCT AGG C -3



21 mer
5’- /5Biosg/ GCC TAT GAATGA GCT TCA GTG -3
5- /5AmMC6/ CAC TGA AGC TCATTC ATA GGC -3

33 mer
5'- /5Biosg/ GCC TAT ATA GTC ATC AGC CGT ATAGCATCAGTG -3
5-/5AmMC6/ CAC TGA TGC TAT ACG GCT GAT GAC TAT ATA GGC -3’

Each of the amine functionalized oligonucleotides were labeled with Alexa 647 by adding
2.5 ul of 10x PBS and 2.5 ul of 1 M sodium bicarbonate to 20 ul of 1 mM DNA. An 8-fold
molar excess of Alexa 647 NHS ester was then resuspended in 5 ul of dimethylformamide
and added to the DNA mixture. The reaction was placed on a shaker (300 r.p.m.) and
allowed to shake overnight at room temperature. The final product was purified by reverse
phase HPLC with monitoring at 260 and 647 nm. The reaction mixture was injected
through a 5 um, 4.6 x 250 mm C1s column at a flow rate of 1 ml/min with a linear gradient
of 10 — 60% B over 50 min (A: aqueous 0.1 M triethylammonium acetate buffer; B:
acetonitrile (LC-MS Chromasolv, 299.9%; Fluka). This elution gradient was followed by a
second gradient of 60 — 100 % B over 10 min to collect the more hydrophobic fractions.

Recombinant streptavidin was labeled with QSY21 by mixing 100 ug of the protein (2
mg/ml) in PBS (10 mM phosphate buffer, 137 mM NaCl, pH 7.4) with 5 pl of 1 M sodium
bicarbonate and a 5-fold molar excess of QSY 21 NHS ester (Life Technologies). The
reaction was allowed to proceed for 30 min at room temperature on a rotating platform.
Purification was performed using a Slide-a-Lyzer Mini dialysis column (Thermo Fisher) with
a MW cutoff of 3,500 g/mol. The average labeling ratio of the final product was determined
to be 1.7 by UV-visible absorbance measurement.

In order to generate supported lipid bilayers, we prepared a lipid mixture consisting of
99.9% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar Lipids) and 0.1%
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (sodium salt) (DPPE-
biotin, Avanti Polar Lipids). After mixing the lipids in the correct proportions in chloroform,
the solution was dried with a rotary evaporator and placed under a stream of N, to ensure
complete evaporation of the solvent. These lipid samples were then resuspended in
Nanopure water and subjected to 3 freeze/thaw cycles by alternating immersions in an
acetone and dry ice bath and a warm water bath (40 °C). To obtain small unilamellar
vesicles (SUV’s), lipids were extruded through a high pressure extruder with a 100 nm
nanopore membrane (Whatman).

Supported lipid bilayers were assembled by adding SUV’s to base etched 96 well plates
with glass-bottomed wells. After blocking with BSA (0.1 mg/mL) for 60 min, bilayer
surfaces were incubated with either unlabeled streptavidin (1 pg/400 pL) or streptavidin-
QSY21 (1 pg/400 pL) for 1 h. Wells were rinsed 3 times with 5 mL of 1x PBS, then
incubated with the appropriate DNA-Alexa 647 labeled duplex (200 nM) for 1 h and rinsed
3x with 5 mL of 1x PBS before imaging.



Calibration B to obtain the Forster distance of Alexa 647 and QSY21. Six different
DNA hairpin sequences and complementary strands were designed and custom
synthesized by Integrated DNA Technologies. The DNA sequence information is listed
below:

Oligos Hairpin Sequence Complementary Sequence
QSY21 strand (contains biotin 5-/5AmMC6/-CGC ATC TGT
for anchoring via biotin- GCG GTATTTCACTTT —
streptavdin and an amine for /3BioTEG/-3’
QSY21-NHS coupling)
Alexa 647 strand (contains 5-TTT GCT GGG CTA CGT
amine for Alexa 647-NHS GGC GCT CTT-/3AmMO/-3
coupling)
5'-GTG AAA TAC CGC ACA 5'- AAA CAT CAA AAG ATG
18mer GAT GCG TTT- CATCTT TTG AAA -3'

ATG -TTT AAG AGC GCC ACG
TAG CCC AGC -3

5-GTG AAA TAC CGC ACA 5-AAA CAT ACA AAA AGT
21mer GAT GCG TTT- CATACT TTT ATG AAA-3’

TGT ATG -TTT AAG AGC GCC

ACG TAG CCC AGC -3

5-GTG AAA TAC CGC ACA 5-AAA GCT AGA AAA AAA
24mer GAT GCG TTT-GCTAGT TTT  ACT AGC AAA-3’

TTT TCT AGC -TTT AAG AGC

GCC ACG TAG CCC AGC -3’

5-GTG AAA TAC CGC ACA 5'-AAA CAG ACA AAA AAA

GAT GCG TTT-CAGACT TTT  AAA AGT CTG AAA- 3
27mer TTT TTT TGT CTG-TTT AAG

AGC GCC ACG TAG CCC AGC

-3

5-GTG AAA TAC CGC ACA 5-AAA CGA TAC AAA AAA

GAT GCG TTT-CGATAC TTT  AAA AAA AAA AAA AGT ATC
37mer TTITTTT TTT TTT TTT TGT GAA A-3’

ATC G-TTT AAG AGC GCC
ACG TAG CCC AGC -3

5-GTG AAA TAC CGC ACA 5'- AAA CGA TAA CAA AAA
GAT GCG TTT- CGATAACTT  AAA AAA AAA AAA AAA AAA
45mer TITTTITTTITTTITTTITTTITTTIT AAG TTATCG AAA-3

TTGTTATCG -TTT AAG AGC
GCC ACG TAG CCC AGC -3

*Three thymine bases were added as a linker at the end of hairpin stem to increase the flexibility. The
complementary strand hybridizes to both the 3-T linkers as well as the hairpin sequence.

The anchor arm was labeled with QSY21 and the upper arm was labeled with Alexa 647
(Fig. S10) by adding 1 ul of 1 mM DNA and 1 ul of 1 M sodium bicarbonate to 7 ul of PBS.
Then, 1 ul of 10 mM Alexa 647-NHS ester (10-fold molar excess) was added to the DNA
mixture. The reaction was allowed to incubate at room temperature overnight.

All the hairpins were anchored on the lipid membrane surface through a biotin-streptavidin
interaction in 96-well plates with glass-bottomed wells. Supported lipid bilayers were
assembled by adding small unilamellar vesicles (see above for synthesis) to base-etched
96-well plates. After blocking with BSA (0.1 mg/ml) for 30 min, bilayer surfaces were
incubated with streptavidin (0.4 ug per well) for 1 h. Wells were then rinsed 3 times with 5



ml of PBS and incubated with the hairpin structure for 1 h. Finally, wells were rinsed 3
times with 5 ml PBS and imaged.

Quenching of the closed hairpin: In order to verify that the quenching of the fluorophore
occurred when the hairpin was in the closed conformation, a solution fluorescence
experiment was performed using the 37mer hairpin structure. The hairpin was formed and
folded in 50 ul PBS at a concentration of 50 nM and the complementary strand was in 10-
fold molar excess (500nM) to open the hairpin.

Denaturation step: 75 °C, 5 min

Renaturation step: temperature was allowed to return to room temperature at a rate of 4 °C
every 3 min.

When the hairpin hybridized with the complementary strand, we observed an increase in
fluorescence signal (data not shown).

Forster distance of Alexa 647 and QSY21 calibration curve. The six hairpins were
formed and folded in 50 ul PBS at 100 nM and the complementary strand was added in
10-fold molar excess (1000 nM) to open the hairpin.

Denaturation step: 75 °C, 5 min

Renaturation step: temperature was allowed to return to room temperature at a rate of 4 °C
every 3 min.

In this experiment, the longest hairpin (45mer, 15.38 nm) was used to determine the donor
only intensity (the 0% energy transfer efficiency) in the calibration experiment.



3. Survival probabilities of molecular bonds in series

When two bonds are found in a series
and subjected to an external mechanical
load, it is expected that the weaker bond
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outcomes when two bonds are in series.

chtv(t) =1- q)stv(t) Equation 4
cDint(t) =1- (pint(t) Equation 5

where @4, and ®j,; are the probabilities of streptavidin-biotin and integrin-ligand bond
survival, respectively, and ¢, and ¢;,. are the probabilities of the respective bonds
rupturing (see figure above). In order to describe bond survivability under force, the Bell
model (6), is used to reflect the ko rates of the bonds under force,

kine(f) = kine(f = 0)xeAxime/keT Equation 6

kstv(f) = kstv(f = 0)xef.AXStV/kBT Equation 7
where f refers to the applied force, Axsyy and Axit are the distances between the bound
state and the transition state for streptavidin-biotin and integrin-ligand association,

respectively. ks, and kintare the ko rates for streptavidin-biotin and integrin ligand bonds,
respectively. kg is the Boltzmann constant and T is the absolute temperature.



Equations 4 and 5 can then, as described in Neuert et al., be combined with Equations 6
and 7 to yield a mathematical model to describe the likelihood of bond dissociation under
force.

In our case, the two bonds are highly asymmetric where kin; = 0.072 s7(7) and ks = ~3
x 10° at 37 °C (8, 9) (Fig. S7). Since the two bonds are linked, both bonds equally
experience the applied tension, f. Furthermore, if we assume that Axi,t = AXsw, then the
likelihood of bond dissociation is force and loading rate independent. In this case, the ratio
ksw/kint remains constant for all values of f based on equations 6 and 7. Therefore, we can
compare the Ko values under zero force and determine the probability of bond dissociation
under integrin-mediated tension. Using the ratio of the reported off rates, the probability of
streptavidin-biotin dissociation while maintaining integrin-ligand association is ~0.00003.
This suggests that streptavidin-biotin would need to experience hundreds of thousands of
cycles of mechanical force to dissociate through integrin-ligand mediated tension, which is
unlikely based on the expected kon values (7, 70) and the reported force oscillation
frequency of 0.1 Hz (117).

In the situation where Ax of streptavidin-biotin is larger than that of the integrin-ligand
bond (which is likely the case), the analysis becomes more complex, as the change in Ko«
becomes loading rate and force dependent. In general, large loading rates and greater
magnitudes of tension favor the bond with smaller values of Ax. Nonetheless, in our case,
the ko values differ by orders of magnitude and will likely dominate ®.
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Figure S1. Purification and characterization of the cRGDfK(C)-A647-PEG2;-biotin
conjugate. (A-B) Reverse phase HPLC chromatogram of the Alexa 647 NHS, cRGDfK(C),
biotin-PEG,3-maleimide reaction mixture. The absorbance was measured at 220 and 647
nm. 1 ml fractions were collected as they eluted off the column (flow rate = 1 ml/min). The
peaks were characterized by MALDI-TOF MS (C) and the final integrin force sensor
product (MWops = 3023; MWexpectea=3145) was found to elute at 22-23 min. (D) Structure of

the final product.
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Figure S2. Purification and characterization of the cRGDfK(C)-QSY21-PEG2;-biotin
conjugate. (A-B) Reverse phase HPLC chromatogram of the QSY21 NHS, cRGDfK(C),
biotin-PEG,3-maleimide reaction mixture. The absorbance was measured at 220 and 660
nm. 1 ml fractions were collected as they eluted off the column (flow rate = 1 ml/min). The

peaks were characterized by MALDI-TOF MS (C) and the final integrin force sensor

product (MWops = 2835; MW expected=2862) was found to elute at 45 min. (D) Structure of the

final product.
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Figure S3. Scheme depicting the covalent biotin-functionalization of glass surfaces.
Glass coverslips (as described in Materials and Methods) were piranha-etched in order to
produce a clean glass surface containing free terminal hydroxyl groups. A binary mixture of
APTES and mPEG silane at different ratios was coupled to the hydroxyl surface groups of
the glass coverslip to generate varying ratios of reactive amine and passivating mPEG
groups. In the final reaction step, biotin containing a reactive N-hydroxysuccinimide ester
was coupled to the free amines on the surface.

12



Calibration Curve

@ = 10000

O 3 —

2 3 oo | Y= 183
8> oo R*=094
o ‘5; 4000

o S 2000

o

598 0

w <

0 1000 2000 3000 4000 5000
Number of AF647-DOPE

Figure S4. Quantitative fluorescence calibration to measure surface density of
streptavidin and peptide mechanophore. Calibration showing the fluorescence intensity
of DOPE-Alexa 647 doped DOPC supported lipid membrane (see Methods and Materials
and Supporting Methods).
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Figure S5. Conjugation of cRGDfK a-thioester with fluorescein-PEG;-biotin
conjugate and coupling of Alexa 647 as the acceptor fluorophore. Full synthesis is
described in the Materials and Methods section in the main manuscript.
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Figure S6. Purification and characterization of the cRGDfK-Alexa647-PEGy4-
fluorescein-biotin conjugate. (A) Reverse phase HPLC chromatogram of the cRGDfK-
biotin-PEG24-cysteine, A647 reaction mixture. The absorbance was measured at 220, 440
and 647 nm. 1 ml fractions were collected as they eluted off the column (flow rate = 1
mL/min). The peaks were characterized by MALDI-TOF MS (B) and the final integrin force
sensor product (MW,ps =3869; MW expected=3884) was found to elute at 28-30 min (C). (D)

Structure of the final product.
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Figure S7. Determination of streptavidin-biotin dissociation rate. To determine the
rate of biotin dissociation in our experiments, streptavidin modified surfaces (green
diamonds) were functionalized with Alexa 488-PEGg3.biotin conjugates and then incubated
with free biotin (50 nM) and imaged over a period of 33 hrs at 37 °C. Surfaces covalently
functionalized with Alexa 488 (black squares) were also prepared and imaged as a control.
Plot shows the fluorescence intensity of surfaces as a function of time. Error bars
represent the standard deviation of fluorescence intensity from either over 40 regions
across two substrates (covalent surfaces, black squares) or over 60 regions across three
substrates (streptavidin-biotin surfaces, green diamonds). We used a surface preparation
that was identical to the protocols described in the methods section of the manuscript. The
fluorescence decay was fit to the mono-exponential function f(t) = exp(-kt) using IGOR,
and yielded values of kot = 2.6 +/- 0.2 x 10° s", where the error in the ko value represents
the error in the fit. These values are both in agreement with rate constants reported by
Deng, et al. (8) (koit = 5.0 +/- 0.2 s x 10°) and Klumb, et al. (9) (koft = 4.1 +/- 0.3 x 10°s™)
at 37 °C.
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Figure S8. Force sensor conjugates are immobilized through biotin-specific
interactions. A) Glass coverslips were functionalized with 1:10 amine:mPEG silanes (as
described in the manuscript). The positive control surface was treated with NHS-biotin to
covalently immobilize biotin, while the negative control substrate was not coupled to biotin.
Both types of substrates were then incubated with streptavidin-Alexa 647 and imaged to
quantify non-specific binding. This experiment showed that 99.9% of streptavidin binding
occurs through specific streptavidin-biotin interaction. Mean intensities are background
subtracted. B) To determine cRGDfK(C)-A647-PEG.3-biotin non-specific binding, surfaces
were covalently modified with biotin and then incubated with unlabeled streptavidin (as
described in the manuscript). Surfaces were incubated with cRGDfK(C)-A647-PEG,; force
reporter constructs that either included or lacked the biotin group and then were washed
and imaged to determine non-specific binding of the tension reporter. This was found to be
less than 0.3%. Mean intensities are background subtracted. Scale bars represent 10 um.
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Figure S9. Calibration A to obtain the Forster distance of Alexa 647 and QSY21. Four
lipid bilayer surfaces (A) were functionalized with QSY21 labeled streptavidin and then
incubated with Alexa 647 labeled dsDNA of different lengths. The average fluorescence
intensity for donor only surfaces (B, top row) was compared to the fluorescence intensity of
surfaces containing both donor and acceptor (B, bottom row) in order to determine the
quenching efficiency of the surfaces with varying fluorophore to quencher distances. The
resulting efficiencies were then plotted against the known distances (C) and fit to the
standard FRET equation to determine a Forster distance (Rp) of 6.4 £ 0.2 nm. All bilayer
surfaces were tested for lateral mobility using FRAP experiments (D, E). Both scale bars
represent 10 um.
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Figure S10. Calibration B to obtain the Forster distance of Alexa 647 and QSY21. (A)
Scheme of calibration experiment and representative TIRF microscopy images of the six
different hairpin oligonucleotides that were hybridized to their complementary strands. (B)
Calibration curve showing the quenching efficiency as a function of the number of base
pairs separating the fluorophore from the quencher. The data fit an Ry value of 7.2 + 0.2
nm.
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Figure S11. Areas of decreased MTFM fluorescence colocalize with focal adhesion
proteins. HCC 1143 cells were incubated for 60 min on surfaces (1:1 ratio of
APTES:mPEG; 4600 streptavidin molecules/um?) containing streptavidin-QSY21 and
cRGDfK(C)-A647-PEGys-biotin and were subsequently fixed and immunostained for the
focal adhesion protein vinculin. Scale bars represent 10 um.
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Figure S12. Biotin dissociation requires myosin and f-actin. (A) Representative
brightfield, RICM, and fluorescence images of cells treated with blebbistatin (10 uM) and
incubated on cRGDfK(C)-QSY21-PEGgz3-biotin MTFM surface for 1 h prior to being fixed
and imaged. Control cells incubated with an amount of DMSO equal to that used to add
blebbistatain to the treated cells. (B) Representative images of cells allowed to incubate on
cRGDfK(C)-QSY21-PEGy3-biotin MTFM surface for 30 min, imaged and then treated with
20 uM latrunculinB for 10 min. (C) Intensity profile of cell in (B) before (blue) and after

(black) LatB treatment. Scale bars represent 10 um.
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Figure S13. Cell dissociation does not reverse negative MTFM signal. Representative
RICM and fluorescence images of cells incubated on a cRGDfK-Alexa647-PEG2s-
fluorescein-biotin MTFM sensor surface (see Figure S8) taken prior to adding soluble
cRGD peptide and 30 min after addition. RICM images indicate that cell-surface adhesion
is reduced, while the negative MTFM signal remains and even decreases further during

the cRGD ligand incubation. Scale bar represents 10 um.
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Figure S14. Global cell response to integrin MTFM sensor surface for 5 h.
HCC 1143 cells were incubated on cRGDfK(C)-QSY21-PEGy3-biotin surfaces for 5 h
(1:100 ratio of APTES:mPEG; 520 streptavidin molecules/um?) and then imaged at 40x

magnification in brightfield and epifluorescence. Fluorescence patterns at the cell edge
represent regions of biotin dissociation over time.
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Supporting Movies

Movie 1. HCC 1143 cells were allowed to incubate for 90 min (37 °C, 5% CO,) on force
sensor surfaces (1:10 APTES:mPEG; 4400 streptavidin molecules/um?) and then imaged
in brightfield, RICM, and TIRFM (Aex = 640 nm) over the course of 10 min (30 sec/frame).
The time lapse is rendered at 5 frames per second.

Movie 2. HCC 1143 cells were allowed to incubate for 30 min (37 °C, 5% CO,) on force
sensor surfaces (1:1 APTES:mPEG; 4600 streptavidin molecules/um?) and then imaged in
brightfield, RICM, and TIRFM (Aex = 640 nm) over the course of 15 min (45 sec/frame).
The time lapse is rendered at 5 frames per second.
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