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SUMMARY

Cells transmit piconewton (pMgceptofforces to ligands in the extracellular matrix
(ECM) and on the surface of adjacent cells. These forces regulate funeinisgfrom
adhesion to clotting and the immune response. Whereas adhesion mechanics on rigid
substratearewell characterized, understanding mechanotransduction atetigilinctiors
remainschallenging due to a lack of tooM/e develop and apply new classes of DNA
based force probes to map and manipulate receptor forces on supported lipid bilayers
(SLBs), planar membranes that mimic an adjacent\d&dluse these probes to elucielat
force balance in podosomes, which are multipurpose protrusive structures that form at cell
cell and ceHECM interfaces. Podosombave acorering architecture, and previous works
demonstrated that the podosomedsvefarces.i n co
However, the podosomeds contractile | andsc
(Chapter 3) we develop and apply Molecular Tensidduorescence Lifetime Imaging
Microscopy to map integrin receptor forces and clustering on SM@slemonstree that
integrin receptors apply pN tension in podosome rings. We then introduce photocleavable
probes to sitespecifically perturb adhesion forces ayubly rupturable DNAbased force
probes to test theole of receptor tension in podosome formation aradntenance. These
studies confirm a local mechanical feedback between podosome core protrusion and
integrin receptor tension. In Aim(@hapter 4)we evaluate structure and energy transfer
across a library of DNAased tension probes using spectroscogynanroscopyWe then
demonstrate the functional implications of probe design on cellular imabimg.work
expands our understanding of receptor forces in podosome mechanobiology and

contributes new insight artdolsfor studyingjuxtacrinereceptor inteactions.
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CHAPTER 1. INTRODUCTION

Integrin receptors are heterodimeric transmembrane proteins that bind to a variety
of ligands on the extracellular matrix and on neighboring Eelistegrins form multiple
classes of adhesions, and their bonds are strengthened by receptor activation uider force
20 The best characterized integrirediated adhesions are focal adhesions (FA), which
serve as the major mechanical linkage between the cell and the ECM. FA exert lateral
traction force$' and have a fibrillar, layered architecttfteAn additional class of integrin
mediated adhesions are invadosomes, which consist of podosomes and invadopodia,
podosomdike adresions in cancét. These structures contain many of the same adhesome
proteins as FA, but they have a unique columnar architecture and carry out specialized
functions (.1.1?%. These adhesions are most commonly associated witFECMI
junctiong® 25 however,podosomdike adhesions have also beientified at celcell
junctiong” 28 2% and on fluid biomimetic membranes call&dpportedLipid Bilayers
(SLBsY. While many studies have quantifigategrin forces in FAL 30 3% 32 theseforces
were not previously characterized in podosonoeson an SLBTo address this gap, we
characterizéd podosome mechanics by quantifying and perturbing integrin receptor forces
in podosomes formed on SLBs. To achieve this, we developed, optimized, and applied
novel DNA-based force prob&sto elucidate integrin receptor mechanics with molecular
specificity?®. Theseprobes have broad applicatiotts the study ofjuxtacrine receptor

mechanobiology.
1.1 Podosome Mechanobiology

1.1.1 Podosomes i€ell Biology and Disease



Podosomes are multipurpose, aeich adhesions that play a critical role in cell
migration, invasion, and mechanosenin 3’. Podosomes were first discovered in the
1980s, when DavidPfety and Singer demonstrated that Rous Sarcoma-¥ansformed
fibrobl asts c on c-actininingunetal rathier thao im focanadhasifids U
These structures were | ater named Opodosom
protrusions that resembled cellular féef. Podosomes have since been shown to play a
diverse role in cell biology, forming at both ce#ll and ceHmatrix interfaces.
Interestingly, podosomes both adhere to the matrix and release metall@segeton
facilitate its degradation and remodefihg. In osteoclasts, podosomes are required to
form the sealing zone for bone resorptidft, and in platelets, podosomes support early
adhesion to fibrinoge during blood clottintf. Podosomes in the immune system
coordinatetopography sensing andirectional cell migrationdiapedesisand antigen
scavenging’ 284445 At cell-cell junctions between immature myoblasts or macrophages,

podosome formation precedes cell fudfoii 4.

Podosomes play a critical role in disease. Invasive podosomes called invadopodia
facilitate cell migration and invasion in cancer by releasing exosomes containing matrix
metalloproeinase$®*8 4% and endothelial cell podosomes promote angiogenesis in tumors.
Indeed, several studies are currently investigating-raatastasis agents that target
invadopodia formatiot? 5. Podosomes are also indicated in several genetic diseases in
which genes encoding actimnding proteins are mutated. Theststudied case is Wiskett
Aldrich Syndrome, which is caused by mutationth@WAS geneand leads to impaired
clotting and frequent infectioP’ This is hypothesizedtoned t fr om cel | s6 f a

podosomes when WASotein (WASP)s mutant or deficiet >*. An additional example



is FrankTer Haa Syndrome, which is caused by mutations in the gene encodin§®Tsk4
This protein is required for podosome formatiand patients suffer developmental defects
and respiratory infectiof% 6, Finally, podosomes can be dysregulated through viral
infections. Many HIV patients suffer from reduced bone density, and thyp&thesized

to result from enlarged podosomes with enhanced bone resorption capabilities that are
found in HIV infected cell. HIV also promotes increased macrophage migration through
podosomalependent migration mod&sThus, given the vast importance of podosomes

in cell biology and disease, it is critical toderstand the fundamental molecular biology

and regulation of these structures.

1.1.2 Podosome Structure and Mechanics

Podosomes contain actiith puncta, which colocalize with adapter and adhesion
proteins including integrin receptors, vinculin, Arp2/3, WASIRd cortacti@® *°. On
deformable substrates such as adjacent cells, hydrogels, and ECM, actin puncta are sites of
membrane protrusions that extend from the’¢&ll Podosomes are best characterized at
two-dimensional (2D) interfaces, which will be the focus of our work and discussion. |
2D, podosomes have a modular edrg structure Figurel) . The podosomeds
crosslinked actin core excludes adhesion proteins, which instead accumulate at the
periphery of the core in the podosome finghe ring and core ar@enected through actin
cable§ 62 and a capping structife®, though the capping structure remains poorly

characterized.

Previous work demonstrated that actin core polymerization exerts pushing forces

on the substrate. In owork, we demonstrate that integinmediated tensile forces in the



podosome ring oppose core protrusidig(re 1). While podosome act primarily as
independent mechanosenstysells typically form multiple podosomeBhroughout their
lifecycle, podosomes can split, fuse, and assemble into superstructures that coordinate
podosome functicit 3° 6166.67.68 |ndividual podosomes within this network are connected

by an actin clou.

Vinculin

Pull

l. F (“TenIsiIe”)

Ring
Core

|

Push
(“Protrusive”)

Figure 1 Podosomes Contain a Cor®Ring Organization

Confocal imaging of podosomes forming in D&sglassActin puncta correspond to the
podosomeds protrusive cor e, whoteioshinciudings ur r o
vinculin. In this dissertation, we demonstrate that the podosome ring applies tensile forces
that oppose local actin protrusion. Adapted from Meddens, &.with openaccess
permission fom Creative Commons.

1.1.2.1 Advanced Microscopy Reveals Podosome Ultrastructure

Advanced imaging has facilitated podosome structural knowledge, which provides
the basis for podosome mechanical models. In this section, we provide a review of these
insights. In early structural studies, Transmission Electron Microscopy (TEM) elucidated
the cell membrane at podosomes. On rigid substrates, podosomes protruded minimally but

exhibited membrane puckering in between individual podosomeSgrégure 2A). In



contrast, podosomes forming on soft substrates protruded several microns from the cell
body (Fig 2B). This behavior was consistent both on gelatin substrates andcatlcell
junctiong” € and protrusion depth was myosin Il depentferit the T celantigen
presentingcell (APC) junction, TEM revealed that the membranenembrane distance

was 15 nm at the base of the podosome core compafédtnm outside of this regithn

Therefore, TEMsuggestethat podosome coresayexert pushing forces.

By applying Scanning Electron MicroscoffyEM), Luxenburg revealed the actin
structure of podosomeetworks Figure 2C). This was previously visible as a diffuse
network using fluorescence imagfighowever SEM allowed visualization of individual
actin cable¥ "t. Podosomes in osteoclast precursors appeared as dense, ~300 nm cores,
which contained multiple actin fibers oriented perpendicular tocdtlemembrane. An
additional population of actin radiated outwards from the core, extending upnoid
diameter; these cables connected to the actin cloud, which surrounded the individual
podosome®. Similar podosom actin structures have since been showdemdritic cells
(DCs)andin smooth muscle ceft§ "2, Importantly, podosome connectivity appears to be
cell-type specific. While mature osteoclasts and DCs both exhibited actin cables directly
linking individual podosome cores, in immature osteoc|asisles connected to the cloud

but not to adjacent podosome céfeéd, which could impact mechanosensing.



Figure 2 Electron Micrographs of Micrographs of Membrane Topography and Actin

in Podosomes

(A, B) TEM images ofpodosomes im DCon glasqA) andin T cell at a Tcell-antigen
presenting cell junction(B). Arrows indicate podosome cores. M, lines indicate
podosome rings, which experienced membrane rufflifgale Bar, 200 nm(A),
unavailable B). C. Scanning electron micrograph of podosomeanimsteoclast precursor
cell reveal actin cores (1), actin cables (2), and the actin clouddapted from?” 60 62
with open access permissionrin€Creative Commonand publisher permission

Podosomeds distinct actin populations
which have been useful in mapping podosome protein distribution and getrffetnf’.
The first superresolved podosome images used Bayesian Localization Microscopy (3B) to
map vinculin in podosome ringfs Compared to diffractiotimited images which had
suggested a continuous podosome ring, 3B revealed a polygonal structure comprsed of 6
60 nm wide vinculin stnds that intersected at 3185 degree angle&igure3A)®” 3. In
stabilized podosomes, these stncblocalized with talin, however disassembling

podosomes lacked talin or showed talin at the podosomé&.core



B. Integrin Actin Merge

Actin Mere

ain

Vinculin -~ Actin Mgi%gn

Figure 3 Superresolutionimaging of PodosomeProtein Localization.

(A) 3B wperresolution imageof vinculin in podosome ringgB) dSTORM maps of
integrin receptor, talin, and vinculiocalization in podosomemtegrin receptors and talin
are dispersed outside the podosome core. Vinculin isscadstear the podosome core and
aligned with actin cableédaptedfrom %87 with publisher permission and undereative
Commonsopen access licensing, respectively.

To better understand the distribution of adhesion proteinslationship to actin,
van den Dries and colleagues conducted #odr Direct Stochastic Optical
Reconstruction Microscopy (dSTORM) on DC podosdihds agreement with SEMada,
podosome cores appeared as actin puncta with radiating actin cables. Adhesion proteins
were localized to islets that were excluded from podosome actin cores. Interestingly, in
these cells, talin and vincul inmandiabndsletsi f f er
were diffusely spread outside of podosome coFegufe 3B), whereas vinculin islets
localized specifically to a confined ring regiand were densest near actin califegure
3L Given this di st r iabosenditiotyf, vanrden Driesmdc ul i n 0

colleagues hypothesized that actin core polymerization may drive tension on actin cables,

leading to vinculin ring recruitmefit Threedimensional dSTORM of macrophage



podosomes revealed mechanically tstned talin in podosome rings, with the increasing
endto-end distance in regions closer to the podosomédraculin colocalized with
stretched talin, and its binding height corresponded with talin stretching. Thus, while there
appear to be some c#ylpe specific determinants of talin localization, these data further
support the notion that the podosome core drivasiaa on the ring, which influences

adhesion protein localization and struct(Feure4).

Podosome
Actin

>

u Integrin @ Paxillin Talin " Vinculin 2" Actin

50

Cell Membrane

Figure 4 Graphical Model of Podosome Mechanics and Organization

Model of podosomenechanics supported by imaging and mechanical measurements of
podosome protrusiord (1.2. Polymerizing actin cores exclude adhesion proteins and exert
pushing forces on the membraf@lin is stretched near the podosome core, and vinculin
is recruited to actin cables under tensiddapted from®! under the Creative Comms
Licensing agreement angith permission fromand ®, Copyright €017 American
Chemical Society

Since 2018, two new superresolution microscopy papers have challenged the
simple model of podosome ceri@g structurewith actin cablesJoosten and colleagues
sequentially imaged podosomes with Airyscan Microscopy and*$EMeir combined
fluorescence and SEM data revealed an unexpected protein distribution and actin
population. A newly observed actin network Igedl nearby neighbors though cables that
were sensitive to substrate roughness but not to pharmacological inhibition of actin

polymerization. These cables connected individual podosome cores and were zyxin rich,



which was an unexpected observation, becaysi& was previously localized only to the

podosome ring.

Following up on this work and concurrent with our manuscript (Chapter 3), van
den Dries used superresolution imaging to analyze protein localization in relation to actin
networks. Interestingly, this work not only differentiated actin cabbpspulations but
also revealed multiple actin structures that overlapped the core and ring. This newest
structural model divided podosome actin into four pools: The Protrusion Module (cPM),
the peripheral Protrusion Module (pPM), ventral filaments, ansldifitaments. The cPM
and pPM contained branched and fibrillar actin, respectively. Crosslinking pribigirse
strongly associated with actin coreach as WASP and Arp2/3, localized to the cPM. The
pPM enclosed the cPM and colocalized with protéypscally found in both podosome
cores and r i-actigis, vincalim antl capping pyotelds which are found over
the coré€®. The protrusion modules connected to radiating actin cables. Ventral filaments
surrounded the pPM and dorsal filaments emtad actin coréénear the capping géon.
Whereas adhesion proteins localized primarily to ventral filaments, myosin Ila motor
protein localized primarily to the dorsal filaments, indicating a distinct spatial organization.
On deformable substrates, actin dorsal filaments shortened, caisinin and zyxin to
concentrate nearer to the podosome core. Myosin lla localization was unaltered, suggesting
it plays a minor role in mechanosensthgrhese structural dafé with a model where
podosome formation and ring protein recruitment are myosimd@penderit’>. While
for the purpose of this dissertation and firesent podosome literaturee describe
podosomes by their more classical eong structure,these new maps of podosome

architecturecan provide interesting mechanobiological insight. These mapport a



model of protrusiormediated tension on lateral actin cables, which cause
mechanosensitive protein recruitmeiit 4 > >, The podosometmicture adapts to
substrate topography and stiffness, and the response is primarily mediated through the actin

cytoskeleton.

Dorsal

~EERERITTET PV R i
4 / N ilaments
Actin *u o
Myosin IIA 400-500 nm
el Ventral

actin
filaments

Figure 5 Updated Model of Podosomé\ctin Networks and Protein Localization

Schematic of thaipdated podosome structural mechanics. Rather a classicairgpre
structure, in this model, the podosome is divided into four actin networks with some
overlap between the core and rigEhematiaeprinted fromvan den Dries, et. &f.with
permission under Creative Commons.

1.1.2.2 Podosomes are Dynamic Mechanosensors and Mechanotransducers

Podosomes sense and respond to substrate mechanics, and several studies have aimed
to characteze podosome mechanobiology by combining biomatebated approaches
with mathematical modeling, atomic force microscopy, and genetically encoded tension
sensor® 0757677, 78 |n this section we describe critical advances in this field, which set

precedent to our research.

Podosome formation is regulated by substrate propef@ells tend to form more
podosomes on stiffer substratasgdpodosome formatioan glasss enhanced and aligned
onnanoscalscratche® ®578 T h e p o d stifnessrespmse corresponds with force
generation. In the first demonstration of the podosome as a mechanosensar and

mechanotransdec, fibroblastswere seeded on hydrogels with substrate stiffness from 2
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to 6.5 kP&. These cells formed large podosome belts, which exerted increasing traction
forces with increased substrate stiffn@Sgure 6A-C). When an RGEcoated magnetic

bead was used to exert forces on the cell, the tractions measured under the podosome belt
increased. While these data do natera the molecular basis of mechanotransduction and
reveal only the forces exerted by a collection of podosomes, they suggest that podosomes

do indeed exert traction forces.

Using a clever Atomic Force Microscopy (AFMased method, Labernadie and
colleagies later showed that podosomes also exert protrusion forces, which respond
similarly to increasing stiffne$$ In this method, called Protrusion Force Microscopy
(PFM), cells form podosomes on deformable FORMVAR membranes (EM grids). The
AFM cantilever traces over podososimeluced deformations, which are caused by actin
polymerizaton. This allows mapping of protrusion height and can be used te back
calculate the applied force. PFM reported that individual podosome cores deformed the

membrane by up to 20 nm, which corresponded to nN protrusion forces. The magnitude of
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force was highe on stiffer FORMVAR substrates (Figure 6D,E).
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Figure 6 Podosome are Mechanotransducing Structures.

(A) Podosome belt in a BHK celabeled with mChermactin on a polyacrylamide
hydrogel. Scale bar,20 € m (B) Traction force mapof stressbeneath the ring(C)
Quantification of cellular tractions as a function of substrate stiffifB$fRRepresentative
protrusion force microscopy map depicts podosamleced deformations.(E)
Quantification of protrusive forces by PFM as a function of substrate stiffness.Hdote t
the Y axis has been changed following collaborator correspondenceoatithors.(F)
Interferencebased maps of positive and negative stresses beneath a podosuoing
macrophagdG) Multiplexed immunostaining and interfererlbased force measurentis

of podosomes. Arrows indicate vinculiith regions of tension. Figures adapted from
literaturg® 7 8% with publisherandCreative Commons permission

Podosomes mechanics are highly dynamic and integrate adhesion, contractility, and
polymerization. Individual podosome protrusiveness was reduced in cells treated with
pharmacological inhibitors of actin polymerization, Rho Kinase, and myosin Il, as well as
in talin-, vinculin-, and myosin H depleted macrophad&s’®. Interestingly,podosome
protusivenes®, Y o un g 6%, andhactinucbnte®t are all oscillatory. Oscillations
are locally correlated and are regulated by myosin Il, which, along with actin

polymerization, also tunes ring protein recruitm&nt® ’>. These observations lead to a
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model in which actin polymerization induces tension on the podosomecanging

mechanosensory protein recruitmeérie.

Indeed, given the observation that individual podosomes exert protrusion forces,
podosomes must also be under tension in order to achieve force blan@eiginal
traction force measurements support this notion but lack the spatial resolution to elucidate
the contractile landscape of individual podosofiesBouissou and colleagues
computationally demonstrated that ring tension is required by modeling an array of
podosomes exerting pushing foré@sPodosomal protrusions were only recovered when
opposing tensile forces were distributed in rings surrounding each individual podosome.
Tension at the periphery of the cell or spread diffusely across thmatdtial interface
was unable to support protrusion. This model was further supported by experimental
evidence of protein stretching in podosome rings and by insertion of genetically encoded
tension sensors in vinculin, which showed a slight increase in tension signal ingrote
that were coupled to the cytoskeleton. However, tensions maps of these datetwere

published, making these results difficult to interpret.

In the most sensitive measurements of podosome tension, Kronenberg, et. al.
measured both podosome tension pratrusion in macrophages usiimgerferometr§°.
In these cellspodosomes formed in a belt at the periphery of theatethroughout the
cell. Individual podosomes exerted protrusion foreeslspatial filtering revealed tension
signal surrounded podosome cores and colocalized with vin@tijure 6F,G). While
these data suggest podosome ring tension, they still lack sufficiently high resolution to
understand the molecular mechanics of podosome force balance. Quantification of

podosome ptrusion forces using this method suggested that individual podosomes
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applied ~10 pN, which is small relative to PFM measurements and to repodssidual
actin filaments generiaig pN force$2 Thus, thereemainsa need for additional podosome

force quantification.

Models of podosomeechanics are confounded by the observation of podosomes
on fluid interfaces. Yu, et. al. found that cells formed multiple podosomal adhesions on
RGD-functionalized supported lipid bilayers (SLB&Y. We review this work and the SLB
literature extensively in Chapter 2 amul Figure 152 but briefly, SLBs are planar
membranes that are fluid in the X¥Xane. When SLBs were patterned withdjries that
supported traction force generation, cells formed fewer podoSo@agen that SLBs
cannot support lateral traction forée8* 8 8¢ this was work was used as evidence that

podosomes force balance may be independent of adhesiorfforces

1.2 Biophysical Methods

Our work leverages DNA mechanotechnoldiyyprescence imaging, and SLB%r
a thorough introductioto and discussioof SLBs andDNA-basedension probesye refer

the reader to our literature reviewChapter 2 Sections 2, 3, and 5

1.2.1 FLIM-FRET and Stic Quenching

An understanding of our probes requiredbasic knowledge ofluorescence
Lifetime Imaging Microscopy (FLIM)and static versus dynamic quenching, including
Forster Resonance Energy Transfer (FRE Briefly, a fluorophore absorbs an incoming
photon of wavelengtlg; and energy hv, caugjrthe fluorophore to transition tbeexcited

state. The fluorophore remains in the excited state for time&hich isdefined asthe
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fluorescence lifetime, before undergoing internal relaxations and returning to the ground

state. The transition to tlggound state can occur by variety of Htworescent mechanisms

such as quenching or thermal relaxation or through the emission of a photon the form of

fluorescence; the frequency of photon emission is described by the quantum yield.

The fluorescence lifetime is an intrinsic property of a fluorophore, but it can be

affected by local chemical environméntludingenergy transféf. In FRET,nonradiative

energy transfer occurs between a donor and an acceptor fluorpleaaliag tantensity

based quenching and shortening of the fluorescence lif¢kigare 7, Figure 8). This

mechanism contrasts with static quenching. In static quenching, tarofluores in close

contact form a ground state complex that cannot be eXtite . Thus, the fluorescence

lifetime is constant It is also possible t@bserve a combination of contact and FRET

quenchind?.

Dynamic Quenching
(FRET, Collisional)

N
@O

Weak coupling:
through-space interactions
gh-sp: To "'0

| ]

R—R Q-0

T I

Nonradiative
energy transfer

Static Quenching
~ )

\
o6

— T
Strong coupling: J— 1
dye stacking produces
ground state complex 0

Ground-state
complex

Figure 7 Schematic of FRET versus Static Quenching

Static quenched probes and FRET quenched probes differ in their mechanism of energy
transfer and their fluorescence lifetime response to quenching. Naoti@isHFaRET relation

does not apply in all scenarfésFigurereproducedrom °3 with publisher permissian

To measure the fluorescence lifetime, we emdiyM, which couplesTime

Correlated Single Photon Counting (TGBSwith confocal microscopyln TCSPC, a

megahertz (MHz) pulseddar excites the sample at a sufficiently low frequency to detect
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one or fewemphotons per pulseReconvolution curve fittingpf the photon arrival time
versusthe number of photon countsth thenstrument Response Function (IRF&rmits
guantification othe individual lifetime components and their relato@ntributiongFigure
8A). The averagtensity (Int.) and amplitudeveighted/Amp.) fluorescence lifetimé$,
which are discussed in Chapteiade calculged from resulting curve fit@lternatively, it
is possible to estimatkusing a FAST FLIM approacheret is estimated by theenter

of masof fluorescence decay per piXgligure8B)®4.
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Figure 8 Schematic of TCSPC and FLIM

A. TCSPC reports the arrival time of incoming photonkich is used to determine the
fluorescence lifetime. In FRET imaging, the overall brightness and lifetime are reduced.
B. FAST FLIM imaging estimates the fluorescence lifetime per pixel by the barycenter of
photon arrival timeFLIM image adapted fronmé Picoquanivebsite.

1.3 Dissertation Scope and Outline
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This dissertation contributes and analyzes new tools for mapping and manipulating
receptor forces specifically on fluid interfaces, while addressing key questions in the
podosome literatur&Vhereas prewus works have suggested a model of podosome force
balance in which actin protrusion is opposed by podosome ring tension, methods to
investigate this were indirect or limited in their spatial, mechanical, and molecular
resolutiot® "> 8, Furhermore, it seemed that adhesion forces may be unnecessary in this
force balance, because of the observation that podosomes form or? $LBwleed, in
2018 it was hregadiésh @ Bgand demsityt, delés ton DIOPC [SLBs] are
unabl e to exer t% Ihihis dissertation we dhadlenge this ttateznend and
bridge the resolution gap in @osome mechanobiology by combining DNA
nanotechnologyased force probes with an Sip@dosome model to investigate force

balance.

Chapter 2 contains a detailed literature reffemn SLBs and their applications to
adhesion mechanobiology. This provides important background information and context
to the original research discussed in Chapters 3 and 4. We describe the role of pN forces in
cell biology, the mechanics of SLBs, apprees to pattern and manipulate SLBs, and
previously developed tools to measure receptor tension in these systems. We then discuss
how these surfaces have been applied to study the role of adhesion forces in cell biology,

including in nascent integrin adhess and in podosomes.

Chapter 3 discusses our work integrating DNA nanotechnology with SLBs to study
podosome mechanobiolotly We introduce Molecular TensidnFluorescence Lifetime
Imaging Microscopy (MTFLIM), which uses the fluoresace lifetime to directly report

pN receptor forces on SLBs. We use MILIM combined with Molecular Force
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Microscopy* (MFM) to demonstrate that integrin receptors apply pN vertical forces in
podosomes on fluid substrates. We then introduce photocleavable (rat}esperturb

the adhesion forces of podosomes and Tension Gauge P&{i&@3s)to test importance

of integrin forces in podosome foation. Our work demonstrates that actin polymerization

and integrin tension act in a local mechanical feedback within podosomes.

In Chapter 4, we focus on deepening understandiigNA-based tension probe
design. We analyze a library o8 fension probe variants and characterize them using
spectroscopy and imaging. We then apply a selection of these probes to image integrin
forces in podosomes to better understand the advantages and disadvantages of design
elements. Tainsights gainedrom this workwill be informative to probe and experimaht

designfor studyingreceptor mechanics on soft and fluid materials

In Chapter 5 w conclude with a summary of our advanc&sis is presented
alongside aliscussion ofjuestions anduture directons for biological investigation and

for methodological development.
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CHAPTER 2. SUPPORTED LIPID BILAYERS TO PROBE CELL

MECHANOBIOLOGY

Adapted from Glazier and SalaiBBAT Biomembrangs2017.

2.1 Abstract

Mammalian and bacterial cells sense and ewerthanical forces through the
process of mechanotransduction, which interconverts biochemical and physical signals.
This is especially important in contadépendent signaling, where ligareteptor binding
occurs at ceitell or cellECM junctions. By vitue of occurring within these specialized
junctions, receptors engaged in corddependent signaling undergo oligomerization and
coupling with the cytoskeleton as part biochemical signaling within cell junctions has
advanced over the past decades, phisioas remain difficult to map in space and time.
Recently, supported lipid bilayer (SLB) technologies have emerged as a flexible platform
to measure and manipulate membrane receptor mechanotransduction, allowing one to
mimic celkcell junctions (Figure 9). Changing the lipid composition and underlying
substrate tunes bilayer fluidity, and lipid and ligand mienad nanepatterning spatially
control positioning and clustering of receptors.t@&aing metal gridlines within SLBs
introduces corrals that confine lipid mobility and introduce mechanical resistance. Here

we review fundamental SLB mechanics and how SLBs can be engineered as tunable cell
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substrates for mechanotransduction studiesallyinwe highlight the impact of this work

in understanding the biophysical mechanisms of cell adhesion.

Cell-Cell Junction ——> Cell-SLB Junction —>» Mechanotransduction

« Clustering « Tension
« Transport

tr Ml

Figure 9 SLBs Model CellCell Junctions.

Cells participate in contactependent juxtacrine signaling at eedlll junctions.
These can be modeled on planar SLBs. Diffusion barriers allow the investigat
receptor clustering, tension, and transport in these biomimetic platieepsoduced
from ” with permission from publisher.

2.1.1 Highlights

1 SLBs functionalized with adhesion proteins form artificial junctions with cells.
1 Chromium barriers serve as diffusion gates and sites of mechanical resistance.
1 Molecular tension probes report pN forces on SLBs.

1 Cells adhered to stacked or patterned SbBsbét distinct phenotypes.

2.2 Introduction

Sensitivity to mechanical forces is a common feature that is shared by the vast
majority of organisms ranging from bacteria to mammals. It is fundamental to
developmental processes, disease, and normal physioledjg. ttansduce mechanical
forces into biochemical signaling events in a bidirectional manner through the process of

mechanotransduction. Cell surface receptors and cytoskeletal proteins sense and exert
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piconewton forces, which influence downstream biocleaimiesponses through a wide
range of processes with different molecular mechanisms. For example, mechanical forces
may change the rates of reactions by accelerating or decelerating bond lifétifteses

can also confine proteins, thus enhancing local concentratiotbiadohg interactions.
Alternatively, forces can unfold specific protein domains, which exposes cryptic binding
sites or activates functions which is common in stretch sensitive ion ch&hifel¥ The
implications of mechanical forces in cell signaling are vast. Mechanical forces regulate
hearing, cell migration and adhesion, embryo development, lineage commitment, heart
disease, cancer metastasis, and the immune resp®h&¥ 102 103 104 Eyen small
differences in molecular mechanican lead to distinct outcomes. In the immune system,
for example, piconewton (pN) differences in receptor mechanotransduction have been
shown to attenuate downstream cell signatfig®®. Therefore, to engineer effective cell

and materiabased therapies, it is critical to understand how cells interact physically with

their environment and how mechanical forces contribute to signaling.

The most common model system to study these events is in adhesion, the process of
cell-cell and celextracellular matrix attachment. In adhesion, cells transmit and sense the
mechanical properties of neighboring cells and the extracellular matrix (EGMal F
adhesions (FAs) structurally and mechanically link the cell and the matrix. These-protein
rich assemblies connect the actin cytoskeleton to integrin receptors which physically
connect to the underlying matrf€ Integrin receptors are dimeric proteins which can
assune a folded low affinity state or an open, high affinity state. Integrins have been shown
to pull on their ligands and exert traction forces, forces parallel to the plane of adhesion,

on the matrix3® 197 108 109 CelLcell adhesions are more strucllyaand functionally
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diverse, ranging from primarily mechanical linkages such as adherens junctions and
desmosomes to tight junctions, which control transport between cells, and immune cell
synapses, which bring cells in physical contact for the initiadiosin immune response.
Integrin receptors including the LFA receptor have also been shown to be key players in
cell-cell adhesion, but the primary mediatofscell-cell adhesion are cadherin receptors,
which form adherens junctions (AJs). Cadherins m®uéspecific calciumdependent
adhesion proteins that form dimers with adjacent (cis) and opposing (trans) cadherins.
Cadherins indirectly link to the actin cytoskeleton, allowing force generation across cell
cell adhesions$®® % |In both celcell and celimatrix adhesions, forces originate through

the cytoskeleton. Actomyosin contractility is the primary mechanism of reeeetiated
forces, but actin also generates dynamic forces through treadmilling, the pobcess
polymerizing and depolymerizing which exerts mechanical forces directly on the cell
membrané!? 113 Actin cytoskeleton remodeling can also drive receptor translocation in

clustering which reinforces adhesid#’.

Adhesion sites are often modeled using ECM or-adfiesion molecule modified
substrates. Geometry and mechanics are adjusted by patterning immobilized ligands on
substrates of varying rigidity, from sparsely crosslinked polymers to glass. However, the
speific events in mechanotransduction remain fundamentally challenging to study.
Whereas biochemical signaling can be manipulated by kdowak assays or by inhibitory
drugs, mechanotransduction is linked to substrate rigidity and cannot easily be altered
without fundamentally changing the system, including the density of ligands. Thus, despite
the advances in scaffolding, the precise role of mechanical forces in adhesion assembly

remains poorly understood.
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Recently, several studies have attempted to btitigegap by using supported lipid
bilayer (SLB) technologies to spatially control the generation of mechanical fotée¢
9115 S| Bs are biomimetic phospholipid membranes thatasdemble on planar glass
substratesHigure10A). They initially gained attention for their ability to form hybrid eell
cell interfaces and have been particularly useful in modeling anpigesenting cells to
study immune cell synapserfoation during T cell activatioft® 1*’, SLBs can be formed
by either vesicle fusion, in which unilamellar vesicles adhere to the substrate, rupture, and
fuse into a plane, or by Langmuir deposition, in which individual leaflets of the bilayer are
sequentially aded 118 119120 A thin layer of water separates the glass from the lower
leaflet, allowing both leaflets to maintain their fluidity® (Figure 10A). Lipids freely
diffuseinthe X¥p| ane, and the diffusion coeftficien
(Figure 10B). A high bending modulus confines diffusion to the plane of the substrate.
Thus, the physical properties of SLBs closely mimic those of the plasma membrane, and
cell-SLB interfaces recapitulate the fluid interface between adjacent cells that physically

ergage, serving as hybrid celéll junctions.

An important advantage of the SLB platform is the ability to manipulate ligand
mechanics to study mechanotransduction. Therefore, SLBs have recently emerged as a
platform to probe receptor signaling events athbcellcell and cellmatrix adhesion.
Because fluid bilayers cannot support lateral traction forces, signaling pathways proceed
in the absence of mechanotransduction in the direction tangential to the membrane. By
adjusting the fluidity of the bilayers ty patterning barriers as sites of force generation,
resisting forces can be selectively introdu¢éd?? In this review, we describe SLB

biophysics and various methods to manipulate SLB mechanics and to megsaliags
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outcomes. We present this material alongside a discussion of literature that applies this
platform to characterize integrin and cadherin mechanotransduction. Note that a number of
reviews have fully described the SLB technologies and their usteidlying cell biology

123124 Nevertheless, our focus is to emphasize recent work that pertains to the study of cell

mechanobiology.

2.2.1 Receptor Mechanics

In adhesion complexes, receptors serve as a mechanical linkage between the cell
and the underlying matrix or an adjacent cell. Thisse sites regulate signaling not only
through binding, but also through force transduction. Mechanical forces adjust
downstream cell signaling by modulating bond lifetime. For an idealized bond with a
single energy barrier, the Bell model states thatmanical forces alter off rate, which

reduces bond lifetim¥&. In this scenario, bond lifetimé&, can be described as:

T ta @

in which O is the bond enegyft is bond lifetime at zero external forceé®is the
Boltzmann constant, andis temperature. In the case of applied force, this equation is

modified:

tota @

In whichr is a structural parameter aifds the force applied to the bond. Recepigand
interactions vary in their response to forces. While most bonds will display a reduced

lifetime with the application of pN forces, certain receptors form catch bonds. licatdh
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are an exception in which mechanical forces strengthen adhesion by lengthening bond
lifetime. Many adhesion proteins, most notably the integrin family, have been shown to
form catch bonds with their ligand$ 2>, The general form of the Bell model can be
applied to understand how forces drive the presentation of cryptic sites or the stabilization

of weak interactions

2.2.2 Advantages of Supported Lipid Bilayers

Many signaling pathwas/are contaetlependent and initiated at the cell membrane
when a receptor interacts with a ligand presented on an opposing cell surface or ECM.
Signaling responses are regulated in part by the biophysical properties of interaction,
including bond lifetims, receptor spatial organization, clustering, and mechanics at these
interfacest® 122 126 127,128 129130 g Bg provide a convenient model to study and perturb
these membranmediated interactions and signaling pathways.

SLBs are a reductionist platform. Although the cell membrane includes a rich
variety of proteins and lipids that segregate aamplex domains, SLBs allow the isolation
of a few receptors of interest to study recepemeptor (cis) and receptbgand (trans)
interactions. Furthermore, SLBs recapitulate the geometry of juxtacrine interactions, in
which ligands and receptors amepressed on adjacent cells and physical contact between
the cells is necessary to trigger signaling. Contiggptendent signaling pathways require
surface anchoring of ligands and soluble ligand molecules often fail at initiating
downstream receptor signal cascades. For example, surfaceind ligands are required
for integrinmediated cell adhesiori®. T cell triggering requires surface presgiun of
antigen and the formation of a physical junction between the T cell and the antigen

presenting celt?® 132 By the incorporation of ligands or transmembrane proteins into an
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SLB, the native 2D binding geometry can be sufficiently mimicked to initiate a
downstream response.

Although rigid surfaces can also be functionalized to presesndig in a planar
geometry, SLBs offer a distinct advantage in their lateral fluidity, which permits clustering
and transporf. Supefresolution imaging reveals that many receptors exist in nanoscale
clusters on the cell mabrane prior to signaling®®. Upon receptetigand binding,
hundreds to thousands of receptors asset¢@jether in microclusters, leading to signal
amplification, increased specificity, and respotise coordination'34 13, Whereas
individual receptors typically are not connected with the cytoskeleton, clustered receptors
can associate with the cytoskeleton, providing a direct linkage between the |led&nace
proteins and the cell s force generating
cytoskeletal coupling and strengthens the force of adhé¥iom the case of unligated
receptor clustering, cluster lifetime is reduced compared to the lifetime of A
receptor cluster®. In many cases, clusters are actively transported across the membrane,
their translocation corresponding to thepditnde of biochemical signalin§ 122137, These
mechanisms demonstrate the importance of ligated receptor lateral transport, which can

only be captured on fluid substrates.

26



| n addi ti on, SLBs of fer sever al

exper.i

geometry permits quantitative analysis of receptor diffusion and oligomerization. These

can be easily measured with fluorescence recovery after photobleaching (FRAP),
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Figure 10 Supported Lipid Bilayer (SLB) Design and Mechanics

(A) SLBs contain a bilayer separated from a rigid substrate by a thin layer of {Bat
Representative FRAP of labeled lipids illustrating SLB lateral fluidity. Lipids iBSS
freely diffuse within the plane on three representative substrates. Follc
photobleaching, diffusion causes photobleached lipids to be diluted and the a
fluorescence to increase. The disappearance of a visible bleached region indica
recovery and a fluid bilayer. (Reprinted with permission frbnCopyright 2009,
American Chemical Society(C) SLB stiffness in comparison to tissue, hydrogels, i
glass substrates. SLBs are anisotropic, behaving like fluitie iKY-plane, but stiffer
than hydrogels in the -direction. Inspired by [146]Reproduced fronf by Author
Rights.
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fluorescence imging, and fluorescence correlation spectroscopy (FCS) of tagged lipids or
proteins*?’. The planar geometry of celLB interactions can also be easily imaged with
total internal reflection microscopy (TIRF). In TIRF, an evanescent wave excites
fluorophores in a thin ~150 nm i@t the surface, providing fluorescence images with
improved signato-noise ratio compared to epifluorescefte Time-lapse TIRM images

can be collected on time scales compatible with receptor transport and downstream

biochemical signaling.

2.3 Mechanics in Supported Lipid Bilayer Systems

2.3.1 Mechanics of Supported Lipid Bilayers

2.3.1.1 Supported Lipid Bilayer Mechanical Characterization

Bilayer mechanical properties are typically characterized by the compression
modulus L , the bending modulus, , and the edge energy,0 descri bes the b
resistance to changing area, whereéasneasures the energy needed to curve a bilayer.
Unilamellar SLBs and SLBs on rigid substrates are tightly confined tgl&ie. In tlese
casesp is not a relevant parameter. However, fluctuations in fieection in stacked
and cushioned SLBs depend on. For small membrane deformations, andv are
linearly related, with0 scaling with bilayer thickness) exhibits phasedependent
behavior. Liquid disorderedd) (fluid) SLBs have a low compression modulus of 0.12
N/m. Liquid ordered ) regions of the bilayer behave stiffly for small deformations, with
a compression modulus of approximately 1.1 N/m. When furtredorehed, lipid
interactions are disrupted, which causes the SLB to behave as a soft material with a

compression modulus of 0.05 N/ s quanti fies the bilayero:
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formation; it is the energgost due to exposed fatty acid chainsatare.c ont r i but e s
theb i | aabidity t6 selfheal; positive edge energy indicates that pores will only form
under the application of tension. Thus, S
receptor nediated forcesk-or 100 mol% DOPC SLBs, the edge tensn, per | engt h,
27.7 pN0,

Deforming the SLB over a nanoscale pore using AFM allowed the measurement of
an apparent SL B“ indlgd anchggiphase mesnbranes;, the apparent
Aspring constanto was found to be 0.0039 N,
below 100 nm, the restoring force decreased with pore radius. For deformations between 4
and 10 nm,thegpar ent MAspring constanto wasv |inear
M The value of the apparent fAspring const
membrane deformationgecifically in the case of cell mechanotransduction on cushioned
and multilamellar SLBs.

Cell substrate mechanical properties are most commonly characterized by their
Youngo6s WMwhichmeasures the substrate stiffness and is defined as stress (fo
per area) over strain (deformation). As this parameter is not well defined for membranes,
direct comparison of SLB mechanical properties with those of conventional polymer
supports is not simple. SLBs are anisotropic materials, rigid in ttieeetion and
minimally resistive in the lateral direction (2.2.1). The stiffness of SLBs in-theeztion
is reflective of the mechanical properties of the underlying support. To obtain the elastic
response of an SLB in thedrection, Picas, et. al. developadovel AFMbased method,
PeakForceQuantitative Nanomechani¢&. SLBs on mica were oscillated vertically at 2

kHz and allowed to contact an AFM tip. At a loading force of 200 tpi,zdirection
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Youngbés Modulus of SLBs was reported at
gel phase SLB$*. Gel phase SLBs were effectively stiffer than fluid phgk8s at all
loading forces. These measurements indicate that in the vertical direction, bilayers
supported on mica are stiffer than many biological tissues and hydrogels (kPa) but softer
than glass (GPaJ{gure 10C). In contrast, polyethylenimine supported DMPC bilayers
closely mimicked the stiffness of cells. The underlying polymer swelled to create a ~15 nm
cushion between the lower leaflet of the Slti8l éhe underlying mica substrate, leading to

an effective YoiuddkPa¥ Modul us of 32

2.3.1.2 Lipid Extraction Under Force

In addition to the properties governing the reversible deformation of an SLB under
tension, it is importartb consider the irreversible destruction of bilayers under mechanical
forces. Apart from specialized biological functions such as endocytosis, membranes can
only undergo a few percent strain before rupture. In the case of adhesion receptor
mechanobiologythe more important parameter is the force of lipid extraction rather than
whole membrane rupture. The location of detachment can be determined by the relative

energy gradient at the bond.

3|3
|
|

U
0 0 3)

In this equationd and0 refer to lipid anchor and bond length, respectively, and
'© andO are the energies of bond rupture and membrane failure, respectively. Given the
case where the bond energies are similar, the likelihood of failure increases with
hydrophobic tail length. Thus, given a constant bond length, the force of lipid extraction

decreases with hydrocarbon chain lendfth Wong, et. al. calculated that pulling a REG

30
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lipid from the bilayer into an aqueous environment would require 28pNeckband, et.

al. measured an adhesion force of 80 pN required to an extract a lipid vieshiegitavidin
interaction'*4. For micasupported POPC bilayers, 50 pN was required to extract a single
POPE lIpid using AFM. Cholesterol extraction in phassparated SLBs using both AFM

and molecular dynamics simulations revealed that extraction requires more fdsce in
regions than irp regions. Benchmark receptor forces are provided in Section 4.2. SLBs
are generally sufficiently stable to withstand shierm applied forces (~ 1hr) by cells, but

lipid extraction is noted at longer time scales. Yu, et. al. reported integrin endocytosis o
SLBs and observed internalization 3 hrs following-selstrate engagemeiit B cells

could extract antigen on viscoelastic plasma membrane sheets, but not on supported lipid

bilayers vhich were more tightly coupled to the substr4fe

2.3.2 Frictional and Mechanical Forces on Membranes and Recdgggand Complexes

2.3.2.1 Diffusion andViscous Drag in Supported Lipid Bilayers

Diffusion in an SLB is considered in two regimes: diffusion of lipids and similarly
small molecules and diffusion of proteins and other large molecules. Lipid diffusion
requires sufficiently large free volume andf&iently high energy to disrupt neighboring
tail interactions. In an SLB the diffusion coefficient, D, is determined by phase and
substrateSLB coupling. For larger species, the bilayer is treated as a continuous viscous
media. Diffusion is attributed tthve net sum of forces due to collisions with lipid molecules
and the resisting frictional force, viscous drag that is imparted by the menibfafiee
diffusion coefficient,O, and frictional coefficientQ are inversely related by the Einstein

Relation:
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O o 4
o (4)
in which Qis the Boltzmann constant arittis temperatureFor an integral membrane

protein in an SLB,

. 0
Q ot QY o s|—§} I )

This assumes a cylindrical protein with radibis a bilayer of heightQ* is the viscosity
of the bilayer,* ads the viscosity of the surrounding medial( ‘ a8 “Yis the proteins

velocity,and i s Eul er'®¥% constant

Steric hindrance prevents direct transmembrane protein reconstitution in SLBs, so
proteindomains or ligands are more commonly tethered to lipid anchors. A useful model
to quantify diffusion of tethered protein domains in SLBs is the the pleckstrin homology
(PH) domain model, in which each PH domain attaches to singte Kiight and Falke
found that the PH domain protruded further into the surrounding media than into the SLB,
but that the diffusion coefficient closely matched that o&PTRis indicates that transport
is regulated primarily by intrenembrane friction rather than by drag beswdipid-
tethered proteins and the surrounding métftd™°. These results logically follow from
viscosity measurements, which suggest that SLBs are 200x more viscous than their

surroundingagqueous environment®’,

In more complex scenarios, the diffusion coefficient depended on piipi€in

interactions. The diffusion coefficient of multimers inversely scaled with the number of
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bound lipids, and contribigins of lipid binding and protein insertion into the hydrophobic

core were additive for membrane penetrating proteins such that:

: p
° T 5 & ©

Here,0 is the number of bound lipidis the frictional contribution of a single lipidhis

a constant, and is the number of penetrating domaifs

Typical diffusion coefficients for lipids in fluid and liguidisorder SLBs are-4
um?/s and .1pm?s, respectively®®? The diffusion coefficient of 17 tethered protein
domains with various degrees of lipid penetration ranged from .22 tourd%s.
Corresponding frictional coefficients ranged from .39 for-amdtin with only one lipid
binding domain to 4.6 for a fusioconstruct with 6 bound lipid$®t. Biswas, et. al.
estimated that extracellular domains e€&therin on alfiid SLB experienced an average

of .5 fN viscous drag during lamellipodial retraction

Although membrarndound proteins only attach directly to one or few lipids,
protein binding has been observed to alter lipid diffusion within a larger radius. Forstner,
et. al. found that near the melting temperature, cholera toxin binding induced th&darm
of gekphase islands in DMPC and DMOPC SL'B% Molecular dynamics simulations of
Kv1.2 ion channel in DOPC bilayers suggest that this layer includes approximatE 50
lipids which diffuse with the proteif®. At reasonably low concentrations, diffusion
coefficients of membrankound proteins are concentration independéntThis rule
breaks down when proteins are added in sufficiently high concentrations to form a

monolayert>5 156,
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In cells, receptaligand transport is hindered by cytoskeletal barriers imposed on
the bilayer. Spectrin forms a geometric mesh shgiports the membrane, and actin can
limit protein diffusion through the tether model, in which a protein is directly bound to the
cytoskeleton, and the fence model, in which proteins diffusion is spatially limited by bulky
cytoskeletal barriers®” 1% Edinin, et. al. demonstrated that these barriers dynamically
confine protein diffusion, and thatehmechanism of protein attachment to the membrane
affects confinement®®. Transferrin receptors tagged with beads and dragged across an
NRK cell membrane using optical tweezers required 028 pN trapping force to cross
cytoskeletal boundaries. At lower forces, receptors escaped the optical trap, suggesting the
cellular barriers winning in a tugf-war. Barriers behaved elastically with a spring constant
of 3pN/um, causing escaped receptors to quickly return to their original po'SitioH.
Similarly, E-cadherin dragged across the cell membrane with optical trap velocity of .6
i1 70 Aidlowed the optical trap for .73 , where it began to lag behind the displacement
of the trap. The receptor escaped the trap at{.3Zorresponding to an optical trap force
of .8 pN. Homogeneous SLBs cannot impart such forces on ligands and receptors, but
several experimental techniquesoall the experimenteto controllably pattern corrals

(3.2.2), and these phenomena may affect receptor transport in thadBeBed cell.

2.3.2.2 Effects of Membrane Tension

Within both cells and cefiree systems, membrane tension has been shown to
induce recepteligand transport. Smith, et. al. developed parallel fluid andflui cell-
free systems to assess adhesion of mobile versus immobile integrins. Giant unilamellar
vesicles (GUVs) containing RGiinctionalized lipids equilibrated on SLBs containing

mobile or immobile embedded integrin receptors, andlgR vertical force was applied
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to the membrane using optical tweezers. Whereas immobile bonds stretched aed ruptur
mobile linkages clustered beneath the GUV to resist detachffefrt the fluid system,

which contained more GUurface linkages, each bond experienced negligible force
(0.2fN), and the remodeling response was attributed to thermodynamic requirements to
reduce free energy rar than to mechanics. Nevertheless, this work illustrates the concept
that membrane tension can passively drive receptor reorganization at a juxtacrine interface.
Accordingly, membrane tension applied by micropipette aspiration was sufficient to cause

menbrane flattening and passivecEdherin recruitment in EAhy ceft§t.

2.3.2.3 Force Generation by Cytoskeletal and Motor Proteins

Cytoskeletal proteins and motor proteins exert forces on membranes and their
associated receptors. The cytoskeleton has two primary mechanisms of active force
generation, polymerization and contractility. Actin and microtubules polymerize against
the membane, generating forces through a ratchet model. Thermodynamic fluctuations
cause a transient space between the filament and the bilayer, allowing the insertion of a
subunit. The extending polymer exerts pushing forces against the membrane. Footer, et. al.
demonstrated that 8 parallel actin bundles can exert 1 pN force on a rigid wall, and actin
comets have shown persistent polymerization at resisting forces of 482Afd In
podosomes, crosslinked actin polymerization against the membrane causes the cell to
protrude into the substrate. These protrusions have been measured to exert an average of

94 nN or Formvar sheets’s.

Actomyosin contractility directly pulls actibound recepts. Motor proteins

including myosins walk along actin filaments, generatifg@N per step per myosin head;
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this actomyosin contractility is responsible for receptor tension and traction forces in many
systemg%4 165166 A key question in the literature has been whether myosin can generate
forces parallel to the membrane or onlygendicular. Long range traction forces are
dissipated due to lipid diffusion, but recent work by Pyrpassopoulos, et. al. suggests that
myosin motors can act in concert to generate low pN forces at a fluid int&fackus,

while motor proteins generate large traction forces on rigid substratpianian force
generation and maintenance at fluid interfaces are more transient and require high

cooperativity.

2.4 Supported Lipid Bilayer Technologies

2.4.1 Methods to PerturlBilayer Mechanics

2.4.1.1 Tuning SLB Composition to Control Lateral Diffusion

The simplest way to manipulate SLB mechanics is to adjust lipid composition and
packing. This can be accomplished by adjusting the degree of fatty acid unsaturation.
Changes in phase asecompanied by changes in transport, both passive diffusion and
active transport, due to the altered fluidity. Within an SLB, individual lipids interact via
van derWaalsinteractions, and their packing determines SLB phase. Below the melting
temperature, SLBs are in gel phase with the lipid hydrocarbon tails rigidly arranged. Above
the melting temperature, fatty acids rotate about thelr libnds and exhibit long range
coordinated motion. Lipids with longer hydrocarbon chains exhibit improved packing and

reduced free volume, leading to slower diffusfon
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In studies of mechanotransduction, adjusting SLB fluidity has two primary

consequences. First, the kinetics of the system are altered. In a system with decreased

fluidity, ligated receptor transport across the -&B interface isslowed, potentially

allowing for nucleation or for additional signaling molecules to bind. In addition,-a gel

phase or crowded membrane with low fluidity permits the generation of resisting forces.

In a fluid system, lateral forces cannot be applied bec#usre is no resistanée An
additional benefit of phaseont rol I ed bil ayers is the

plasma membrane. SLBs provide a simplistic experimental platform, howeverthkey |

abi

the complexity and richness of live cell membranes, which are separated into multiple

domains and are comprised of hundreds of lipids and thousands of proteins. Adjusting the

phase of a SLB can begin to capture the complexity of the plasma membrameatad

more physiologically relevant model.

Cholesterol biosynthesis is tightly regulated in part to modulate membrane fluidity,

t hickness, and integral protein activi
structure inserting into the membearCholesterol is hypothesized to straighten saturated
lipids, allowing them to pack more efficiently. This effect on lipjad interactions likely
more directly modulates bilayer fluidity than the introduction of cholestgmidl
interactions Figure 11A) 2 168 Accordingly, cholesterol is a common species used to
modulate bilayersn vitro. Cholesterol containing membranes exhibit three states, gel
phase, liquid orderedofl(at high concentrations of cholesterol and below Tm), and liquid
disordered @) (at high temperatures and low cholesterol concentrations). 19 pirase,
lipids exhibit strong tail interactions like in the gel phase, however they retaifitidjty.

Chol esterol s effects on bilayers are
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cholesterol concentration. For example, DPPC membranes are homogenous at low
concentrations of cholesterol and can exist in either dhw Qel state. At 10 B1%
cholesterol, DPPC membranes phase separate into a choldsigeied region and a
cholesterarich liquid disordered region. However, the addition of 50 mol% cholesterol
again gives rise to a homogeneous bild§&iThus, great care must be taken when doping
bilayers with @iolesterol to achieve the desired effect. In SLBs, 25 mol% cholesterol in
DOPC membranes has been shown to reduce the diffusion coefficient of lipids and

anchored proteins-8-fold %7,

As an alternate approach, SLB phase may be modulated by the addition of lipids
with a bulky tail group Figure 11B). 1,2dipalmitoytsnglycerc3-phosphocholine
(DPPC) labeled with -pitrobenz2-oxa1,3-diazot4-yl (NBD) emerged as a popular
fluorescent probe in the study of membrane physiology; however differential scanning
calorimetry revealed that as low as 1%, NBD altered membrane physical propertiés
Interestingly, the placement of NBD on the hydrocarbon tail determined the effect on
phase. Harnessing the artifacts introduced by NEL) Biswas, et. al. used NBEC to

generate partially fluid bilayers to study adherens junction formefiguire 11B) °.

Sterically cravding the membrane with protein alters SLB fluidity without
significantly changing the lipid composition. SLB functionalization with streptavidin is
achieved by doping in a small amount of biotinylated lipid, typically biD#PE. In
kinetics assays, sp&avidin binding saturated at 4 mol% bie@PPE with two
biotinylated lipids binding each streptavidin. At concentrations below 4 mol% biotin
DPPE, streptavidin bound in a dose dependent manner. At 4 mol% DRRE&, bound

streptavidin forms a crystal molayer %% 1’1, Whereas SLBs with low streptavidin
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coverage retained their fluidity, crowded streqidean monolayers obstructed lofignge
diffusion'?®. Thus, the longange diffusion coefficient is reduced by increasing the density
of streptavidin molecules on the SLB. This method is particularly useful for probing the
effects of lateral transport on receptors. By comparing Nattkation in cells on fluid,
nonfluid, and rigid surfaces, Narui and Salaita identified that the Notch/Delta pathway is
mechanosensitive and responds nonlinearly to ligand flutdityMore recently, it was
shown that platelets prefer to adhere to crowded membt&hésnonfluid interface for

cell adhesion was also recently fabricated by covalemtking ECM proteins to fluid

lipids 173,

Selection of lipids with a transition temperature close to jpihygical conditions
allows manipulation of bilayer fluidity without significantly changing SLB chemical
composition. For example;ryristol2-palmityolsnglycero-3-phosphocholine (MPPC)
has a melting temperature of°85 allowing the lipids to be switeld between gel phase
and liquid phase in a temperature range compatible with live cell imaging. Demonstrating
this, Adreassoi®©chsner fabricated micron sizeddBnensional wells coated with
supported MPPC bilayers containingc&dherin ligands on the walisd base of the well.

A single cell could spread in each well, and the differences in adhesion could be observed
on chemically identical bilayers different only in their lateral fluidit§ A key nuance to

this work is that the biology itself could be altered by the temperature change between fluid
and nonfluid bilayers. However, given the small difference in temperature, these effects
are likely minimal. The benefit to this method of adjusting phase is that it is lgand
concentration independent. Whereas membrane crowding with streptavidin also typically

affects ligand binding and density, a simple assay with SLBs below and above thag melt
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temperature avoids convolution with ligand presentation and circumvents the need to add

a fluorescent lipid.

2.4.1.2 Stacked and Cushioned Bilayers

The physical properties of SLBs are closely linked with substrate mechanics and
topology. SLBs are most oftenrfoed on silicon oxide glass, and a thin layer of water
separates the lower leaflet from the glass. The exact effects of slipfddpteractions are
highly contested and preparation dependent, but evidence suggests thsibgirdte
coupling can causeneven leaflet lipid composition, drag between upper and lower
leaflets, altered surface tension, and reduced fluidity’® 177, According to the classic
model developed by Evans and Sackmann, the frictional coefficient between the membrane
and the substrate is inversely related to the thicknedsediuid layer of separatiotf®,
Therefore, increasing the thickness of the fluid supporting the bilayer will increase the
mobility of the SLB. This insight has motivatdtetdevelopment of cushioned and stacked

bilayers.

From a biomimetic standpoint, the effects of glass cannot be ignored. Whereas glass
has a modulus on the order of GPa, atomic force microscopy measurements suggest that
stiffness of the cell cortex which gports the cell membrane vivois one million times
softer on the order of kP4%. Accordingly, creating SLBs on soft cortiike supports is
desirable. Here we discuss two converging approaches using SLB technologies: stacked
bilayers in which multiple bilayers are fabricated on top of each other and cushioned
bilayers in which the SLB is formed on a polymer suppeigyre 11C). These systems

physically decouple the SLB from the glass substrate, offering the potential for improved
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physiological relevance in cell studies. We anticipate these platforms to be extremely

useful in elucidating the role of mechanics in cell signading cell differentiation.

Several fabrication methods for stacked SLBs have been attempted with varying
levels of success. Covalent linking of lipids by NHS/EDC chemistry generated stacked
bilayers, but the upper bilayer exhibited slowed diffusion amgl-er6% of the lipids were
mobile. This was hypothesized to be the result of nanoscale discontinuities in secondary
SLB coverage, which were revealed by ARff. Murray, et al. tetered biotinylated
vesicles to streptavidin functionalized SLB and observed secondary bilayer formation at
high vesicle concentrations. Diffusion was not significantly altered in the upper membrane
compared to single layer SLB§'. Stacked SLBs stilzed with multiple favorable
interactions improved quality, and SLBs connected with two positively charged bilayers
with cholesterol functionalized DNA demonstrated high fluidity. However, these

membranes remained challenging to characté?fze

Recent advances have allowed the formation of homogeneous and heterogeneous
SLBs with up to four layers. Zhu, et. al. demonstrated that the incorporation of 10%
cationic or anionic lipids allowed the formation of homogeneoysatierned bilayer¥?
In patterned bilayers, the addition of saturateedisfearoyisn-glycero3-phosphocholine
(DSPC) induced charged lipid phase separation. Phase separated domains aligned in each
layer but were contingent upon bilayer fluidity. &tad phase separated domains were also
reported in phosphatidylcholine, cholesterol, and sphingomyelin containing membranes
184 Together these data suggest an underlying physical explanation for aligned phases
beyond electrostatic interaction. Kaizuka and Groves suggest the possible role of surface

tension in preferentially aligning gelomains'®* Patterned stacked bilayers require
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mechanical characterization but wilhdoubtedly emerge as a powerful tool to study

adhesion.

Pol ymer Acushionedod and tethered bilay
decouple the SLB from the underlying gld8s These methods were developed with the
goal of incorporating integral membrane proteins into SLBs; however they also offer
potential for manipulating the mechanical microenvironment. Integral proteins
incorpoited into SLBs typically fail to maintain their fold and lateral mobility due to
adsorption on the glass, steric hindrance to diffusion, and denaturation as proteins are
dragged along the surfaé®. Polymer cushions or tethers lift the SLB off the glass, not
only cushioning the bilayer, but also creating space for diffusing integral proteins. Whereas
cytochrome band annexin V were both immobile in SLBs formed directly on glass, a
combination of BSA passivation and polymer tether incorporation raised the highly mobile
fraction to 759487 188 Tethers must link the bilayer to the glass while not interacting with
either the lipids or any incorporated proteins. In addition, the polymer of choice must be
hydrophilic to support bilayer formatiotf’. Therefore, PEG and chitosan have been
popular choices for polymer tethers and cushions. Sterling, et. al. also fabricated actin
supported bilayers, in which the actin cushion attempted to better mimic the cortex; the
results of this work emphasizthat fluidity modulation is polymer specifid®’.
Alternatively, cushioning the SLB with a thin cellulose cushion has been used to generate

homogeneous bilayers with mobile integriffs

A major challenge in integral protein orientation is directing protein orientation.
When proteins are reconstituted in vesicles for fusion with SLBs, their orientatio

scrambles. This skews diffusion measurements, because proteins with reversed orientation
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can be immobilized or denatured if their large extracellular domain interacts with the
support. In mechanotransduction studies, these proteins would fail to imvgtracheir

binding partners. Recent work by Richards, et. al. suggested that protein orientation can be
controlled by incorporating integral proteins using cell blebs, small, isolated vesicles from
mammalian cells. Because these originate from the plaserabrane, proteins were
oriented in their natural arrangement. Thermodynamically favorable downwards rupture

preserved receptor orientation when vesicles fused during SLB formtion

Although the potential for polymerushioned bilayers as a platform to adjust the
underlying substrate rigidity in mechanotransduction studies has not yet been explored,
stacked and pginertethered bilayer technologies have been combined to generate robust
surfacedecoupled SLBs to study adhesion. Bilayers are linked by maletmiole
coupling of lipopolymer linker$®. To date, this is the only stacked bilayer system that has
been applied as a novel cell substratpalinitoyl2-oleyl-snglycera3-phosphocholine
(POPC) bilayers were alternately doped with 5 mol%-dieasteroysn-gllycero-3-
phosphoethanolamgraN-[maleimide(polyethylene glyce200] (ammonium salt) (DSRE
PEG200eMal) or 5 mol% 1,2dipalmitoytsnglycere-3phosphothioethanol (Sodium Salt)
(DPTE). A sucrose gradient promoted the sinking and fusion of giant unilamellar vesicles
and malemeid¢hiol coupling linked the upper and lower leaflets of adjacent bilayers. In
agreement with the Evaiackmann model, the diffusion coefficient increased and the
viscous drag coefficient decreased for each additionalfdykipopolymerlinked stacked
bilayers coated with laminin behaved both viscoelastically and plastically. Individual lipids
and attached receptors were laterally mobile but beads containing preclustered receptors

became immobilized when attaching to the mbiliyers’. Notably, AFM micrographs
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revealed that surface roughness increased with the addition of each layer; these effects were

likely the result of decoupling between the upper bilayers and the'glass
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Figure 11 SLB Phase and Diffusion Tuning

(A) Cholesterol reduces SLB fluidity in NDPC (closed triangles), DOPC (circles
DEPC (open triangles) bilayers. Reprinted fréwith permission of publisher(B)
Representative FRAP data from fluid and partially fluid DPPC bilayers containing,
DOPC and 1% NBEPC, respectively. In DOPC SLBdluorescence almost fully
recovers in 4 minutes, but in SLBs containing NBD, the photobleached regic
persists, indicating low fluidity. (Reprinted frénCopyright 2015, National Academ
of Sciertes).(C) Schematics of tethered, cushioned, and stacked SR&sroduced
from 7 with permission from publisher.

2.4.2 Patterning to Control Receptor Mechanics

2.4.2.1 Lipid and Ligand Patterning

Ligand patterning is a powerful approach that has been widely applied in the study
of adhesion and immune cell activation. On glass, block copolymer micelle
nanolithography (BCML) allows the deposition of nanoparticles with precise control over
particle dasity, ranging from 50 to 150 nAY* %2 By decorating these particles with
ligand, BCML has been used to identify the critical pMHC density required to support T

cell spreading, as well as to study the crosstalk between cell migratory behavior and ligand
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presentatiort®”. To more closely mimic cettell interactions and to understate tole of
ligand mobility, itis highly desirable to develop similar methods to control ligand geometry

and density within supported lipid bilayers.

Until recently, patterning within bilayers has been limited to the ability to pattern
blocks of membraneSeveral methods have been developed in which lipids are either
selectively added or removed in patterns. In one such method, a supported lipid bilayer
formed on chromium grids was physically peeled off using a scanning probe tip and then
refilled 193 Alkaline conditions favored membrane remoWwgutralizing the pH promoted
bilayer fusion and allowed these regions to be backfilled with a second lipid composition.
SLB microvoids could also be generated with deep UV illuminatfnin a widely used
method, SLBs are patterned with a polydimethylsiloxane (PDMS) stamp. PDMS stamps
are inked with SLBs, which are contact transferred to a glass substrate. Combining this
method with BSA barriers, it was possible to fobitayers with a lipid concentration
gradient. Following stamping, vesicles with a second composition of lipids were added on
top of the printed SLB and allowed to mix within compartménfS. The composion of
the resulting membrane patches depended on the size of the stamp applied to each region
defined by the BSA grid. Groves, et. al. achieved spatial control over HeLa and fibroblast
cell adhesion on patterned SLBs by incorporating phosphatidylsB@)ewhich promotes
cell adhesion, into individual corrals on an SLBgure12A) ®. Using these methods, it
would also be possible to selectively anchor adhesion ligands within distinct regions of the
SLB by controlling which patches contain functionalized lipids or lipid ligands, such as

glycolipids, whth are commercially available and can support cell adhé¥idaxamples
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include PIP, DNP, reactive lipids such as azide modified lipids and thiol reactive lipid

headgroups.

Another more common method to control the spatial arrangement of ligands with
the supported lipid bilayer is by membrane protein photolithography. Optogenetic tools
including caged and photoactivatable proteins are engineered with naturally occurring
photoreceptors such as the LOV domé&ih By shining the appropriate laser on the
engineered proteins, the experimenter can spatiotemporally control protein accessibility
and activation. In one approach, these domains can be linked to the protein of interest and
then cleaved using photoactivation, therefore allowing the experimenter to control which
ligands are accessible and which ligands remain caged. Combining this system with the
supported lipid bilayef cell synapse model, DeMond, et. al. controlled T celltblas
spreading and activatidf®. Membranebound MHC molecule I€was loaded with MCC
peptide fused to a light sensitiveniroveratryloxycarbonyl (NVOC) blocking group. On
bilayers with caged pMHC and ICAM to support adhesion, T cell blasts crawled across
the surface and failed to form Ts cell synapses. When the NVOCIeased with near
UV light, pMHC was exposed, causing T cells to adopt a round shape and to form

immunological synapses.

Alternatively, lightsensitive linkers may be used to selectivedynove ligands
from the surface. Nakayama, et. al. developed a photoeliminative linker that can be used
to both sitespecifically add and remove proteins on a bildy&rA photoeliminativet-(4-
(1-hydroxyethyl}2-methoxy5-nitrohenoxy)butanoic acid bridges a biotin group and a
farnesyl group, which inserts into the bilayer. Prior to functionalization with streptavidin,

biotin can be removed by UMumination through a patterned mask. Usangecond round
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of UV irradiation at later time points, the protein may be released from the bilayer,
providing a model to study adhesion and diffusion. To date, photoactivation of ligands has
only been applied to continuous bilayers. On corralled bilaygnstobleaching of
individual squares allows the generation of detailed patterns and images; the fraction of
photobleached species per corral corresponding to the fractional area of the square exposed
to light (Figure12B) 1. One can envision that combining these two methods could yield
bilayers with precisely patterned ligands that maintain their lateral mobility but are

confined to microscale patches.

Immobilized ligands can be incorporated into SloB using gold nanoparticles
(AuNPs) or nanodots. Lohiier, et. al. used BCMLo disperse AuNPs within the SLB
plane. Ephrin Al ligands were linked to AuNPs with thiolated DNA, and RGD was
incorporated into the surrounding bilayét. Thus, cells could engage with both ratly
mobile and immobile ligands. In an alternate strategy, ligands were attachedttmataie
organic nanodot arrays (STONASs) surrounded by an Sidi(e12C) 4. Beads deposited
on a glass surface and coated in an aluminum mask of variable thickness determined
STONA lattice spacing, ranging from 100 nm to 1800 nm. Following bead removal, a
seondary aluminummask determined dot size, and nanodots were modified with
biotinylated BSA for functionalization. An SLB was formed surrounding STONAS, giving
rise to a ligandsland effect. T cells cultured on STONASs functionalized with-&3
exhibitedincreased TCR clustering compared to T cells on homogeneous bilayers with
equivalent ligand concentrations, and the tightness of adhesion was found to increase with
ligand density. An unexplored consequence of ligand immobilization on STONAs is the

develgpment of a resisting force, which allows receptors and the cytoskeleton to locally
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apply tension. Simultaneous presentation of mobile ligands on the bilayer and immobile
ligands on nanodot arrays will allow the relationship between ligand mobility and

mechanics in cell signaling to be probed in parallel.

A D
No Pattern 3 uM

Figure 12 SLB composition and substrate patterning.

(A) SLB composition controls HelLa cell adhesion. PS promotes HelLa cell adh
but few cells adhere on H&e bilayers. Fluorescence image of SLBS (left). Ph
contrast image of cell adhesion (right). (Reprinted frbrwith permission from
publisher).(B) Photobleach printing on corralldglayers demonstrates the ability -
locally control SLBs. (Reprinted froft with permission from publisheC) STONAs
containing nanodeimmobilized ligands embedded in an SLB; Representative imag
T cells on a STONA patterned bilayer. Scale bars 4 um. (Reprinted “fhwitin

permission from puldher).(D) Spatiomechanical mutation of receptor transport .
phosphorylation on corralled bilayers. Levels of tyrosine phosphorylation corre
with ephrinA1 radial transport. (Reprinted frotAwith permission of publisher)(E)

Diffusion barriers gate receptor transport and serve as sites of local force gene
Reproduced fromwith permission from publisher.

2.4.2.2 Diffusion Barriers
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SLBs formed on substrates that are patterned with grids that prevent lipid diffusion
separate intonemi Xxi ng mi crodomains. While such par
initially developed for lithographic and electrostatic patterning, they have etsmie an
indispensable tool in mechanobiolotfy?°* 202203 Each individual region maintains its
fluidity, but longrange diffusion is hindered by gridlines or by an energetic barrier to
spreading. Thus, cell spreading and signaling on a corralled bilayer will be gpatiall
mutated, and longange recepteligand translocation is diminishe&igure12D,E). In T
cells, when a ligated receptor encounters a physical block, its speed is reduced and its
translocation is deflected in an anglependent mannét*. Grid lines also serve as sites
of mechanical resistance. Cells cannot apply traction forces on homogeneous SLBs
beause the fluid bilayer fails to mount a resisting force; however lateral forces can be
applied at barriers* '8 In molecular mazes, which are similar to corralled SLBs,
noncontiguous barriers are patterned onto glass, allowing the resulting bilayer to maintain
its longrange fluidity while still presenting mechanical barri&ts These biochemically
homogeneous platforms provide a direct method to probedmaichl versus mechanical
signaling. A key challenge with diffusion barriers is the convolution of the effects due to
blocked receptor transport versus mechanical force generation. Indeed, both clustering and
mechanics are altered, resulting in spatiomeclahrmutation. The exact forces that
diffusion barriers impart are also unknown. Future studies will address this question using

ratiometric MTFM on SLBs containing barriers.

Isolated membrane patches can be formed by scratching, blotting, stamping, or
microfabrication. In the earliest example, tweezers were used to draw boundaries on a

coverslip. Although SLBs in basic conditions remained partitioned at the scratch marks,
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bilayers in neutral and acidic conditions healed within hours, making them indblapat

for cell imaging?®. Following this work, Kung, et. al. formed BSA barriers by both the
application ofpatterned BSA on a PDMS stamp and by removing lipids in a pattern using
a PDMS stamp and then backfilling with BSA to generate v&fllsSurprisingly, distinct
membrane patches could also be formed using microcontact printing in the absence of
barriers. SLBs applied in blocks with PDMS stampsnta@ned their shape because of the
energetic barrier to spreading on glass and disrupting lipid tail interatttofkis method
permits regions of ~&m to be fabricated. By using polymieased lift off on Bicon
supported bilayers, Orth. et. al. were able achieve haptenated SLBs svith 1pat t er n
precision?®’. SLBs separted by metal grids provide an optimal platform for studying
receptor and cytoskeletal mechanotransduction due to their rigidity and ability to support
cellular forces. A glass substrate is etched and coated with polymeric photoresist. Electron
beam lithogaphy exposes a grid pattern, and metal walls are deposited with electron beam
evaporation. Grids are typically composediofomium bumay also be aluminum or gold.

The glass regions within the grid are exposed by sonication, and filled with an SLB formed

by vesicle fusiort® 201,

2.5 Methods to Measure Receptor Forces at Fluid Interfaces

2.5.1 Molecular Tension on Supported Lipid Bilayers

2.5.1.1 Ratiometric Tension Probes for MobReceptors

Molecular tension fluorescence microscopy (MTFM, previously reviewed by
Jurchenko and Salait®) is a method to optically image recepitoechanics at the living

nonliving interface. Previously, this method has been applied to map T cell receptor,
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epidermal growth factor receptor, and integrin forces with high spatiotemporal resolution
8,30,31, 106,208 209,210,211 |n MTFM, an immobilized probe molecule comprised of a flexible
linker and flanked by #luorophorequencher pair presents a ligand to a receptor of interest.

In the resting (dark) state, the flexible limkgin a collapsed state, and the fluorophore and
guencher remain in close proximity. When a receptor binds to the ligand and applies pN
tension, the linker extends, causing separation of the fluorophore and quencher, which is
accompanied by a significaimcrease in fluorescence. The flexible linker may be made of
DNA, polymer, or protein and is selected based on its fextension relationship. State

of-the-art probes yield greater than fd increase in fluorescent intensity upon opening

106

In typical MTFM, an increase in donor fluorescence serves as a quantitative
reporter of quenching efficiency. This is valid because the immobilized probes have a fixed
donor density and fluorescence intensity is directly proportional to quenchinigreffic
and quantum yield. When probes are attached to a fluid bilayer, the fluorescence intensity
is proportional to probe density and quenching efficiency (force). Temnsamfiate
increases in donor fluorescence are convolved with increases in probe dirsito
ligatedreceptor clusteringFigure 13A). Therefore, the application of MTFM to SLBs
requires the separation of the signal contribution duprade clustering versus probe

opening.

To address this problem, Ma, et. al. developed the first ratiometric MTFM probes,
which all ow the calculation of the contrib
In this design, AUNPs are decorated WXNA tension probes and is attached to an SLB

using biotin/streptavidin interaction. A second fluorophore issmecifically attached to
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the streptavidin, and this fAdensity repor:
density. An additional benefito this probe is the high signtd-noise ratio; donor
fluorescence is dual quenched by the molecular quencher and by nanoparticle surface
energy transfer (NSET) with the AuNRFigure134B,C). Nowosad, et. al. published an
alternate design in which the traditional I
fluorophore on the hairpin strandFgu€ensi or
13D,E) 1° It would also be possible to achieve similar measurements by quantifying the
Atension densityo or -FREBMbeg twvHich wareeprediopslyu si n g

applied b measure single receptor tension on glass

2.5.1.2 Genetically Encoded Tension Probes

Although ratiometric MTFM is currently the only method to measure receptor
mediated forces on a bilayer, other tension sensors could also be combined with SLBs to
elucidate the role of fluidity in modulating the mechanicaaressory adhesome proteins.

For example, Grashoff, et. al. introduced a genetically encoded tension sensoritt.2014

This sensor contains two fluorescent proteins separated by a spider silk elastic domain,
which measures pN tension across a protein. To date this probe has been inserted into a
number of proteins i n-actinindand gpectirdt 2?r*e n , Vit
Combining cells transfected with genetically encoded tension sensors with SLBs and
ratiometric MTFM, researchers will gain a more complete understandititeable of

traction forces and lateral fluidity in regulating adhesome mechanics.
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(A) On an SLB, fluorescence increases are attributed to both indid@s&ty (clustering)
and probe opening (tension). Closed probe fluorescence is quenched. When re
cluster or pull on probes, intensity increases. At F1/2, 50% probes will be (@)e!
Nanoparticlebased ratiometric tension probes contain repoff@rdluorescence anc
density. Closed probes are dual quenched by the BHQ molecular quencher and ai
and contain a second fluorophore on streptavidin. Labeled streptavidin serves as
density reporter(C) Representative image of T cell tension @fustering(D) Line scan
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8with permission from publisher)E) Ratiometric DNA tension probes containing
density reporter fluorophore on the hairpin strgfglRepresentative cell image of B ce
receptors clustering and pul | i n(FRgreponted
from 1° with permission from publisherReproduced fron? with permission from
publisher.
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2.5.2 Tension Measurements on Supportqud_Bilayers

Integrin and cadherin molecule force maps have not yet been generated using
ratiometric MTFM, but immuneell receptor forces at the c&8LB interface have been
measured in both B and T cells. Both B and T cell receptors were capable afgopeni
ratiometric tension probes on an SLB, but the measured tension was lower than that
generated on glass. Ma et. al. reported T cell receptor tension of 4.7 pN on &nlSLB
contrast, Liu, et. al. demonstrated the ability of potertll receptors to unzip a 56 pN
tension gauge tether (TGT) on gla$8. Similarly, primary B cells could unfold a
percentage of 7 pN probes on an SLB, but could not open 9 or 14 pN Htobagylass,
primary B cells were capable of unzipping 56 pN T&*¥simportantly, MTFM measures
the magnitude of tesion rather than a force vector, and probe opening reflects net tension.
On SLBs, where receptors cannot generate strong traction forces in the parallel to the
bilayer, the majority of probe opening must be attributed to vertical forces. Thus, it is not
suprising that tension measurements would be lower on an SLB compared to those on

glass.

Ratiometric MTFM probes provide a method to characterize the relationship
between pN mechanical forces and clustering in a variety of juxtacrine andatei
interadions. Although these measurements have not yet been made, existing measurements
on rigid substrates allow us to bound the range of forces. Note that force measurements are
dependent on method, loading rate, and specific interaction parameters, sogreat a
deal of variability. Single molecule techniques report integrin bond strengths ranging 0.1
0.65 pN using magnetic tweezers to up to 100 pN usiklyl And high loading rate.

MTFM on glass suggests that integrins exert >100 pN forces; on 18 kPa elastomer
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substrates, the force per focal adhesion was measured to be 5.5 HNAIMS 216,
Genetially encoded tension probes suggest thaté@herin is under-2 pN constitutive
tension, which increases at stressedaall contacts. The AFM unbinding force for VE

cadherin was 355 pN10217

2.6 Mechanobiology of Adhesion Revealed Usin§upported Lipid Bilayers

2.6.1 Lateral Fluidity Guides Cell Adhesion

The relationship between cell spreading and substrate stiffness has been well
established; substrate stiffness can influence their lineage commitment and morptology
219220 1n general, cells spredxst on stiffer substrates, which support high traction forces
that allow the cells to form larger contact aré&s®?’. A related question is how cells
respond to ligand mobility and tether flexibility. What are the effects of movable ligands
versus rigidly anchored ligands? Many common substrates are limited in their ability to
recapitulate the intrinsic flexibility of the ECM; therefore, these effects have been less
studied than the stiffness respoA@eRecently, several novel substrates and mathematical
models have been developed to probe these effects. SLBs are particuladyitedilifor
this line of research, because of their easily tunable aothie, fluidity, and

functionalization.
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Counterintuitively, increased fluidity does not always correspond with poor

adhesi on. Recal |l-c@mti dihni reg . GV & 6 st hRaGD |
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Figure 14: Cell adhesion on SLBs

(A) HAE and hMSCs exhibit opposite adhesion trends on fluid and nonfluid S
demonstrating the cell specificity of the response. Scale Bar 20 uM top, unspe
length, bottom. Reprinted frofrand*3with permission from publishefB) Mechanical
characterization of stacked bilayers demonstth&tshicker bilayers are more viscol
(Reprinted from™ with permission from publisherC) Myoblasts on laminin coate:
lipopolymerstacked bilayers exhibit fewer stress fibers with increasing SLB stack
(D) Myoblast morphology is dependent on stack thickness. Cell spreading dec
with multibilayer thickness. 56m x 50& m. (C,D reprinted from'’ with permission
from publisher).(E) Depletion zones decrease in size on viscous SLBs. (Repr
from [91] with permission from publisheffigure reprodued from’ with permission
from publisher.
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forces (2.2.1) %% Whereas nonobile bonds stretched under tension, mobile receptor

ligand complexes reorganized under the GUV to distribute the fBft@&eyond the

special case of catch bonds, nonmobile interaction lifetime would be shortened according

to the Bell Modef”.

To test the effects of ligand fluidity on adies Garcia, et. al. incorporated three
peptides into DOPC and DPPC supported lipid monolayers (SLMs) and monitored the
attachment and spreading of HAlRnioticendothelial cells, as well as THPand M0O7
and hematopoietiprogenitorcells. HAE cells and dith hematopoietigorogenitor cells
lines displayed decreased adhesion frequency and spreading on DOPC SLMs compared to
DPPC SLMs*?3 DOPC and DPPC have the same headgroup, but DOPC is fluid at room
temperature and DPPC is not, susjgey a preference for nonfluid bilayers. However, in a
similar study using human mesenchymal stem cells (hMSCs), Kocer and Jonkheijm
obtained opposite result$-igure 14A). On both SLBs, hMSC adhesion frequency
increased with ligand density, however, cells always spread better on fluid DOPC SLBs
than nonfluid DPPC SLBs. This effect was most pronounced at high ligand densities, where
cell area double onOPC SLBs compared to that on DPPC SLBs. These results suggest
that hMSC adhesion is enhanced with increased ligand interaction and binding avidity
obtained through ligand clustering on a fluid SE®. Wong, et. al. pratd hMSC
differentiation substrates containing RGDs tethered to magnetic nanoparticles using PEG.
Tethers were flexible at rest, but the application of a magnetic field restricted their
flexibility. In contrast to SLBculture, hMSCs exhibited increased sumg and focal

adhesion assembly on less flexible tethers; these differences perpetuated over several days.
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These diverging results can likely be attributed to increased mechanotransduction by
magnetic actuation and differences in signaling associatédleviy range versus short
range translocatiof?®. Attwood, et. al. found that human foreskin fibroblasts attached to
RGD ligands on glass also preferred short tethers; increasing adhesion and cell area

correlded decreasing tether leng.

On lipopolymertethered stacked bilayers coated with a laminin network, cells
exhibited reduced traction forces by both integrin and cadherin mediated adhesions with
the addition of each plarté *° SLB fluidity increased with the number of layeFigure
14B), and it was unusual that cells on a fluid SLB could generate any tréaries. These
forces arose due to slowed cluster diffusion and leaflet coupling by lipopolymer téthers
Cell stiffness, spread size, and adhesion size were all reduced with increasing stack layer
and fluidity Figure 14C,D). This trend was unsurprising given that the addition of each
layer reduced substrate stiffness, and compliant substrates cannot dawglgprattion
forces. However, traction forces associated with rigid substrates are still not incompatible
with ligand mobility. Pompe, et. al. propose a model of frictontrolled traction forces,
in which focal adhesions are motile, and the frictioradhesion movement generates

traction forces.

Il n Vaf aei ,-EGMthybridasysterd, HuTSLcdls remodeled the local
environment through a combination of packing flexible ECM proteins and lidigsabin.
Collagen and fibronectin were covalently coupled to fluid SLBs. Following coupling,
lipids remained fluid with a diffusion coefficient of ~1 um”2/s, but ECM proteins did not
diffuse, so adhered cells could generate traction forces.7Hubells spead on the ECM

functionalizedSLBs with lower area and rounder morphology than on ECM
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functionalized glass due to reduced effective stiffness of the SLB platform. After 3 hours,
cells showed ECM enrichment under the cell and depletion surrounding tl{Eigele

14E). As lipid fluidity was decreased with the addition of cholesterol, ECM depletion zones
were also reduced, indicating that adhesion is fabeld simultaneously by ligand

flexibility and translationt’,

Kourouklis, et. al. took a synthetic approach to solving the same problem. Fluid
amphiphilic block polymers containing RGD ligands were used to mimi&@id, and
fluidity was adjusted by changing the perc:¢
composition could tune SLB fluidif§#2 Interestingly, 3T3 cellsehaved nonlinearly. Cells
on intermediatéluidity substrates were consistently rounder and smaller with sparser focal
adhesions compared to cells on substrates of higher and lower fluidity. Kourouklis, et. al.
suggest that at low fluidity, cells genegdttraction forces on the substrate and adhered
primarily through focal adhesions. At high fluidity, traction forces diffused, but receptors
reinforced adhesion through clusterfd§ This result and corresponding model, along with
Vafaei 6s observati on offee case ofiadhésiorestrangthering u d e

through mobility.

Altogether these data indicate that the mobility response is specific. We @ropos
that that it is regulated by a complex combination of fluidity and force sensing, molecular
friction, adhesion mechanism, and cell and recegpecific responses; the relationship
between these factors is yet to be elucidated. Ligand lateral fluidityfl@xibility are
convoluted in many attempts to characterize this response. SLBs will be useful in
separating the effects of these two parameters through phase tuning, corralling, and altered

linker length.
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2.6.2 Mechanobiology of Nascent Integrin Adhesions

While integrins and mature FAs have been extensively characterized using traction
force microscopy (TFM), super resolution imaging, force probes, and single molecule force
spectroscopy, nascent adhesions (NA) have been more challenging to study, because few
methods have sufficient spatiotemporal and mechanical resolution to map their dynamics
1322,:30,107.210 Recently SLBs have emerged as useful platform to probe NA formation and
maturation into FA. Because fluid SLBs are traction force free, compaenuggtiavior of
NAs on SLBs versus glass has allowed identification of the key biochemical and

biomechanical signaling events in adhesion formation.

Initial integrin clustering and activation are independent of substrate mechanics and
lateral forces; but nehanotransduction is required for the development of mature FAs
from NAs. On glass, NAs containing integrins, paxillin, zyxin, and vinculin formed as actin
polymerization extended lamellipodia at the leading edge of the cell. These clusters grew
to 0.2em? and the majority rapidly disassembled as actin passed over the NA and further
extended the lamellipodia. On average, NA persisted for ~1 niintte A small fraction
of NAs col oc al i-actnuh tracks aind niared tathen tham disassémbling
227 Nearly identical clusters formed on SLBs, but these NA persisted through the entire 15
minute observation window. NA size was independent of ligand density and activation
state and was consistent on glass and SE.B$A formation on fluid SLBs and rigid glass
indicated that NAs form indepeedt of substrate rigidity. On fluid SLBs, mature adhesions
failed to form without traction forces, but NAs stabilized due ligated integrin clustering.

Further supporting this, myosin overexpression promoted NA maturation on glass, and
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(A) Integrins form uniforrmsized clusters on both glass and SLBs, indicating e
cluster formation regardless of substrate mechanics. Scalegwar @eprinted from
[24] with permission from publisher)B) Time-lapse and kymograph (bottom right) -
integrin cluster translocation on an SLB. Clusters are transported radially out
before forming a tight contractile ring. Scale bag %nReprinted from®.Copyright
2011, National Academy of Sciencef}) Focal adhesion (left) and podosome (rig
formation in fibroblasts on glass and SLBs, respectively. Scale ba mQ(D)
Podosomes form in the absence of traction foocesontinuous SLBs but not on SLE
patterned with resistive chromium barriers. Scale bami.Q(C,D reprinted fron? with
permission from publisherE) Hybrid adherens junctions form on partially flu
bilayers containing NBEPC but fail to form on fluid bilayers demonstrating t
importance of viscous drag. Scale ban® (Reprinted from Copyright 2015, Nationa
Acadeny of Sciences)(F) Resistive barriers restrict cadherin transport and serv
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myosin inhibition inhibited NA maturation but did not interfere with normakasbly or
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disassembly®.

Cluster stabilization on SLBs allowabservation of previously undetected steps
in NA recruitment and migratiorr{gure15A,B) 6. On both continuous and called SLBs,
integrinrRGD cluster growth coincided with focal adhesion kinase, talin, and paxillin
recruitment and promoted actin polymerization over NAs, which caused clusters to initially
move inwards in pairs Severatlusters associated with FHOD1, which was activated by
Src family kinases to promote actin polymerization driving lamellipodia spreading and
cluster outwards translocatidh??® This was the first observation of outwards cluster
motion in adhesion, which is not visible on glass or polymer substrates. On glass, FHOD1
signaling was required for polarized actin polymerization, traction force organization
NA maturatior??®. On SLBS, cells retracted following spreading, and clusters agsi
translocated inwards, driven by Myosin Il. Vinculin associated with clusters, suggesting
talin unfolding during retractioh 4. Cells on gridlines aggregated integrins on the outside
of barriers and formed stable adhesions, and cells on continuous substrates clustered
integrins in tight rings and became round. Further studies are needezhsoire forces
generated by Myosin Il on an SLB and to investigate whether these forces are sufficient to
drive integrin tension, but measurement of very weak and highly cooperative Myolc forces
on an SLB coated bead suggest that this behavior likelyratpares many engaged

myosinst®’.

NA formation and migration required talin. Expression of the talin head domain
rescued NA formation and motility, but NAs were slightly smaller than WT. Expression of
the rod domain rescdeNA formation but with less mobility. Talin rod domains can

dimerize, which aided in clustering, but the full protein was required for full and motile
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NAs %. These results fit closely with Eloseghir t o | a , et . al 6s recen
expression is required for stiffnedspendent NA maturation on rigid substr&tésTFM

revealed that on low stiffness substrates, fitasttraction forces increased with rigidity
independent of talin expression. On rigid substrates, traction forces increased with rigidity

in talin-expressing cells and decrease with rigidity in taépleted cell$?. Talin head

domain expression activated integrins in talepleted cells, but could not recover high

traction forces on rigid substrates. The-tiimain alone also failed rescue the stiffness

response, which could only be recovered by expression of the entire protein. Thus, talin
binding and unfolding are critical decisiomaking steps in mechanotransduction. On fluid
substrates, talin regulates NA motility, whereas on-ihaid substrates talin regulates the

loadingdependent stiffness response.

Traction forces also impact the formation of podosdikeadhesions, mature FAS,
and receptor internalizatiorFigure 15C) ® 76, NAs in macrophages and fibroblasts on
continuous SLBs ultimately transition into podoselike adhesions in the absence of
strong traction forces. NAs initially formed as described above, busitheroteins later
segregated to a ring surrounding a core of polymerizing actin. These adhesions closely
mi mi cked monocytic podosomes and transfor:i
protrusive structures. When fibroblasts spread em1ine pitch corralled bilayers which
could support traction forces, mature adhesions like those observed on glass substrates
were recovered 7 %9. Yu, et. al. proposed a mechanotransduction pathway in which
traction forces serve as a checkpoint in forming stable FAs dndeféo mount traction
forces leads to Class 1a phosphatidylinositidkenase (P13K) recruitment, which initiates

a biochemical cascade resulting in podosome formatibiotably these studies suggest a
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model of local rather than global integrin mechanotransduction. The introduction of
barriers on SLBs altered local force generation and signafigVhen cells spanned the
boundary of a continuous and corralled bilayer, they formed traction force stabilized FAs

in the patterned region and podosomes in the continuous, fluid réggnme15D) °.

A subset of integrins were internalized on SLBs, but not on glass. After initial NA
formation, integrinb 3 ¢l usters colocalized with Dab?2
mediated endocytosis. These NAs amtiocalized with talin, indicating that recruitment
of endocytosis machinery occurred downstream of mechanosensing. When actomyosin
contractility was inhibited on glass, NA also colocalized with Dab2. Thus, failure to

generate traction forces and stable FA can lead to integrin internali%ation

2.6.3 Mechanobiology of CadheriMediated Adhesion

Cadherin mediated adherens junctions form at thecedllinterface and are the
main junctions responsible for tissue integrity. In adherens junctions, cadherins cluster in
cis on the cell surface and bind to cadherins on the oppodlinguc@ace through trans
interactions. Several lines of evidence suggest that cadherins both transmit and respond to
mechanical forces. AFM studies suggest cadherins can form both slip and catch bonds
depending on binding configuratidfr. Micropillar arrays deflected by cadherimediated
forces demonstrated that cadherins apply traction forces to their substrate, but the unnatural
spatial arrangement of cadherins in these studies obscures the physiological relevance of
the result$?°. Borghi, et. al. inserted genetically encoded spider silk tension sensors into
the cytoplasmic tails of cadherin, allowing the first measurement of mechanical forces

across adherens junctions. Their results revealed that membrane assocadéeérin is
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constitutively under tension and that tension is transmitted across adherens junctions
through cadherin§'°. However, as with FA, AJ formation has been challenging to probe.

It was unclear how cadherins associated to form AJs, and rheehanical forces
contributed to their assembly. Recently, SLBs have provided a platform to
spatiomechanically resolve AJ and cadherin cluster formation, while also offering

improved physiological relevanée’ .

Membrane technologies have been used for more than a decade to study-cadheri
mediated adhesion, but only recent works have successfully mimicked AJ formation. The
earliest studies characterizing the mechanics of cadhediated adhesion at a fluid
interface employed simple cdiee systemg3C 23% Gjant unilamellar vesicles (GUVS)
were decorated with -Eadherin and allowed interaction with bilayers containing E
cadherin. Adhesion was observed by puckering in reflection interference contrast
microscopy. Because cadherins bind weakly, vesicle ahtsthe bilayer required high
concentrations of surfageesented Eadherin %2 Adhesions withstood thermal

fluctuations but ruptured under shear force, suggesting weak clustering at adhesion sites

231

Inspired by SLB studies using a bilayer to mimic an antigen presenting cell, Perez,
et. al. published the firghodel of cadherimediated adhesion at the livimpnliving
interface. MCF7 cells were adhered to an SLB containing glycosylphosphatidy! inositol
(GPI}linked cadherins (hEFGJ*2 A small percentage of cells loosely attached and
clustered hEFG, but the majority of cells could not spread without anchors. The
incorporation of immobile E&m fibronectin islands within the bilayers permitted cell

spreading and hEGF enhancement under the cell.
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In 2015, Biswas, et. al. used phase tuning to dgvéie first SLB platform to
support artificial AJ formatiof. 1% cells clustered cadherins into an AJs on highly fluid
bilayers, but cells on partially fluid bilayers containing NBQ readily enriced E
cadherins into AJsHigure 15E). FCS revealed that cadherins on SLB diffused as
monomers, suggesting they only associated during AJ formation. AJ formation was
achieved by cluster coalescence during filopodial retradtidyoth fluid and partially fluid
bilayers, AJs formed in an adr-nothing fashion; partial junctions were not observed. This
observation together with the enhanced AJ formation on low fluidity SLBs suggest that
adherens junctions require mechanical feraed kinetic nucleation to form. Very viscous
SLBs generated resisting forces that could possibly support catch bonds across bound
cadherins which would elongate bond lifetime. Low diffusivity promoted clustering and
active nucleation, allowing junctionofmation to proceed. Within junctions, FRAP
revealed that cadherins had low turnover and instead were immobilized within stable
junctions®2. Surprisingly, mechanical resistance alone wasffitient to form adherens
junctions. Although corralled bilayer gridlines slowed transport and served as sites of force
generation, cells on fluid corralled bilayers failed to form AJs. Thus, long range lateral
transport of receptors is requirdddure15F) °. This mechanism is in contrasitivintegrin

adhesion, where forces at barriers locally determined the adhesion pathway.

SLBs with reduced fluidity by the addition of high density pblg E-cadherin
ectodomain al so supported Adtenin mecmaobiologyn and
in cadherirmediated adhesiorts. Cells spread on these SLBs exhibited two populations
of cadherins that clustered duringopbdial retraction: AJs at the cell periphery and

cadherins loodey cl ust ered i n fAcentr al adhesi onso
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adhesi ons b ea rhdcaténim buadnly &Jd colocalized with actin, vinculin,

and phosphoryl ated myosin |ight <chain. I nt
couldbi nd both p-opuéat npnsh odatenihwasiacivetb@hdAdt h at
and central adhesions, whi echtenwassallyisrbeurdp e ct e
to actin. Cells spread on SLBs with widely spaced chromium grids exhibited retustar

formation, but spreading and cluster formation bgpfio di a, al ong wi th U1:
reduced on narrow grids Figure 15F) . T h-catenin  attivation required
mechanotransduction during cell spreading and retraction to activate, but sustained forces

were not necessary for it to maintain its open conformaticadherin clusters’.

2.7 Conclusions and Future Directions

Major breakthroughs in SLB technologies include the ability to precisely pattern
fluid and anchored ligands, to incorporate properly oriented and fluid transmembrane
proteins, to generate multiple stacked bilayers, and to measure mechanical forces at the
cell-SLB interface using ratiometric tension prol§e¥ 14 1517115 Cyrrent studies of
integrin and cadherin meded adhesion using SLBs offer new insight into NA and AJ
formation and demonstrate the power of spatiomechanical mutation using SLBs. By
combining the techniques described in this review, we envision mechanically tunable cell
substrates and sensors tolpg specific signaling events in mechanotransduction. Hybrid
adhesions consisting of immobilized ligands on STONAs and mobile ligands into the
surrounding SLB will reveal the role of ligand mobility and transport in adhesion and
cluster formation. Adjustig fluidity and stiffness while maintaining ligand density will

deepen or understanding of how cells respond to ligand mobility versus substrate rigidity.
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An open topic in the literature remains the dynamics of molecular mechanics: How
do forces evolve itime and space across individual proteins, adhesion complexes, and the
cell? SLBs provide a useful platform to approach this question, particularly relating to early
events in adhesion formation. Ratiometric MTFM will track tension density evolution in
spreading and retracting NAs and podosomes. Moving forward, fluorescence lifetime
imaging may provide a simpler, concentration independent method to measure forces on

an SLB.

SLBs are notable for their reductionist approach to biological interfaces, however
further advancements in SLB engineering will focus on the fabrication of more
sophisticated and physiologically relevant mechanical niches. Very recently, Vafaei, et. al.
introduced ECM functionalized SLBs to mimic very soft neural tissue. This method will
allow the probing of mechanotransduction and gene expression in previously inaccessible
regimes'”3. The rde of the glycocalyx remains poorly understood; decorating SLBs with
glycolipids could offer a novel approach to explore its mechanical influence in juxtacrine
signaling. Recent literature suggests that the glycocalyx is important regulating receptor
clusering and FA assembly in cancer metastasis and in cell recognition in the immune
system?33 234 235 236 |ncorporating ratiometric tension probes into SLBs mimicking the
glycocalyx could provide direct evidence of how the glycocalyx influences

mechanotransduction independent obskeletal forces®

Although Afensenkau, et. al. succeeded in culturing neurons on an ShBdidy 3
weeks, SLBs exhibited degradation during this timeframe that would prevent high quality
molecular imaging®’. Therefore, SLBs can used to study initial adhesions, but they cannot

yet serve as dual culture and imaging platforms for longer processes such as
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synaptogenesis, stem cell differentiation, and embryo development. Further work is needed
to optimize SLB sbility for longterm studies. One approach has been to chelate calcium
following SLB formation, but given the calcium dependence of many adhesion receptors,
this unlikely to be a viable strategy for live cell studi&sin addition, while SLBs capture

the planar interface at the cekll or cellECM junction, ells behave differently in 2D and

3D. Although 3D SLBcoated wells have been developed, these can only contain a single
cell, not a cluster of cells that more accurately models tissue. More stable and 3D platforms

are needed to understand mechanotransmtudtiring development.

Despite these challenges, SLBs can still offer improved physiological relevance to
model celicell and celmatrix interactions. We envisage that SLBs will be widely used as
mechanically tunable substrates to spatiomechanically enwatl probe events in
adhesion. Beyond adhesion, these techniques will also be useful for studying
mechanotransduction pathways in immune cell activation and viral entry. SLB
technologies provide a sensitive and controllable toolset to study the linkdmephysics

and biology.
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CHAPTER 3. DNA MECHANOTECHNOLOGY REVEALS THAT
INTEGRIN RECEPTORS APPLY PN FORCES IN PODOSOMES

ON FLUID SUBSTRATES

Adapted from Glazier, et. dNature Communication2019.

3.1 Abstract

Podosomes are ubiquitous cellular structures important to diverse processes
including cel invasion, migration, bone resorption, and immune surveillance. Structurally,
podosomes consist of a protrusive actin core surrounded by adhesion proteins. Although
podosome protrusion forces have been quantified, the magnitude, spatial distribution, and
orientation of the opposing tensile forces remain poorly characterized. Here we use DNA
nanotechnology to create probes that measure and manipulate podosome tensile forces with
molecular piconewton (pN) resolution. Specifically, Molecular Tensilmorescace
Lifetime Imaging Microscopy (MAFLIM) produces maps of the cellular adhesive
landscape, revealing ridike tensile forces surrounding podosome cores. Photocleavable
adhesion ligands, breakable DNA force probes, and pharmacological inhibition
demonstree local mechanical coupling between integrin tension and actin protrusion.
Thus, podosomes use pN integrin forces to sense and respond to substrate mechanics. This
work transforms our understanding of podosome mechanotransduction and contributes

tools tha are widely applicable for studying receptor mechanics at dynamic interfaces.

3.2 Introduction
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Podosomes are specialized aatthesive structures that coordinate a variety of
cell-type specific processes ranging from forming the sealorg for bongesorpion in
osteoclasts to facilitating migration and antigen scavenging in immun&ééf&> 240, |n
WiscottAldrich Syndrome, cells fail to form podosomes, and patients experience frequent
infections, impaired bloodlotting, and altered bone resorpttéf? >4 In HIV, however,
numerous enlarged podosomes are associated with increased cell migration, macrophage
tissue infiltration, and elevated bone degradatfiéh Invadopodia, which are structurally
similar to podosomes, facilitate cancer cell migration durimgastasis® 4¢ 241, Hence,

podosome formation and regulation is critical to disease pathophysiology and homeostasis.

Akin to the widely studied focal adhesions (FA), podosomes have been shown to
exert mechanical forces andrespond to ECM stiffneds36 76 80,242 243 244 \Whereas FAs
assemble intéibrillar micro-scale structures that apply contractile forces to the sulfétrate
80,31, 210,245 246 nodosomes assemble into a columnar architecture consisting of an actin
core surrounded by a ring complex containing adhesome proteins including integrin
receptor$’. The actin core protrudes from the cell body, applying nN compressive forces
onto the underlying substr&®e’™ 76, Given that a static cell cannot experience a force
imbalancé®’, it is widely recognized that podosomes apply opposing tensile forces, with
some disagreement as to the requirement for integrin adhesior?$drcs’t 7> 248 249,
Mathematical modeling suggests that these tensile forces are localized to the podosome
ring®®, and there are two lines of experiments that support this model. The first comes from
biophysical measurements of talin exten&tdand vinculin tensiof? within podosomes.

These measurements are indirect as they fail to map the molecular forces applied by the

podosome itself. The second class of measurements reports bulk substrate idef®rmat
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using traction force microscopy (TFM). While TFM provides a direct measure of cellular
stresses, the spatial and force resolution of the method precludes mapping the forces at the
podosome ring complex. A more sensitive variant of TFM that is interfetry-based

offers improved force sensitivity but still averages deformations of the subStaaie thus

cannot quantify receptor forces. To the best of our knowledge, no quantitateerfaps

have been reported validating the role of adhesion receptor mechanics in opposing actin

protrusion and mechanically linking the substrate and the cytoskeleton within podosomes.

Further confounding podosome mechanical models, recent résoitsstrated the
formation of podosomiike adhesions on supported lipid bilayers (SI°88) SLBs are
phospholipid membranes that safsemble onto a glass slide. Lipids are confined in the
z-direction but are laterally fluff. Thus, on SLBs, podosomes are reported to form even
in the absence of traction for@e®, which is confounding simc podosomes apply

compressive forces on the SLB.

In this work, we employ DNAased mechanotechnology tools to challenge the
hypothesis that integrins cannot apply forces on fluid membranes and to investigate the
role of integrin tensile forces in podosomechanosensing. As a material, DNA offers the
ability to map and perturb receptor forces with pN force resolution anthgwbn spatial
resolution. We first quantify podosormeediated depletion as a marker of actin core
protrusion on SLBs. Next, we intlace Molecular Tensioi Fluorescence Lifetime
Imaging Microscopy (MTFLIM), producing pN maps of integrin tension during receptor
ligand clustering at the cell membrane. Previously, Molecular Tension Fluorescence
Microscopy (MTFM) imaging on supported dylers was carried out using ratiometric

probe$ 1° but these induced artificial clustering or employed thvag energy tnsfer,

72



which hinder quantitative analysis. Moreover, we found that conventional MTFM ptobes
are static quenched and poorly suited for FLIM. Thus, we reporeagi@eered DNA

based FLIMFRET probe that circumvents these problems. To better unaéstdosome
tensile forces, we apply a recently developed famentation analysis technique to
demonstrate that integrin forces are primarily perpendicular to the substrate. Treatment
with pharmacological inhibitors showed that podosome tensile foroesaadirect

consequence of actin polymerization.

Finally, we model pN integrin forces in podosomes and demonstrate that
podosomes exert nN vertical forces on an SLB, in agreement with previously measured
protrusion force¥. Our work offers receptdevel quantitative maps of integrin tension on
fluid substrates and provides direckperimental evidence that podosomes are

mechanosensors with local pN sensitivity.

3.3 Results

3.3.1 Podosome actin content correlates with R@Dbe depletion

Cyclic Arg-Gly-Asp-D-PheLys (cRGDfK, RGD) peptides were tethered to the
SLB through DNA oligonucleotides-{gure17a, Table A1, Table A2, Figure Al,Figure
A 2,Figure A 3Figure A 4). RGD-functionalized SLBs displayed a lateral diffusion
coefficient of 1.41+ 0.07¢ m~ 2-1 (Bigure 16b)°. Within tens of minutes of culturing
NIH 3T3 fibroblasts onto these substrates, we observed the formation of poddsome
adhesion$ 8. These adhesions were actin rich, excluded the RGIB ligand (Figure
16c) and were surtended by vinculin and phospipaxillin (Figure A 4). Since these

podosomdike adhesions contained the key elements of podosomesrefer to these
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structures as podosomes throughout this manuscript. The depletion eDR&DRvas
caused by pushing forces generated by the protrusive actih blate that these forces
exclude RGBDNA but do not rupture the underlying SLBigure A5), which is largely
incompressiblg 251252, The tactinrich core of podosomes was alucalized with RGD

DNA (Figure 16d), and increased actin content correlated with RGD deplekmure

16e). Podosomes thdepleted more RGD (measured by % decrease in fluorescence) also
had larger depletion radirigurel6f). Given these data and the published findirag #ttin
content and protrusion forces display similar beh&%idt, we reasoned that RGD

depletion serves as a suitable proxy for podosome protrusive forces on an SLB.

3.3.2 MT-FLIM maps pN receptor tension and clustering on SLBs

To determine whether integrins apply tensile forces in podosomes on an SLB, we
developd MT-FLIM to visualize receptor forces applied on fluid membranes. MTFM has
permitted mapping of receptor forces on rigid substfafigs’ 106 208 210, 211,253 254 1yt jg
challenging to apply on fluid interfaces such as SLBs, because tesigiai and probe
density are convolved as receptors clifétdiwo ratiometric approaches have aimed to
address this problem. The first used 15 nm particles tagged with MTFM probes and a
reference dyé,but this leads to artificial clustering of receptors as they bind to the
multivalent ligands presented by the aparticle, which may modulate integrin
signaling®® 26, A later method leverages DNBased MTFM probes tagged with elr
organic dye¥; however this probe likely experiences difficult to correcotighspace

energy transfer pathways between the three chromophores.
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Figure 16 NIH 3T3 Fibroblasts form Protrusive Podosomes on SLBs

(@) (Left) Schematic of the SLB podosome model. (Middle) Schematic of a single
podosome ahe celtSLB interface across the black line. Podosomes exclude RGiies

at their protrusive core. (Right) Zoomed schematic of a single DNA probe. (b)
Representative images and mean intensity plot of fBIA probes in a fluorescence
recovery after pnobleaching experiment. Data were normalized to the SLB intensity at t
=0 s. DNA probes had a diffusion coefficient of 1#40.07¢ rAs™1 (Mean + s.e.m., n =

9 FRAPSs, 3 experiments). (c) Representative podogomang cell on an SLB decorated

with singlestranded DNA probes. Cells were transfected LifeAct to visualize actin cores.
Scale bar, 5 &m. (d) L iedirepoadosome imc eRGRP ands acr
actin intensity are normalized to the SLB background. (e,f) Scatter plots of actin intensity
versus depletion (%) and depletion (%) versus depletion radius. All data were normalized
by the brightest podosome per cell to acd¢danvarying LifeAct expression. (r = 0.657,
0.604, N = 161 podosomes, 23 cells, 3 experiments).
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We hypothesized that FLIM could be used to map receptor forces on fluid
membranes, because fluorescence lifetime is sensitive to energy transfer bueisdedep
of dye concentratid. We functionalized SLBs with FREFased DNA tension probes
containing binary DNA hairpins with a tunal#te-threshold and two linker arms; the
threshold is defined as the force equilibrium at which 50% probes(Bjmrire17)*°. The
bottom arm was hybridized to a biotinylated quencher strand containing an internal
deoxythymidine BHQ1 modification. We selected this site for the quencher to ensure that
the probe was FRET quenched, as absorbance spectroscopy demonstrated that
convenional MTFM probes are static quenched and thus poorly suited for REipre
A 6). The upper arm of the DNA hairpin was hybridized to a Cy3B ligaaddtrontaining
cRGD. At rest, closed probes are FRET quenched, with a low fluorescence intensity and a
short fluorescence lifetime. When integrin receptors bind and transport DNA tension
probes into nascent integrin adhesions, the probes are clustersidgcan increase in
fluorescence intensity. If the applied force equals or excéegshen the DNA hairpin
unfolds, causing an increase in both fluorescence intensity and fluorescence lifetime

(Figurel7a).

Because of the limited photdudget®” >*2and t he probesdé mul |
fluorescence decayl@ble A3, Figure A7a-c), we resorted to fitree FLIM imaging in
which the average lifetime is reported as the barycenter of photon arrival time. By this
definition of average lifetime, multiexponential decays do not exhibit a linear relationship
between average fluorescence lifetime and FRET efficRériéyTherefore, we generated

empirical calibration curves to relate the percentagepgned DNA probes to the
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measuredluorescence lifetimergure17b). This was achieved by imagigsmall library
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Figure 17 Fibroblasts exert pN integrin tension in podosome rings on SLBs

(&) MT-FLIM probes report clustering and tension. 1. In closed probes, ¢
fluorescence (Cy3B) is FRET quenched by BHQ1 quencher. 2. Receptor bindir
clustering increases probe densitgldocal intensity. 3. When integrin receptors ap
tension abovéd-2, MT-FLIM probes unfold, yielding a massive increase in b
fluorescence lifetime and fluorescence intensity. Note that DNA hairpins are
and thus are either in the open or ctbsenformation.
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Figure 17
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of SLBs presenting a mixture of opened and closed DNA pr@hgsre A7 d,e).We also

characterized these SLBs using epifluorescence to determine probe quenching efficiency
(Figure17c) and measured intensity and fluorescence lifetime as a function of probe density
(Figure A8). We found a subtle decrease in probe lifetime with increasing probe density.

However, this effect was minor compared to the effect of forediated hairpin opening.

To map the podosome tensile landscape, we im&ged 4.7 pN tension probe
signal generated by podosotimeming fibroblasts on SLBsHgure17d). In the photon
counts channel, we observed three populations of signal: neggtne¢ sorresponding to
actinrmediated depletion at the podosome core, bright rings that surrounded the depletion
zones, and bright puncta distributed across theSteél junction, which we termed integrin
clusters. Both clusters and podosome rings coloedlivithbl integrin, confirming that
they were caused by integnmediated adhesion&ifure A9). The fluorescence lifetime

increased in podosomes, indicating that integrins mechanically unfolded DNA hairpins
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withFO 4.7 pN. I n contrast, the bright punct e
in lifetime; thus integrin forces were <4.7 pN ie#ie regions. Using our calibration curves
combined with the average lifetime maps, we calculated the percentage of opened probes.
By combining these data with a mathematical framework, we also extracted the local probe
density A.1.2.1 Determiration and interpretation of percentage of open probes and
local probe densily To understand the limits of detection in low density regions, we
analyzed MTFLIM photon statisticsA.1.2.2 Discusson of MT-FLIM Photon
Statistics Figure A10). Note that low photon count pixels, such as within depletion zones,
produce less reliable lifetime values; these pixels were excluded according to lifetime and
photon count cutoffs describ@udA.1.2.2 Discusson of MT-FLIM Photon Statistics
(Figure A11l). Images represent the accumulation of signal over one minute, so there is
some spatiotemporal averaging. Nevertheless, these images provide the first quantitative
maps of integrin forces ome&LB and within podosomes. Moreover, our conclusions are
generalizable: MIFLIM imaging of Sretransformed mouse embryonic fibroblasts
indicated that this spatial distribution of forces is also common in invadosomes and

invadosome beltd~gure A12).

We next challenged podosomes using a more stable hairpinFwith 19 pN.
Fluorescence lifetime increased in podosome rings but corresponded to pdovestage
of open probes. This suggested that a smaller subset of integrinEappl 9 pN compar
toFO 4 . Figuplre,f. Control experiments employing a linear DNA duplex lacking
a hairpin secondary structure exhibited nearly identical photon counts signal as the hairpin
probes, showing regions of depletiand bright puncta. These regions did not exhibit

significant changes in fluorescence lifetime. In addition, control experiments in which the
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fluorophorequencher pair and ligand were separated onto two independpresanted
DNA probes showed no changefluorescence lifetimeRigure A 13). Together, these
data confirm that changes in lifetime are due to integradiated mechanical unfolding of

the hairpin.

To investigate the timeourse of podosome mechanical force generation, we next
collected timelapse MFFLIM images of cell spreading and podosome formatkigure
179, Figure A14). Within 20 min of plating, cells formedynamic integrin clusters which
lacked detectable forces. Clustering was followed by tension and podosedieted
depletion. Depletion was either preceded by tension (as shown) or occurred simultaneously
with tension. Note that resolving the order of events with higher time resolutisn wa
difficult to achieve because of the 60 s FLIM acquisition time. Nonetheless, we found that
integrin tension increased as podosomes became larger and more protrusive. Podosomes
tended to move outward toward the cell periphery, and clusters gregnrmyopodosome
formation at common nucleation sites or by splittir@y@re A14). These timaesolved
tension measurements show tighpatiotemporal coordination between podosome

protrusive forces and tensile forces at the single podosome level.

3.3.3 Podosome forces are primarily vertical

Given that SLBs cannot support lateral traction forces and that actin cores exert
pushing forces on theibstrate, we hypothesized that the integrin forces in podosome rings
would be primarily oriented in the vertical direction. Alternatively, the protrusive
podosome core could serve as a diffusion bafrférto support podosome lateral forces.

To test this, we used Molecular Force Microscopy (MEMpa recently developed
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fluorescence polarizatiebased method to quantify the direction of recefwoces Figure
18a-d). Whereas MFLIM reports the magnitude of tension, MFM maps force orientation.
DNA-based tension probes reorient in the direction of applied integrin forces. In MFM,
cyanine fluorophoresre rigidly coupled to the DNA dupléX. Thus, integrin forces
dictate both the orientation of the DNA tension probe and of its attached fluorophore. MFM
utilizes excitation resolved polarization microscoy measure the orientation of the
fluorophore in order to deduce the straHi2dA orientation. MFM leverages mechano
selection, in which only open probes contribute significantly to fluorescence and
polarization signal, thereby suppressing the contribubiononoriented closed probes.
Accordingly, we substituted MFLIM probes for static quenched tension probes, in which
the Cy3B fluorophore and BHQ1 quencher are in direct contact, thus offering mechano
selection of the Cy3B signaFigure 18a, Figure A 15a-b). Although these probes lack a
density reporter, they provide a suilgroxy for integrin forces in this system, because
podosome rings tended to show only minor enrichment in thé-MW density channel
(Figure17d). We confirmed that the effects of clustering and dynamics were minor using
linear MTFM probesKigureA 15c-g). MFM fluorophore orientation measurements were

validated using a membrabead standard as recently describéigure A16).

MFM analysis of podosome ringsiggested that forces were primarily vertical or
disorganizedKigure 18b-d, Figure A16g). The average podosome tilt angle per cell was
21° + 2° from vertical. In comparison, integrins in fibroblast FAs on glass exert forces with

a tilt angle of40° + 2°21, MFM has limited sensitivity to tilt angles less than 20° from the
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Figure 18 Integrins exert vertical forces in podosome rings

(a) Schematic of MFM on an SLB. When an integrin receptor binds and applies

above 4.7 pN, the prohefolds and generates Cy3B fluorescence. Probes orient :
the applied force vector, allowing determination of the tilt angl&édm the excitation
polarization dependent Cy3B fluorescence. (b) Representative podosome MFI
after ~90 min cell spreany. Total tension is the maximum tension signal per pi
which corresponds to the excitation polarization best aligned with the average pe
Cy3B orientationPodosome zoosins depict the normalized Cy3B fluorescence at f
different excitation plarizations. (c) Computed tilt angle map for the cell shown it
(d) Angular histogram of average podosome tilt angle perctell, Ver t i c ¢
indistinguishable within the ~20° cone, represented by the blue region (N =

experiments).

normal and becomes msusceptible to noise for these small tilt anglésrefae, these
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MFM results are consistent with podosome tension that is primary oriented normal to

the SLB substrafé.

To support our MFM result, we performed emissiesolved polarization
measurements (Figure A17). Here, any global organization in the lateral component of
podosome forces within the ring will lead to bright nodes in fluorescence anisotropy. In
agreement with a model of vertical force generation, we found no organized pattern in
podosome fluoresceacanisotropy. This confirms MFM measurements, indicating that

podosomes on SLBs lack an organized traction force component in the plane of the SLB.

3.3.4 Integrin forces are actin but not myosin lla dependent

To understand the mechanism of integrin force geitarin podosomes, we treated
cells with a panel of smaiholecule inhibitors and quantified changes in 4.7 pN tension
and core depletion size using MFLIM. We first treated cells with Y27632 to inhibit Rho
kinase and found that integrin forces werediotinished Figurel19a,b). Surprisingly, we
observed an increase in the percentage of open probes and core depletibigsige(

184). To test whether this observation was caused by myosin Il inhibition, we treated cells
with blebbistatin Figure A 19a-c). Although it was reported that blebbistatin releases
tension on genetically encoded vinculin tension sensors in macrophages on immobile
ligand$?, we observed only a shg change in integrin tension (p = 0.0464). Podosome
core size was not affected (p = 0.3603). We further validated this result by knocking down
MYH9, the myosin lla head domain. No significant changes in podosome depletion or
tension were observed wheviYH9 was knocked downFjgure A 19d-h). Because

actomyosin contractility was largely dispensable in generating tension in integrin receptors
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on SLBs, we ne treated cells with jasplakinolide, which is a potent actin stabilizer and
polymerizer that causes reorganization of the cytoskeleton into disorganized agfegates
260 Following 500 nM Jasplakinolide treatmefot 8 min, core depletion area decreased,
and integrin tension in podosome rings weduced Figure19c,d, Figure A18b). These

data support a model in which actin polymerization in the podosome alone is sufficient to

support integrirbased tension in the podosome ring complex.
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Figure 19 Actin polymerization drives integrin tension

(a,c) Representative before and after-MOIM images of NIH3T3 fibroblasts on 4.7
pN MT-FLI M pr obes treated with 50 &M
respectively. (b,d) Average percent open probes in podosomes per cell before a
drug treatment. Bie and red lines represent an increase or decrease in percen
probes per cell, respectively. Grey horizontal lines represent the median percer
probes. Statistics were performed with a #aed Wilcoxon matchegairs signed
rank test. At least34 cells from 3 experiments were analyzed per condit
***x*pP<0O.0001. AlIl scale bars, 5 &gm.

3.3.5 Protrusion and tension engage in a mechanical feedback loop
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We next sought to perturb podosome tengo determine how podosomes respond
to external mechanical inputSigure20a). To achieve this goal, we engineered releasable
MTFM probes by anchorgprobes with a photocleavable (PC) biotin grokigre20a
b). This PC modification allows for optical manipulation of integrin tension with high
spatial and temporal resolutioRigure A20). Cells were cultured on SLBs with PC probes
for ~ 1 hr. Then, integrin ligands anchoring podosomes were severed with a 405 nm laser
(Figure20c). We anticipated that optical release of DNA probes would terminate integrin
tension and cause rapid refolding of the DNA hairpin arguenching of tension signal
in the podosome ring={gure A21). Upon 405 nm illumination of a 7 um”~2 podoseme
containing region, we tracked the changes in tension signal both at the site of photecleavag
(proximal) and across the entire cell (distéigre A22). Although SLBs dissipate lorg
range forces, we still wondered if it would be possibleliserve global changes that were
communicated intracellularly, such as through altered diffusion of adhesion pfotiins
severed podosomes proximal to photocleavage, we observed a massive loss of tension
signal followed by a gradual remounting of tensibigre A21), which can be attributed
to the replenishing of surfaggund ligands by diffusion. In contrast, podosomes distal to

the site of photocleavagexhibited only a small reduction in tension signal.

To quantify the changes in podosome protrusiveness upon loss of integrin tension,
we synthesized PC probes lacking the quenchigufe 20d). Here, Cy3B intensity is
insensitive to tension, and changes in signal exclusively report DNA density. Hence, probe
depletion radius provided a proxy for the change in protrusive forces applied by the

podosomeds actin cor e. meskh¢bore{adspankattat (29shdi vi d
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Figure 20 Loss of integrin ring tension causes local podosome retraction

(a) To test how the podosome network responds to perturbations in podosome t
probes were photocleaved undedividual podosomes, and the proximal and dis
responses were monitored. (b) Chemical structure of PCB, which was incorpor:
the 56 termini of 4.7 pN hairpins.
frames of probe photocleavage witd@5 nm laser. (d) Schematic of photocleava
protrusion probes. When the biotin anchor is cleav#gld a 405 nm laser, the prok
detaches from the bilayer and refolc
to the SLB. Cy3B intensity reports proldensity, and therefore serves as a marke

core size.
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Figure 20 continued. intensity reports probe density, and therefore serveswaskaer
of core size. (e) Representative images of cells and podosomes HE?asednd after
(29 s) photocleavage. Proximal pink boxes indicate the entire region of photocle
Distal green boxes show a representative region across the cell. (f) Bustatiatics
showing the percent change in podosome radius as measured by Cy3B depl
regions cleaved by the 405 nm laser (proximal) and all other regions of th
(distal)..Statistics were performed using a-way ANOVA (control groups ifrigure
A 23). At least 79 podosomes were analyzed per condition, 3. experiments. (
podosomes (median = 3 median absolute deviations) were excluded. ****P<Q.
ScaleBar, 5 &m

photocleavage and found that core depletion radius was reduced proximal to photocleavage
(-23.5% 17.0%). Distal to ablation, podosome radius was slightly reduced (me&9 =

13.8% change(Figure20e,f ,Figure A23). Control experiments confirm that mechanical
perturbations were largely responsible for the observed changes in signal, with
phototoxicity contributing minimally at the 29 s time poifigure A21,Figure A23).

Note that at later timgoints, some cells do show some ligntdiated podosome
disassembly. These results confirm local mechanical feedback between integrin tension
and actin protrusion as the primary mechanism of force balance in podosomes on SLBs in
this 3T3 cell line and suggt that there may be a minor contribution of mechanical
coupling across the podosome network. Other pododomeng cell types such as

myeloid cells may display different levels of podosemoelosome coupling.

3.3.6 Efficient podosome formation requires integtension

Given podosomesd tendency to shrink fol
that integrin forces are not only important for podosome maintenance but also for
podosome initial formation and maturation. To test the hypothesis that integrontens
required for the efficient formation of podosomes, we employed Tension Gauge Tethers

(TGTs), which limit the magnitude of integrin foré&¢Figure 21). Here, TGT probes
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consist of a Cy3Babeled DNA duplex that is anchored to the SLB. Upon the application

of integrin forces that exceed the tension tolerafeg (efined as the thresholdrte
leading to mechanical melting at the 2s time scale) of the probe, the duplex irreversibly
ruptures. Thus, TGTs limit the maximum tension per recepigufe21a). TheTi value

can be tuned by changing probe geometry. In the Unzipping Mode, the cRGD ligand and
biotin are on the same terminus of the duplex, Bad 12 pN. In the Shearing Mode the
biotin anchor and the cRGD ligand are on opposite sides of the dupleXiand6 pN

(Figure 21b). TGT experiments ra unique in that they present chemically identical
substrates that differ in their molecular stiffness. Thus, these experiments could also be
used to test whether mechanosensory podosomes have piconewton sensitivity. We
hypothesized that podosomes woutd densitive to these pN changes in ligand stiffness

and that 12 pN TGTs would hinder podosome formation.
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Figure 21 Podosomes maturation requires F>12 pN integrin tension

(a) Schematic depicting integfifGT interaction on an SLB. First, an integrin recep
binds to a TGT duplex on the SLB. Upon integrin forcesor the TGT irreversibly
ruptures, creating a transient local concentration gradient. Probe density is reple
through diffusion, and the cyelrepeats. (b) i is set by relative orientation of th
cRGD ligand and the biotin anchor. (c) Representative images of podosomes on
Scale bar, 5 &m. (d) Cel |l area on T
were performed with a Rarfkum Test. At leas?32 cells were analyzed per conditic
3 experiments. (e) Percentage of cells forming podosomes on TGTs. Bars repre:
meant s.d. (error bars), and teal circles represent individual experiments. Sample
compared using an unped twotailed Students -Test. At least 76 cells were analyz
per surface, 3 experiment$) Scatter plot showing the number of podosomes per
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Figure 21 continued.in podosomeforming cells on 12 versus 56 pN TGTs. Teal b
represent the median. Statistics were performed using a Rank Sum Test. At I
cells were analyzed per condition, 3 experiments. Outliers more tiagr®es above
the upper quartile were eliminated. (g) Scatter plot showing the mean podt
depletion on 12 versus 56 pN TGTs. Teal bars represent the mean depletion. S
were performed using a twailed unpaired Students-Tlest. At least 25 dis were
analyzed per condition, 3 experiments. (h) Haggse images of podosome emergel
and dissolution (12 pn) or maintenance (56 pN) on TGTs. Cells spread for 2 ho
TGTs prior to imaging for all panels, except in h, in which cells were imagttewas
spread on the SLB. **p<0.01, ****p<0.000&cale bar5¢ m.

On 56 pN TGTs, cells exhibited increased spreading area,-&oid Biore cells
formed podosomes compared to SLBs with 12 pN TEigi(e21c-e). Within podosome
forming cells, the number of podosomes per cell and the mean depletion in podosomes
were significantly reduced on 12 pN TGTadure21f,g). This data reveals that limiting
integrin tension to a value of 12 pN produces weaker protrusive forceslapseimaging
of cells cultured on TGT substrates revealed that cells fornoebsomemediated
depletions regardless of, but podosomes tended to be smaller and more transient on 12
pN TGTs compared to on 56 pN TGHRdure21h). Thus, podosome growth and stability

is directly regulated by integrin forces.

3.4 Discussion

Although previous works have suggested that podosomes function as independent
mechanosensors, the nature of the mechanical linkage between the substrate and the
cytoskeleton was unknowt®® 76 79248 Our work demonstrates thpbdosome integrin
receptors apply pN vertical tension to their ligands, and that these tensile forces are required
for actin core polymerization. This is a significant departure from past works, which have

used the SLB model as evidence that podosome fammaccurs in the absence of
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adhesion forces and have stated that integrins cannot apply forces to ligands on fltid SLBs
8595 Instead we observed the formation of integrin clustefsliowed by core and ring
growth that coincided with at least 19 pN integrin tension in the ring. Clustered integrins
not associated with podosomes on SLBs didapply detectable forces. To contextualize
podosome forces on SLBs, we used our data to parameterize a simple adhesion model
(Figure 22a,b). Each indidual podosome applied nN vertical tensile forces, which was
the sum of pN integrin tension and was strikingly similar to the protrusion forces measured

for podosomes on FORMVAR, which is néinid’®.

A key guestion in the podosome literature is whether podosome tensile forces are
generated directly from core polymerization or whetletomyosin contractility is
required to generate tension in the iy '* . Our work validates a modeFigure22c)
of polymerizationinduced tension otie ring, as integrin tension was abolished when actin
polymerization was perturbed. Few works have reported podosome formation on substrates
lacking ligand® %%, leading to a hypotsis that the podosome architecture can sustain
tension without receptor forc€sOur TGT data disagrees with this model, demonstrating
that firm integrin adhesion is required to form stable and protrusive podosoroestramst
to works performed on rigid substreffeg® > 261 our data support a model of local
podosome force balance that is independent of myosin lla contractility. Cambi, et. al.
reported that myosin lla inhibition led to increased actin core intensity by shifting the
feedback between contractility and protrusidaniWe doserved a similar increase in core
depletion area and tension signal with Rho kinase inhibitor. It will be important to identify

which myosins play a role in this vertical force balance feedback on an SLB. An interesting
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candidate is myosin 1, which hasbeshown to localize to podosome cores and to apply

forces when anchored to a fluid membr&hédz 263,

a b.
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Figure 22 Podosome ring modeling estimates nN tensile forces.

(a) Schematic and equation for modeled podosome tensile forces on an SLB. M
podosome consist of a 1 em outer rad
protrusion forces on the SLB, and the integrin receptors in the adhesion ring
tengle forces. Modeled podosomes were parameterized using dat&igone17 and

Figure A18. Sc al e b a(b) Plot &f rifg teasite.forces as a function of the |
receptor forcelint.. The dashed line indicates total tensile forces assuming 1 prok
biotinylated lipid, andhe black data point represents the minimum force predicte
MT-FLIM. Confidence intervals and error bars correspond to 0.5 to 2 probe
biotinylated lipid. (c) Model of podosome forces on an SLB. Individual podosol
exert protrusion forces on the Blwith the actin core, while integrin receptors tug
RGD ligands in the ring domain. Podosomes experience strong mechanical cc
between protrusive and tensile forces. This coupling is focused within a ¢
podosome and is weak-between podosomeshis equilibrium can be shifted throug
myosin or actin inhibition. Podosomes with more actin content have smaller deg.
areas and exert less tension. Receptor clusters that are not associated with poi
do not experience detectable forces.
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Ourresults should be considered in the context of a few important caveats. While
fibroblasts provide a robust model to study podosomesitro, to our knowledge,
fibroblasts have not been shown to form podosameiyo. Another corollary point is that
the mechanical properties and the stiffness of the substrate will likely influence podosome
dynamics. While MTFLIM quantitatively maps integrin tension on fluid substrates, this
signal is subject to some spatiotemporalvadation, and fast changes in tension will be
obscured during the omainute acquisition. Furthermore, regions of low photon counts
such as podosome depletion regions may be disproportionately affected by the diffraction
limit. These issues will be addreskas superresolved and faster FLIM electronics become

more widely available.

Nevertheless, our work provides valuable mechanobiology tools and ir&lidis.
offer a unique landscape to study the minimal mechanical machinery required for
podosome formatim, and DNA probes provide a powerful method to map and manipulate
molecular forces.While RGD ligands on an SLB are more mobile than in physiological
ECM, their mobility can recapitulate degraded E€Mvhich is relevant to podosome and
invadosome biologi “8. During cancer cell invasion, cells alternate between periods of
integrin and invadosommediated matrix degradation and migraffdn2%% Thus,
podosome retraction following adhesion photocleavage may provide a model to understand
how changes in tension can regulate function. While-FlIM has some current
limitations in its temporal resolution, this method offers a unique solution to mapping
forces at fluid interfaces and is a departure from past methods in its incorporation of a
parameter that uniquely reports forces and is not subject to intramolecul@sdfence

crosstalk. Photocleavable probes provide a method to perturb individual adhesion
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structures with minimal disruption to the cell body and without changing the extracellular
environment’. Beyond podosome biology, MFLIM and photocleavable probes will be
useful in studying immune cell interactions, Nof2blta signaling, and adherens
junctions: 126265 Flyorescence lifetime is an improved indicator of density versus tension,
andbecause hairpin probes unfold specifically under receptor tension, all measured forces
can be attributed to integrins rather than to the vertical force balance vector that arises at
the contact line between a liquid droplet applying pressure on a sigdratg®®. In
conclusion, we introdec and apply powerful DNA mechanotechnology tools to

demonstrate the role and regulation of receptor forces on fluid substrates.

3.5 Methods

3.5.1 Sample Preparation, Purification, and Characterization

3.5.1.1 Probe Synthesis and Purification

All oligonucleotides Table Al,Figure Al) were custom synthesized by Integrated
DNA Technologies, except for BH®Q modfied oligos, which were custom synthesized
by Biosearch Technologies. 1@0gcyclo [Arg-Gly-Asp-D-PheLys(PEGPEG)] (PCF
3696PLPepti des I nternati onal )azided88903 dhermec at e d
Fi sher Scientific) i n 14, MiliporedSigma forliydur. sul f o
The azidemodifiedcyclo [Arg-Gly-Asp-D-PheLys(PEGPEG)]peptide was purified via
reversephae high performance liquid chormatograph (HPLC) with a Grace Alltech
C18 column (0.75 mL minl flow rate; Solvent A: Nanopure water + 0.05%
trifluoracetic acid (TFA), Solvent B: acetonitrile (BDH83639.400, VWR) + 0.05% TFA;

starting condition 90% A + 109, 1% per min gradient B)F{gure A 2a). Follwing
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HPLC purification, products were dried in an Eppendorf Vacufuge plus). Subsequently,

the azidemo di f i ed peptide was |l igated to DNA
modification using coppecatalyzed azidalkyne cycloaddition (CuAAC). Briefly, 5

eL of 1 mM oligonucl eoti de wa s-peptelaictheed f or
presence of 1thM sodium ascorbate, 1 mM copper sulfate, and 0.8 mM THHDA(,

Click Chemistry Tools). Theeaction was purged under.NIhe product was purified

using reversg@hase HPLC with an Agilent Advanced oligo column (0.5 mL mirflow

rate; Solvent A: 0.1 M EAA, Solvent B: acetonitrile; starting condition: 90% A + 10%

B, 1% per min gradient B). Oligos were conjugated to Cy3B NHS eB#&6310Q GE

Heal t hcare) in a 10 ¢ LNHSe&ascedadted with-83Bnfbols e g e X «
aminemodified DNA in 1x phospate buffered saline (PBS) and 0.1 M sodium
bicarbonate overnight. The product was purified using a P2esizkeision gel to remove

excess dye prior to HPLC purification. Reverse phase HPLC was performed with an
Agilent Advanced oligo column as describeaab (Figure A2b-d). Final products were
resuspended in Nanopure water. If significant excess dye remained fadFLMT

strands, the DNA wagepurified with an amicon filter (Amicon Ultr@.5mL,

Centrifugal Filters, UltraceBK) or with HPLC. Starting material and final masses were

confirmed using MALDITOF (Figure A3,Table A2).

3.5.1.2 Mass Spectrometry

Oligonucleotides in Nanopure water (18.20M Barnst eaelept@h opur e
in a 1:1 vol/vol ratio with saturatedt8/droxypicolinic acid (56197, Millipor&igma) in
50% acetonitrile, 0.1% trifluoroacetic acid, and 5 mg rilammonium citrate. Dried

samples were massed withatrix-assisted laser desorption/ionizatiome of flight
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(MALDI-TOF) on a Bruker Daltronics ultraflex 1 TOF/TOF and analyzed using

flexAnalysis 3.4

3.5.1.3 Small Unilamellar Vesicle (SUV) Preparation

SUVs were prepared using a 10 mL LIPEX Extruder (Transferra Nanosciences,
Inc.). Lipids were mixed in ~50& L c hl or o fl,2diokeoylsnglycdéro3-
phosphocholine (DOPCBH0375C Avanti Polar Lipids) as the base lipid. Biotinylated
lipids were incorporated at 04b2 mol% 1,2-dioleoytsnglycero3-
phosphoethanolamiré-(biotinyl) (Biotinyl Cap PE) 870282C, Avanti Polar Lipids). To
directly tag the membrane in control experinge™-(Fluoresceirb-Thiocarbamoyb1,2-
Dihexadecanoysn-Glycero3-Phosphoethanolamine, Triethylammonium Salt (FITC
DHPE) (23304, AAT Bioquest) was incorporated at 0.1 mdlfpids were dried first by
rotary evaporation and second by uligh purity No. Lipid cakes were resuspended and
sonicated in 3 mL nanopure water (final concentrattfomg mL”1) prior to performing
three freezeéhaw cycles. SUVs in Nanopure water were then extruded 10x through a 0.08
em pol ycar b oMialtlos04 fWihdtntae)r spparted by a drain disc

(WHA230600, Whatman)SUVs were used within ~2 weeks.

3.5.1.4 Supported Lipid Bilayer Preparation

Planar supported lipid bilayers (SLBs) were prepared on either uncoated glass
bottom 96 well plates26530Q Nunc or 820582, Greiner) or giss coverslips (48382
085, VWR). Coverslips were washed and sonicated 3x in nanopure folddered by
sonication in ethanol. Coverslips were dried at 90°C overnight and cleaned in piranha

solution (3:1 sulfuric acid and 30% hydrogen peroxide; cautioranpit acid is
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extremely corrosive and can explode if exposed to organic materials). Cleaned
coverslips were washed 3x in nanopure water and were mounted into coverslip chambers
in 1x phosphate buffered saline (PBS) for SLB formation. Alternativelyw8b plates

were etched for -B hrs in 2.6 M sodium hydroxide and were washed with 10 mL
nanopure water and 5 mL 1x PBS. SLBs were formed by adding SUVs to etched glass
for at least 5 minutes and were washed in hanopure water and 1x PBS prior to the ~25
min blocking with 0.1% bovine serum albumin, Fraction V (10 735 078 001, Roche
Diagnostics GmbH). Unless otherwise stated, all experiments were carried out with 99.9
mol% DOPC and 0.1 mol% BiotimCap PE. Blocked SLBs were washed with 5 mL 1x

PBS and then satued in 90180 nM streptavidinA101, Millipore Sigma)for at least

45 min. Excess streptavidin was removed with 10 mL 1x PBS, and SLBs were incubated
with 30 nM DNA for at least 45 min. Functionalized SLBs were washed in 10 mL 1x
PBS and then buffer exchged into hanks balanced salts (Millipgdggma) for all

imaging. To stain the membrane, SLBs were shaken for 30 min at 240 rpm with 10%
(v/v) 2 5D b-BORQIPY&L Cs-HPC (2-(4,4-Difluoro-5,7, Dimethyt4-Bora
3a,4aDiazas-Indacene3-Pentanoyhl-Hexadecaonysn-Glycero3-Phosphocholine
(D3803, Ther mo Fi sher) or were -IhXubated
dioctadecyi3,3,3',3‘'tetramethylindodicarbocyanine,4

chlorobenzenesulfonate sgDiD) (D7757, ThermeFisher) (DID).For MFM bead
experiments, SLBs were assembleddon e m si |l i ca beads (SSO06N,
100 eL of-l11bemgdsmLWere rocked withbeddd 0O €L
were washed in 1x PBS and purified 3x with centrifugation (5 min, 2000 rpm). Rlurifie

SLB-beads wer e i ncubat ed1l1,-dosiadetyd3 , 35- 3 Nj,e VN;j
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tetramethylindocarbocyanine perchlorate (DA%8495, Thermd-isher) for 15 min. Free

dye was removed by washing and pelleting 3x in 1x PBS (5 min, 200Gtpm)

3.5.1.5 DNA Hybridization

DNA oligonucleotides in 1x PBS were heated t6®@€r 5 min and cooled at 25°C
for 25 min in a 0.2 mL Thermowell tube. The ligand strand was added in 10% molar excess
except for in absorbance spectroscopy and photocleavable experiments, in which strands
were added in a ratio of 1:1:1. To chemically mpension probes, tension probes were

hybridized with 10x molar excess complementary sequg@figare A6a).

3.5.2 Experimental Methods

3.5.2.1 UV-Vis Spectroscopy

Oligonucl eotides (10 €L of 2.5 M hairp
above to assemble closed tension probes in solution. Following hybridization, thermowell
tubes were fit inside microcentrifumge tube:
was adjusted to ~2.5 €L wusing nanopore wat
~10 €M in 4x PBS. Three absorbance spectra
of 0.1 cm on a Thermo Scientific Nanodrop 2000c spectrophotometer. Thisgreaes

repeated in the presence of 10x molar excess of the complimentary strand for each sample.

3.5.2.2 Cell Culture and Transfection

NIH 3T3 fibroblasts and Mouse Embryonic Fibroblasts stably transformed with SrcY527F

(MYF) were culturedonnofDudbelce®®d sMevibidu rh i (cxaN
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Corning) with 10% Fetal Bovine Seruntd$DAFBS, MidSci) 2.5 mM L-glutamine
(G8540, MilliporeSigma) 1x penicillin streptomycin (9706308, VWR) Cells were
incubated at 37°C in 5% CGOCells were passaged at ~80% doahcy. NIH 3T3
fibroblasts were gifted from colleagues at Emory University and were authenticated by
IDEXX Bioresearch Figure A24). Cells were imaged in Hanks Balanced Salts (H1387,
Millipore-Sigma), pH 7.4. MYF cells were stably transfected and gifted by Olivier

Destaing.

NIH 3T3 fibroblasts were transfected in a 3:liaeof LifeactmCerulean7 (#54713,
Addgene) and polyethylenimine (23966 Polysciences, Inc.) (8 g nril. pH 7)in
Optimem for 24 hours prior to confocal imaging with the pinhole fully opéro
knockdownMYH9, NIH 3T3 fibroblasts were transfected withpofectamine RNAIMAX
(13778030, Thermo Fisher) arBMARTpool: ONTARGETplus MYH9 siRNA (D-
04001300-0005, Horizon Dharmacon) d®N-TARGETplus Nortargeting Pool (B
00181010-05, Horizon Dharmacon) as a control. Transfection was performed according
to theRNAIMAX manufacturers protocol in a-@ell plate. Total volume was 2 mL, and
media was changed ~48 hours following transfection. 72 hours following transfection, cells
were assayed for podosome formation on SLBs using-MM and were plated on glass.
Knockdown was functionally validated by assessing stress fiber formation in transfected

cells ~12 hours after plating.

3.5.2.3 Immunostaining

For staining on an SLBYIH 3T3 fibroblasts were fixed and stained on 56 pN TGT

probes following 2 hours cell spreading. Cells were fixed49@formaldehyde in 1x PBS
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for 810 minutes. Cells were permeabilized for 3 min with 0.1% TritehOR and were
blocked with BSA for 30 nm. To characterize the relationship between FRET probe signal
and integrin receptors in clusters and podosomes, cells were not permeabilized, and
blocking was performed with a low concentration of BSA (0.@1% wi/v), as this best
maintained the membrarend clusters. Staining was performed for 1 hour at room
temperature with 1:1000 Alexa 48®halloidin (ab176753, Abcam), 1:5@inculin
Antibody SF9 647 (s@3614 AF647, Santa Cruz Biotechnology), 1:50 Phodgpéeallin
(Tyr1888) Polyclonal Antibody (PA37828, ThermeFisher) followed by 1:5500 Alexa

Fluor 555 goat ariabbit (A21147, Thermo Fisher), or 0 g/ Anti-l nt egr i n b1
Antibody, clone MB1.2 (MAB1997, SigmaAldrich), followed by 1:1000 Alexa Fluor 647

goat antimouse IgGy ( 9 2 b )  {FiShlere asmdicated.Staining on an SLB requires
gentle and gradual buffer exchange to avoid disruption of cells and DNA on the membrane.
For staining of NIH 3T3 cells on glas=zlls were not permeabilized and were stained with
Alexa 488Phalloidin for 30 min. Immnostained cells were imaged using total internal

reflection fluorescence microscopy (TIRFM).

3.5.2.4 Druqg Treatment

Cells spread and formed podosomes on 4.7 pNAUIM probes for ~1 hour prior
to imaging and addition of drug dissolved in DMSO (final DMSO conegiotr ~0.1%).
Cells were either treated with 500 nM Jasplakinoligi®{3, Thermd-isher)for 8 min,
with50e M Y27632 di hyrdochloride (Y0503, Mi |1
e M -)-plebbistatin BO560, Millipore Sigma)for 30 min. Blebbistatin waBrst heated

to 45°C in hanks balanced salts to improve solubBfiity
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3.5.2.5 Microscopy

Epifluorescence and TIRFM were performed on a Nikon Eclipse Ti microscopes
using the Nikon Elements 4.40.00 or 4.13.05 software and a 1.49 NA CFl Apo 100x
objective. To maintain focus duag timelapse experiments, a Nikon perfect focus system
was used. TIRF images were collected with 80 mW 488, 561, and 647 nm lasers using a
Chroma quad cube (EZ05/488/561/640 nm Laser Quad Band) or Chroma quad band
C148022 and IRF Cube C125986. RICM iages were collected with Nikon cube
97270, and epifluorescence images were collected with Chroma cubes 49004 and
C121664. For emission resolved polarization imaging, the emission fluorescence was split
into parallel and perpendicular channels usind\ador TuCam system with a wire grid
polarizer (Moxtek, Andor: TREMFSF03). Fluorescence was projected two Andor
iXon Ultra 897 electrormultiplying chargecoupled devicesThe polarization bias of the
microscope (&actor) was computed by taking the ratictloé parallel and perpendicular
fluorescence emission of fluorescein in solution. To correct for the polarization scrambling
effect of the objective, large numerical aperture corrections were applied to the raw
fluorescence data as previously descriiffed o validate the ability of the microscope to
measure systematic spatial variation in anisotropy producedhigiily ordered
fluorophores, the fluorescence anisotropy of 5 um silica beads coated with DOPC

supported lipid bilayers doped with Dil was measufédure A16) 2.

Fluorescence lifetime and confocal measurements were performed on a Nikon Ti
Eclipse Inverted confocal microscope with a Plan Apo Lambda 60X/1.40 Oil objective and
Nikon Elements 4.40.00. Focus was maintained during timelaspse imaging via a Nikon

perfect focus system. The confocal microscope was equipped with a C2 Laser launch with
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405nm and 561nm diode lasers, Nikon Elements software, and a Picoquant Laser Scanning
Microscope Time Correlated Single Photon Counting (TCSPC) Upgrade with
SymPhoTime 64 2.1.3813. TCSPC settings are summariZeabie A3. FLIM samples

were excited with a 20 MHz pulsed 514 nm laser, and 512 x 512 pixel images were
collected at 0.5 framgsersecond with 0.08 or 0.184 m/ p ana an kverage photon count

rate of~4-6% of the laser pulse rate. Light was filtered using a-lmexgs laser beamsplitter
(H560 LPXR, Analysentechnik) and a 582/75 bandpass filter-8827 Semrock). Laser

light that was reflected by the dichroic was blocked from an additional detectgraisin
690/35 bandpass filter. Average fluorescence lifetime per pixel was calculated using the
Fast FLIM algorithm in SymPhoTime. Only photons contributed by the pasg detector
(582/75) were considered in analysis. Photocleavable biotin experimentpevienened

on the confocal microscope as illustrated-igure 20c. Cells were imaged to identify a
region of interest (ROI) for photocleavage. Then, tiapse imaging was performed using

the Nikon Elements Photostimulation Module. In phase 1, a 561 nm image was collected
(-12 s). In phase 2, the ROI was photostimulated for 5 frames using a 405 nm laser (15%).
Il n phase 3, t he c elery@B seqorads iy cnraging in tha 561 tinr a ¢ k €

channel (0 180 s).

MFM?2! experiments were performed on a customit system Figure A 17a)
consisting of a NikofT2 microscope with a 60x.49 NA objective (Nikon), a cleanup
polarizer, hakwave plate, and a focusing lens (ThorLabs), an Obis 561 nm LS 150 mW
laser (Coherent), and an OR@#ash 4.0 v3 CMOS camera (Hamamatsu) The\vaife
plate was rotated by a motorized mount (PRM1Z8; Thios).adriven by the Kinesis

software.The half wave plate was set in motion at 25 degrees/s (rotating the excitation
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polarization by 50 degrees/s). Once the half wave place reached maximal rotational
velocity, 73 images were taken at 50ms exposure timeik@NrFast acquisition in Nikon
Elements v5.1. Each 50ms exposure image contained the average fluorescence as the laser

polarization rotates through 2.5 degrees of arc.

3.5.3 Molecular Tension Fluorescence Lifetime Imaging Microscopy Calibration

3.5.3.1 DNA ProbeFluorescence Calibration

Closed and openedT-FLIM probes were hybridized as described above and were
combined in known ratios in solution immediately prior to incubation with SEBs.19
pN probe calibration, a scrambled hairpin was used in opened satog®ver theY"O
of hybridizator}'®. SLB fluorescence intensitwas measured using epifluorescence, and
the background subtracted data were fit using linear regression to determine quenching
efficiency (QE). 19 pN and 4.7 pN surfaces did not display statistically significant
differences; thus, intensity data were cameld for this calculation. For MTFM probes used
in MFM and PCB experiments, QE was determined directly from background subtracted

opened and closed images using the equation:

0 0 QENE WQQQO BAB Gpurt 1t P b " (7)

To determine the average fluorescence lifetime ofMLTM probes, surfaces containing

07 100% open probes were imaged using the same conditions aserpeiiments. For

each image, an average fluorescence lifetime histogram was produced frorfrdefect
regions of interest (ROI) in the image. Histograms were generated in SymPhoTime and

contained the default 400 bins across a range of range of 0 to 1ZBensorresponding
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ROI fluorescence decay had =Jghotons in the peak. Data were averaged acres 2
surfaces per condition, and the resulting calibration curves of average fluorescence lifetime
versus percent open probes were fit to a biexponeAtiadlA.1) and used to generate look

up tables.

3.5.3.2 Probe Density Determination

Relative probe density (clustering) per pixel was calculated according to the

following equation:

‘© 0
.&T O Op ¢f

(8)

Here” is probe density,Gs the illumination profile corrected photon coufitis dark
counts, Ois the illumination profile corrected photon counts on the bilayer in the absence
of the cell,0 is the quenching efficiency, agdt is the percent of open probes. For SLBs

with linear probes lacking a stelmop structure, the percent open was assumée zero.

3.5.4 Analysis, Modelling, and Statistics

3.5.4.1 Image Processing

Image processing was performed in MATLAB 2018a (MathWorks) using-aetamated
custom scripts unless otherwise stated. Nikon ND2 files were directly transferred into
MATLAB using the Bioformats Toolbox. Linescans were generated in MATLAB or
ImageJ, and kyographs were generated in FIJI using the MultiKkymograph plugin. The

diffusion coefficient,’O, was calculated according to the following equation:
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O 0 Tto 9)

n which 0 is the radius of the bleached region andis the time of 50% recovery

determined by exponential curve fitting. MALIM analysis methods are described in
A.1.2.1, A.1.2.2,and Figure A 11. Photocleavable biotin timelapse experiments were
processed as shown fiigure A22. ForLifeAct analysis, podosomes were identified by
intensitybased thresholding of RGD depletion, and podosomes multiples were separated
with a 2pixel line. Clear single podosomes were selected by hand. For each cell, the data
were normalized to the corresgbng measurement from the podosome containing the
brightest LifeAct signal. For tim@apse image analysis, podosome tracking was performed
by hand starting with the final frame and selecting the center of each podosome or
corresponding cluster until itsreergence or the timkapse start. To track clusters, images
were thresholded based on size and lack of local depletion zone in MATLAB and then
tracked using TrackMate in FIJI. Cluster tracking did not allow merging or splitting events.
For TGT analysis, mause some 12 pN podosomes were challenging to identify
computationally, podosomes were counted and identified manually. To determine percent
depletion, the centroid of each podosome was selected and dilated by 2 pixels.
Fluorescence intensity was then qgtfeed within the dilated regionSemiautomated
analysis codes are available on the Salaita Lab GitHub pHegd.imaging was analyzed

in MATLAB using published' code that was modified to threshold podosome rings. The
XY orientation of the force was given by the phase of the sinusoidal fluorescence variation,

while the amplitude of theinusoidal variation gave information about the Z orientation.
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To determine the anisotropy from emissi@solved polarization images, large numerical

aperture correction factors were applied in MATLAB

3.5.4.2 Podosome Model

To determine the net integrin tensile force exerted per podogsomewe modeled
a podosome with an outer radid§,of le m and deplienieon radius,
(Figure A18). Using the published value for the DOPC footprint within a memBf&ne
we calculated the approximate number of biotinylated lipids per square micBased
on our MT-FLIM data and % depletion data, we assumed that probes have a relative
oligonucleotide densityQ, of 0.57 2 probes per biotinylated lipid and that igti
receptors exert  up to 50 pN. Relative probe density, in the podosome ring was
assumed to be equal to that of the SLB background on average. To determine the
magnitude of integrin forces in podosomes, we assumed 10% open probes peér,pixel,
which was roughly equal to our measured ditgure17). Per receptor integrin forces,

"O g were modeled from 0 to 50 pNhus,

¢ Y O aQE P (10)

We also plotted an experimental data point parameterized using the percent open data from
Figure17. Because MAFLIM probes are binary, they can provide the minimum applied
force per receptor but not the absolute force per receptor. For this data poihgwe se

¢ v with & y equals 1%r 4.7 pN. This data represents the minimum force applied by a
podosome on an SLB. For modeling of a hypothetical podosome with isometric tension for

emissionresolved polarization measurements, we modelddeam st r uct ur e ex
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inwards tensildorces with a tilt angle of 20 degredsdure A17c). Codes are available

on the Salaita Lab GitHub page.

3.5.4.3 Statistics and Reproducibility

Statistics were performed in MATLAB 2018a or in GraphPad Prism 7. For
biological experiments, each experiment is defined as one flask or well of cells. For surface
characterization, each experiment is defined as one SLB. Biological experiments were
repeatd at least three times, except for emisgiesolved polarization imaging and
immunostaining ol integrin with MTFLIM probes and actin, which were repeated
twice. Surface characterization was repeated at least twice per condition.-podpsome
data, only podosomes that were in clear focus easily distinguishable, and that met
thresholding criteria were analyzed. P values are reported as ns P>0.05, *P < 0.05, **P <
0.01, **P < 0.0001, **** P < 0.0001. Detailed information on statistical tests,

reprodwibility, and outlier omission are listed in each figure caption.



CHAPTER 4. EVALUATION OF DNA -BASED PROBES FOR

MAPPING RECEPTOR FORCES ON FLUID SUBSTRATES

4.1 Abstract

DNA-based tension probes offer the highest spatial resolution, force sensitivity, and
molecular specificity for cellular tension sensing. Indeed, a number of different classes of
DNA tension probes have been developed to measure molecular forces mgdiatets
platelets, fibroblasts, Bells, and immortalized cancer cell lines. Whitee chemical
structureof fluorophoreoligonucleotide conjugates and molecular bea@assimilar to
that of DNA tension sensprthere remainssubtle differencesin desgn, surface
immobilizationas well as the need for cellular integratibherefore, thereemains a need
for a more detailedspectroscopi@nalysis of DNAbased molecular tension probes for
cellular imaging.More recent integration of DNA tension probes within hydrogels and
phospholipid membranesd the nuansf their design, we conducted a broad analysis
of DNA hairpintbased tension probg using absorption spectroscopy, fluorescence
intensity and Fluorescence LifetimmagingMicroscopy (FLIM) We find thattension
probes are highly sensitive to their molecular design, including donor and acceptor spatial
organization and pairg, DNA baclkone structure, and conjugation chemistry. We
demonstrate the impact of these design features using a supported lipid (Slager
model of podosoméke adhesions. Finally, we offer a series of recommendations
describing the pros and cons of FRB3sedor staticquenching basegrobes when
making measurements on fluid membranes and glass slides, thus providingfarghiee

optimal desigrand applicatiorof DNA hairpinbasednolecular tension probes.
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4.2 Introduction

Cells transmit piconewton (pN) recepforces to ligands in the extracellular matrix
(ECM) and on the surface of adjacent cells. These forces regulate a variety of biological
functiong’®, includingcell migratiorf*2 blood clotting*® 2", and the immune resports&

272 Understanding the precise role of mechanical forces in cell biology requires
guantitative, high-resolution force spectroscopy and imaging. Deformatioased
approaches such as traction force microscopy (TFM) and micropillar array devices are
commonly used and have allowed for the quantification of cellular forces as a function of
material stiffness® 274 A limitation inherent to TFM and micropillar devicisshdar € m
andnN spatal and mechanical resolutipalong with the challenge of measuring the forces
transmitted through orthogonlégandreceptor pairs on the same cell surfabe address
these limitations, our lab developed Molecular Tension Fluorescence Microscopy
(MTFM)2%. MTFM leverages DNAbased tension probes, which off# sensitivity and
programmability, submicron spatial resolution, and molecular specifitéit§’> 27 this
sensitivity and specificity ha helped elucidatehe role of T cell'*® 253 B celf?, and

integrin receptof 33 24> mechanicsn different biological processes

In our original DNA hairpin design,MTFM probeswere compriseaf a DNA
hairpin (hairpin strand) flankeal a donofacceptor pair; the probe is anchored to a surface
at one terminushrough an anchor/acceptor stramdhile the second terminus presents a
ligand (liganddonorstrand) Figure23A)° 277 Typically, the acceptor is a dark quencher,
leading to ahigh signalto-noise ratio and facilitating proband fluorescent protein
multiplexing®™®. At rest, donor fluorescence is quenched. Upon the application of receptor

forces abovehe F12, which is defined as thequilibrium force that leads to &0%
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probability of probe unfoléhg, the hairpinopens.This leads todonor andquencher
separation causng a ~20-100fold increase in donor fluoresced®e®. Thus, these
reversibleDNA-based tension prob&sport mechanicsusing areattime optical signal

(Figure23A).

In conventional tension sensing, DNA probes are rigidly anchored to a glass
substrge. Thereforeprobe density is fixed and changes in fluorescentnsity can be

attributed to probe unfolding. In other words, the fluorescence intensity of the donor

A. 1. Hairpin strand Receptor
2. Ligand/Donor strand
3. Acceptor/Anchor strand T
Closed Open
Ligand
e A
Receptor 12
Acceptor
3.
Anchor
B.

i. [ Cell-SLB Cell - Cell Cell - Matrix

ii. «-»
Lateral Receptor
transport DNA
f Receptor Anchor
L LS Adjacent cell or biomaterial

Figure 23 DNA-BasedTensionProbesReport Receptor M echanobiology.

(A) DNA-based tension probes consist of a DNA hairpin hybridized teatwo
sequences each containing a ligand or an anchor moiety. The ligand and anchor
are labeled with a donor/acceptor pair, respectively. At rest fluorescence is que
Receptoforces above thEi20pening threshold lead to probe unfolding and an incre
in donor fluorescencéB) Advanced applications of molecular tension probes re
receptor forces at ceBLB, cellcell, and celimatrix interfaceqi). In these dynamic
junctions, receptors can apply tension to DNA probes and can also spatially ree
probes, through lateral transport (cell, SLB) or viscoelastic deformation (méiix) |
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linearly reports the density of probes that are mechanically unfolded experiencing F >

F1/2.%0

While this approach has been useful in mapping the forces applied by immune cell
receptors and integrin receptors on gtas® 1%, measurements on more physiologically
relevant fluid substrates present unique challenges becauskgarid remodeling.
Receptors canboth laterally transport and pull on ligantfs leading to spatial
reorganization ormembranes, including supported lipid bilayers (SLBs), wigmic
juxtracrine receptor interactionsand living celicell junctions Furthermore, on
viscoelastic hydrogels, receptor tension can cause local material deformations which alter
ligand density’® (Figure 23B). Therefore, adapting molecular tension probes to mapping
receptor forces and clusterimgy dynamic biomaterials requires additional fluorescence

readouts that camecoupleluorophore density anfiuorescenceuenchingefficiency.

The most common method to measiarees with changing probe densigjlies on
ratiometric intensitypbased imagig. This was first demonstrated bila, et. al.when
mapping T cell receptor forcésand then byNowosad, et. almeasuringd cell receptor
forces on fluid membran&#®. In these approachaghird dyds incorporategwhich serves
as a probe deitg reporter.A similar approach was also used to measure cadherin tension
and density in epithelial cetiell junctiong”® 28, A step toward measuring cellular forces
in hydrogels, mechanofluorescent DNA hydrogels were generated by mikmg88
labeledDNA precursors with rupturable DNA duplex crosslinkers containing an Atto
565/lowa Black doneacceptor pair. Hydrogedtrain in response to externally applied
forces was quantified by the ratio of decreasing Atto 488ncreasing Atto 565

fluorescence intensity upon oligonucleotide stretching and duplex rupture, resp&ttively

111



While ratiometric intensippased measurements are advantageous in their

accessibilly and speed, their quantification and interpretation can be challeigiegeed

for engineering three dyes in a dynamic DNA structure is complicated becatiseeof

way energy transferintermolecular energy transfeand spectral and autofluoresden
bleedthrough. Ratiometric measuremeats alssensitive to noise and local fluorescence
artifacts, and an additional challenge is that measurements require precise detector
alignment and pixel registration to ensure suitable quantificdtigf®. Furthermore,
ratiometric approaches are poorly suited to multiplexing, which is essdntial

understanding mechanotransduction in context.

Offering a drect readout of energy transfer, we recently developed Molecular
TensionFluorescence Lifetime Imaging Microscopy (MFLIM). MT-FLIM measures
receptor tension and clustering on SLBs usiimge-CorrelatedSingle Photon Counting
(TCSPCS$2. In our original MTFFLIM report,a Cy3B- BHQ1 FRET pair were attached to
a DNA hairpinbased tension probe with Bucleotide (nt)separation.Changes in
fluorescence lifetimet, uniquely reported hairpin unfolding under receptocégrand an
empirical calibration allowed quantificatiafithe density of mechanically unfoldptbbes

independently from probe clustering.

In the simple case, a donor and acceptor fluorophore pair undergoing FRET have a

FRET Efficiency,Odescribed by

(19
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‘Yis the distance between the donor and acceptor dye¥ andhe Forster radius, which

is a function of several variables including the dipole orientation fdict@nd the spectral
overlap integral,0. For randomly oriented dyes| equals 2/3. In dyelabeled
oligonucleotides, this relationship often brealsvn due to dy@NA interactions and
linker chemistry, which shif2 away from 2/35%284|n rigidly anchored molecular tension
probes, dondacceptor pairs are typically placed in clgzs®ximity to maximize the
quenching efficiencyQE) such that only open probes significantly contribute sitylfe®

30281 However, at short distancesrganic dyes often undergo additional quenching
mechanisms such as Dexter energy transfer and static quenching. Static quenching on
threeoligonucleotide complexes has been reported with up to 5 bp dep&Fatwhile
tension probes are often assumed to be FRET queficled® 281 this assumption is
often incorrecfor specific fluorophorejuencher paif$ 2%, Indeed, we recently reported
that conventional MTFM probes employing a Cy3B donor and BHQ1 acceptstasie
quenchetf. While thisis well established in the molecular beacon literdff®its impact

on tension imaging is less explorestatic quenched dyes form nonfluorescent greund
state complexd, which offer advantageis intensitybased imagig and assays 2% but

skew fluorescence lifetime d&t& Nearby dyes separated by up to 8 bp can also experience
shortdistance fluorescence fluctuatidfis Thus, b advance molecular mechanobiology
through MTFM, there is a need for an empirical evaluatiodNfA-based probes to

understand ho#undamentaprocesses impact optimal imaging probe design.
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Figure 24 Summary of DNA Hairpin -Based Tension Probes Evaluated in this Study.

(A) Tension probes were evaluated with three Donor/Acceptor pairs and 3 Donor/Ac
geometries. Abbreviations for each probe are provided in the Bailairpins were testec
with and without spacers flanking the thm@ay junction. Each spacer consisted of 3 (3.
Probes were anchored using a single or dual biotin, thus perturbing the local ¢

concentration.

Herein we characterized the spectral properties of a small librdDNéf hairpin-

based tension probes. We first constdethe impact of donor/acceptor pair and

positioning, as well as DNA hairpin structuféidure 24). We compared the absorption

spectra, quenching efficien€¢@®E), and fluorescence

lifetime of closed and open tension

probes labeled with three donor/acceptor pairs: Cy3B/BHQ1, Alexa 488 J/&4&B, and

A488/BHQL. Each pair was assessed in three geomdtrgee€24A). In the adjacer(h)

114



geometrywhich is the conventional tension probdesigri®, the donor and acceptor are
conjugated to blunt ends of thepre 6 s ar m sequences and are
threeway junction (TWJ). In the dangling(D) geometry, the donor fluorophore is
conjugatedo a 5nt overhang. In the separat€sl) design the acceptor is placed 9 nt away

from the donor via a deoxythydine modification. We were also curious to understand

t he i mpact TWJstruttires Unpaired bps ihagease TWJ staBfffgherefore,

in our originalMTFM probedesignthe DNAh ai r pi n slbopwasfdhiiked by t € m
two spacer sequencesntaining( 3 T $€egajating it from tharms® Given that tension

probe TWJs contain a nick, weharacterized the role of the 3pacerson probe
performanc®* 2! (Figure 24B). Throughoutour manuscript, wadopt a nomenclature as
shownin Figure24A with an added + of symbol indicating presence or absent&8T
spacers. Thus, a probe containing Cy3B and BHQ1 in the separated geometry with spacers
would be called S _Cy3B/BHQ1+ and a peobontaining Alexa 488 and BHQ1 in the
dangling geometry without spacers would be called D_A488/BH@# also investigated

the impact of intraversus intermolecular FRET in tension probe signalfuoyng the
dimerization ofprobes using a single or dudiotin anchos (Figure 24C). Finally, we
illustrated the impact of FRET probe design by imaging integrin receptor tension and
clustering in a podosome model system ugimgediffering probe familiesWe conclude

with a series of recommendations to guide the use of Daked tension probes in various
expermental settings. This workuilds upon our development of MTFM and MFLIM

and provides important insight into the optimal desmgnDNA-based tension probé¢s

image molecular forces on soft and fluid materials.

4.3 Results
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4.3.1 Absorbancespectroscopy of Molecular Tension Probes in Solution

We first were curious to determine which probes underwent FRET versus static
guenching. Dyes undergoing static quenching are excitonically coupled and therefore
exhibit distinct ground state energiesjsthresults in perturbation of the absorbance
spectr&® % 292 Throughspace FRET, however, does not impeonor and acceptor
fluorophore absorption. We thereforeasured the absorption spectra of both closed and
open tension probe&igure25, Figure A26). For these experiments, only tension probes
lacking spacer sequences were measured. First, closed pr@desiM) wereannealed,
concentrated to ~10rM and then the absorption spectmaere measuredusing a
microvolume (Nanodrop) instrument ix £BS Probes were then opened dnynealing
with 10-fold excessof an oligonucleotidecomplementart o t he h alooppi no6 s

concentratedandremeasured in the open conformat{Bigure25).

The open and close@y3B/BHQ1 probes displayed two overlapping absorption
peaks Theopen and closestatesof the adjacent and dangling prolmksplayed dfering
spectra; the relative absorption intensities of the two peaks were inverted.ifloisnigast
to the separate proldesignwhich showeddentical spectrin the open or closed geometry
(Figure 25B). These results show that the Cy3B/BHQ1 probes are static quenched when
the chromophores are in close proximity (A or, Byt undergo FRET when separated by
9 nt Accordingly, probes exhibitea bathochromic shift in their absorptiomaximum
when openedThis shift was also observed for D_Cy3B/BHQ@tobes,suggesting that

static complex formation was largely unaffecbgdan overhang
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Figure 25 Absorption SpectroscopyRevealsGround-State and Dye-DNA

I nteractions in Molecular TensionProbes.

(A) Tension probes were measured in solution in the closed conformation, hybridized at
95 C, and remeasured in the open conforma{@nRepresentative absgation spectra of
closedand open tension probes with varying donor/acceptor pairsy@gedmetriesThe
representative absorbance spectra of Cy3B/9TBHQ1 is reproduced3iroBpectra
represent the means.e.m.from 34 experiments. Outlier spectra (baselind median
absolute deviations) were omitted.

Compared to Cy3B/BHQL probes, A488/Cy3B probes exhibited minimal chromic
shifts in their absorption specif@igure25), and the closed probe absorption spectra of all
three donor/acceptor geometries wasearly identical. Both A_A488/Cy3B and

S _A488/Cy3B probes exhibited a small absorption change at ~50@&vhem comparing



their open and closed stat@his was accompanied by a slight hypsochromic shift in the
A488 absorption peakvhich was mee notabldor S A488/Cy3B-. Closed and open probe
absorption spectra for D_A488/Cy3t¥ere identical. Because in all three donor/acceptor
geometries, the open probe separation between Alexa 488 and Cy3B vastlyedxceed
reported distances for dye interactions, we detemhitieat the observed shift in

A A488/Cy3B and S_A488/Cy3B absorption spectra could not be attributed to the
formation of a ground state static complex. We hypothesized that these perturbations were
instead caused by an A488gonucleotide interaction wineA488 was conjugated to the
blunt end of a nicked duplex, which was common to A_A488/Cy3®8l S_A488/Cy3B

but not D_A488/Cy3B. To test this hypothesis, we collected absorption spectra for closed
and open probes that were labeled only with a donor grwith an acceptorRigure A

26). The absorbance spectra of tension probes containing A488 bunhéi4B88 alone
exhibited a 6 nm shiffp = 0.005) bveenclosal and open probe absorption max, which
supported our hypothesis that changes in the A_A488/Cg88 S _A488/Cy3Bspectra

were caused by dy@NA interactions that were not present when A488 was attached on

an overhang.

A488/BHQL probes followed similar tnds to A488/Cy3B probes, with the only
change in closed and open absorbance spectra being a slight blueshift in the absorption
max of A_A488/BHQ1 and S_A488/BHQA (Figure 25B). These data indicateithat
A488/BHQ1 do not undergo static quenching in tension probes and rather suggest that

A488 may interact with the complementary strand when chemically opened.

4.3.2 Fluorescence Imaging of Tension Probes on SLBs
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We next wanted to compare the probesbo
After annealing, closed and open probes were hybridized and attached to SLBs through
biotin/streptavidin interaction andereimaged using both epifluorescence and FLIM. The
fluores@nce lifetime was measured using TCSPC and was reported using three metrics.
The amplitudeveighted and intensitweighted averages were calculated from
fluorescence lifetime decay reconvolution fitting and differentially weight individual
lifetime componats in multiexponential decays. Typically the amplitude weighted average
lifetime is used for FRET studies, because it correlates with the steady state fluorescence
intensity; however this breaks down for more complex scenarios including the presence of
static quenching and multitate modefé 2% We also evaluated probes using éerage
lifetime obtained by curve fitting the FASHLIM average lifetime histogram, which
approximates the intensityeighted lifetime. The quenching efficiend@E), which
reports the energy transfer in open versus closed probes, was calculated tisitig bo
fluorescence intensity and the amplitude average lifetiiméess otherwise specified, our
manuscriptefences the intensigterived QE These findings are summarizedrigure26,

Figure27 Figure28, Figure A27, Figure A28, andTable A7.

Cy3B/BHQ1 probesTable A7, Figure26) were very sensitive to dorlacceptor
radius and hairpinprobe geometry. A Cy3B/BHQ4 A Cy3BBHQl+, and
D_Cy3B/BHQZX probes exhibited a ~989% QE (Figure 25A,D,G). Overhang
incorporation in D_Cy3B/BHQ1+ reduced Q& to 95%(Figure25D). Thus, hese probes
exhibited a 20to 10Gfold increase in fluorescence intensity upon operagoss all three
definitions of the average fluorescence lifetime,aserved reduction of the fluorescence

lifetime in closedstatic quenched probe®mpared to opeprobes(Figure 258,C,E,B.



During FLIM imaging, we observed that closed static quenched samples lacking a spacer
had higher photon count rates at maximal laser power, indicating an incrbagéiness
Thisincrease was not statistically significant in mtensitybased data, likely due to the

low fluorescence above thelectron Multiplying Charge Coupled Device (EMCCD)
backgroundwith our imaging setting¢Figure 25A,D). The increase in photon counts is
reflected in the average lifetime histograms, in which histograms for static quenched probes
lacking spacers haugh variance compared to the lifetinleigure25B,E). Because open

and closed probe count rates were held constant, this effect is also observed for this class
of open probes despite their Hudd increase in fluorescence intensity. We therefore
conclude that spacers reduced static interactions between Cy3B and BHQ1B. Closed
S_Cy3B/BHQ1 (MT-FLIM probes?), which completely eliminated static quenchiwere

less quenched than static quenched prolbégule 25G), but exhibited the shortest
fluorescence lifetimg(Figure 25C,F,l). In contrast to static quenched probes, FRET
guenched probes exhibited a decrease in sensitivity and an increase in the closed
fluorescence lifetime with the addition of spaceqguences flanking the DNA hairpin
(Figure25G,H,I); this is due to a larger radius between the Cy3B and BHQ1 pair at rest.

Thus S_Cy3B/BHQ2 probes offered the greatest lifetime contrast of Cy3B/BHQL1 probes.
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Figure 26 Fluorescence analysis of Cy3B/BHQ1 probes on an SLB.

(A, D, G) Epifluorescence intensities and quenching efficiencies of closed (C) an
(O) probes with (+) andvithout () spacers in the adjacent, dangling, and sep:
geometries.B,E,H) FLIM decay curves and FAST FLIM histograms of closed (C
open. Intensities were compared using\aa® grouped ANOVA followed by a muftie
comparison test. Quenching efficiencies were compared using an unpairéagilde
students-test. (O) probes with (+) and withou) Epacers in the adjacent, dangling,
separated geometries. Representative decay curves are averaged over fives
Normalized histograms represent the meane.m. C,F,1) Quantification of the avera
intensityweighted (Int.), amplitudaveighted (Amp.), and FAST FLIM average lifeti
(Hist.). The intensityand amplitudeveighted lifetimes were derived from deoceyrve
fitting. The FAST FLIM average lifetime was defined as the center of FAST

histogram fit to &i-gaussian. Statistics were performed usingveag grouped ANOV/
followed by 2 multple comparison tests to look at differences across all samplat
differences between groups but not fit methods. Experiments were repeated at leas
P values are reported as ns P>0.08,P,< 0.05, **,« P < 0.01, **P < 0.0001, **** # |

< 0.0001.
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Tensionprobe characterization was repeatedAl@xa488/Cy3B and A488/BHQ1
probes which did not static quench. In A_A488/Cy3B, D_A488/Cy33,A488/Cy3B,
A _A488/BHQ1,andD_A488/BHQ1 probesthe QE decreased with the introduction of
spacer sequences in the hairgtig(re27A,D, Figure28A,D). While this trend wa also
observed folS_A488/BHQ1 probeghe presence of nestatistical outliers obscured this
difference(Figure 28G). For the A488/Cy3B probe family, A_A488/Cy3Bffered the
highestQE based on fluorescence intensity measurementsnidssive donor quenching
was reflected averagemplitudeweighted lifeime but was not reflected in thetensity
weightedor FAST-FLIM average lifetimeqFigure 27C). Furthermore, we found that
guenched A488/Cy3B probes rgeextremely sensitive to acceptor photobleaching,
making them challenging to image and quantify. To avoid acceptor photobleatti@ng,
laser power was attenuated such that the photon count ratel Wesf the laser pulse rate
which ledto a relatively wile histograndistribution(Figure27B, Table A7). Quantified
by the amplitude and FASKLIM average lifetime and in the context of this fadt,
D_A488/Cy3B probeghusoffered the best lifetime sensitivity, despite thetermediate
guenching efficiency of 84%. This sensitivity was closely followed by A A488/Cy3B+
(Figure27C-F). S_A488/Cy3Bhad a shorter FASFLIM and amplitude average lifetime
than A_A488/Cy3B probes but were-fdd less quenche® A488/Cy3B+ exhibited the
lowest lifetime and intensity sensitivitjFigure 27G-1). A488/BHQ1 probes behaved
similarly but were not subject to the bleaching artifact observed for A_A488/Cy3B probes.
Thus A _A488/BHQ1, D_AI88/BHQL, and S_A488/BHQL1 probes exhibited increasing
closed fluorescence lifetimand decreasing quenching efficien&ygure28), whichis the

expected trend for a FRET pair separated by increasing radius.
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Figure 27 Fluorescence analysis of A488/Cy3B probes on an SLB.
(A, D, G) Epifluorescence intensities and quenching efficiencies of closed (C) and open
(O) probes wih (+) and without {) spacers in the adjacent, dangling, and separated
geometries.§,E,H) FLIM decay curves and FAST FLIM histograms of closed (C) and
open. Intensities were compared using\aa® grouped ANOVA followed by a muftie
comparison test. Quehing efficiencies were compared using an unpairedtaied
students-test. (O) probes with (+) and withou) épacers in the adjacent, dangling, and
separated geometries. Representative decay curves are averaged over five time bins.
Normalized histotams represent the mears.e.m. C,F,l) Quantification of the average
intensityweighted (Int.), amplitudeveighted (Amp.), and FAST FLIM average lifetime
(Hist.). The intensityand amplitudeveighted lifetimes were derived from decay curve
fitting. The FAST FLIM average lifetime was defines the center of FAST FLIM
histogram fit to ai-gaussian. Statistics were performed usingveag grouped ANOVA
followed by 2 multple comparison tests to look at differences across all samples or at
differences between groups but not fit methods. Expariewere repeated at least 3 times.

P values are reported as ns P>0.08,P,< 0.05, **« P < 0.01, **P < 0.0001, **** # P

< 0.0001.
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Figure 28 Fluorescence analysis of A488/BHQ1 probes on an SLB.

(A, D, G) Epifluorescencentensities and quenching efficiencies of closed (C) and open
(O) probes with (+) and without)(spacers in the adjacent, dangling, and separated
geometries.§,E,H) FLIM decay curves and FAST FLIM histograms of closed (C) and
open. Intensities were comaed using a-2vay grouped ANOVA followed by a muftie
comparison test. Quenching efficiencies were compared using an unpairéailédo
students-test. (O) probes with (+) and withou) épacers in the adjacent, dangling, and
separated geometries. Repentative decay curves are averaged over five time bins.
Normalized histograms represent the meane.m. C,F,I) Quantification of the average
intensityweighted (Int.), amplitudeveighted (Amp.), and FAST FLIM average lifetime
(Hist.). The intensityand amplitudeveighted lifetimes were derived from decay curve
fitting. The FAST FLIM average lifetime was defines the center of FAST FLIM
histogram fit to ai-gaussian. Statistics were performed usingveag grouped ANOVA
followed by 2 multple comparison tests to look at differences across all samples or at
differences between groups but not fit methods. Expariewere repeated at least 3 times.
P values are reported as ns P>0.08,P,< 0.05, **« P < 0.01, **P < 0.0001, **** # P

< 0.0001.
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Given that all closed tension probes in our library exhibited reufiionential
decays Figure A27) and that S_Cy3BBHQIprobes were previously shovim be more
sensitive to changes in the percent open probes at low tension d&hsitdsypothesized
that probes may experience intermolecular FRIBThis case, Cy3B would not only be
guenched byhe internal BHQ1 but would also be quenched by dyes on proximal probes.
In the absence of dydye interactions, FLIM is concentratidmdependent. However,
when conjugated to an SLB though biotin/streptavidin interadtiamtension probes may
be clustered on a single streptavidin molecule. To teshybothesisthat streptavidin
clusters probes andeads to intermolecular FRETwe imaged mbes that were
i mmobilized either using a single biotin o
dual biotin attached t o t(kigure39d). Assemimgithatus o f
each streptavidin binds to two biotinylated lipidseptavidin on a bilayer cdoind only
onetension probattached with a dual biotin but can bind up to two tension probes attached
with a singlebiotin. Observed differences the QE andt of these sampleshouldreflect
the extent of intermolecular quenchiMye selecte® Cy3B/BHQ probes for analysjs
becausehese probes weffeee from ground state and dipNA interactions, and because
we previously characterized these probes on supported lipid bilayers with varying biotin
concentration which showed a slight concentration depend&hcyFor each
immobilization strategy, & measured the fluorescence intensity lietime of bilayers

presenting 0, 10, 20, and 100 % open probes.
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Figure 29 Streptavidin-Immobilized Tension ProbesUndergo Intermolecular FRET.
(A) Schematic of tension probes containing a single or dual biotin group used
experiment(B) Plot of percentage of open probes versus fluorescence intensity nori
to thesingle biotin100% open intensity. ThOE for each probe was reported as $lape
of the corresponding linear curve f{C) Percentage of open probes versus FARIM
average lifetime, determined through histogram analy®)sModel schematic of tensi
probes on an SLBlur i ng convent i o-Biaih). ~50% aoigstrptagidir
molecules bind to two tension probes, which undergo both artchinter molecular enerc
transfer.

SLBs presenting probes with a dual biotin were dimmer than SLBs presenting
singlebiotin labeled probegFigure 29B). On 100 % open surfaces, single biotin SLBs
were 56 = 15 % brighter than dual biotin SLBgespite the lower intensityQE wasnot
significantly different between probes conjugated usingingle or dual biotin anchor.
Single and dual biotinvere79 and 76 % quenchdxhsed on linear regressiangividual

replicateswere not tatically significant. When probes were imaged using FLIM, we
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observed that the open probe fluorescence lifetime was only slightly increased in dual
biotin probeshowever, SLBs presenting closed probes or a mixture of closed and opened
probes exhibited an increase in fluorescence lifetime for probes conjugateghtardual

biotin, which occupied both free sites on a streptavitfigure 29C). In all cases, the
fluorescence lifetime fits of samplesntaining closed probes remained multiexponential,
but the average fluorescence lifetime was increfSigdre29C, Figure A29). Combining

our intensity data, which shows tlsatgle biotin SLBs are 5& 15 % (Mean + SD) brighter
thandual biotin SLBs when all probes are opened, with our FldMa, which suggests

that Cy3B on open probes is dequenched thatlprobes on 100% open surfaces are
primarily noninteracting, we estimate that ~50 % of streptavidin molecules are occupied
with two tension probes attached via a single biffigure29D). Despite the unchanged

QE, weconclude that probes loaded onto a single streptavidin molecule undergo both
intermolecular and intermolecular FRBased orthe observed change frbetweersingle

and dual biotin samples.

4.3.3 Tensionimaging ofPodosomdike Adhesionsvith Varied Energy Transfer

To demonstrate the impact of design features that affect energy transfer in tension
probes, we selected a sabef probes to evaluate in cellular imagiRgobes were selected
based ortheir transfer and structurevhich we evaluated using NUPAC{kigure 26,
Figure27,Figure28, Figure A30). For this study, we chose to focus on probes without an
overhang, which may introduce more degredkeaibility, making cellular imaging results
more challenging to interpreb. Cy3B/BHQ (MT-FLIM) and + probes were selected as
a reference and to demonstrate the impact of spacer sequences in FRET probes with large

closed donocacceptor radiusA_Cy3B/BHQ1 and + were selected to demonstrate
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imaging using static quenched probes. Finally, we imaged cells using A_A488/BH)1
+. These probes both offered high lifetime sensitivity, while demonstrating the impact of
QE, as A A488/BHQ1 exhibits a ~20-fold increase in fluorescence intensity upon

opening compared_A488/BHQ1+, which onhdisplaysa ~6fold increasen intensity.

As a model of receptor mechanobiology with unfixed ligand density, we imaged
podosomdike adhesions oman SLB Podosomes arprotrusive structures which consist
of an actin core that physically excludes adhesion ligands and an adhesion ring, which
surrounds the podosome cré'. Fibroblasts on SLBs form multiple podosctiie
adhesions within ~1 hour spreading, which have been previously validated and
characterizedvith immunostainingand MT-FLIM® 3383 ntegin receptors on fibroblasts
bind to cRGDIligands on tension probes. Bound probes can be laterally transported,
leading to a change in probe density and intensitych ismeasured by photon counts. At
forces above thé&1» threshold, probes mechanicaliyfold, leading to an increase in
fluorescence intensity that is coupled to an increase ifi (Regure30A). In podosome
forming cells, regions of low intensity correspond to regions where a podosonexerise
pushing forces on the SLB and physically exelsigrobes. This is accompanied by the
application of pN tension in the podosome ring, which causes an increase in fluorescence
lifetime. Integrin receptors can also cluster ligandtside of podosome regigrisading

to bright puncta without a measurable change in fluorescence lifétime

For each sufglass of tension probe, we imaged cells on 4.7 pN preftesand
without spacer sequencasd linear control probes which lacked a steop sequencbut
containedspacers as indicatdéigure30B, C). For these experiments, it is important to

consider that spacer sequences not only affediigbut alsomayact as a small entropic
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spring, whichcould affect the probe signaCurvefitting and calculation of the amplitude
average lifetimexhibitedthe largesshift in fluorescence lifetiméutwe used the FAST
FLIM average lifetime to analyz=ell data. Compared to most genetically encoded tension
sensor®* our probes offered a massive change in fluorescence lifgfonthermorethis
approach could be easily integrated with quantitative intebsited thresholding
workflows to identify podosomeegionsin MATLAB (Figure A34,Figure A35,Figure A

36). T gistypically the best parametér FLIM-FRET because it reports the steady state
lifetime. Here we found that it was poorly correlated with intendigsed imagingFigure

A 28), such that there was little advantage to its Mglkile our main figures report the
change the in fluorescence lifetime in podosome regions, note that forabes tension
probes, the relationship between probe opening and fluorescence lifetirot linear

(Figure29, Figure A29)%,

On 4.7 pN S_Cy3B/BHQ1 (MT-FLIM) and S_Cy3B/BHQ1+ probegigure
30C,D, Figure A 34), cells exhibited an increase in fluorescence lifetime surrounding
podo®me core depletion regions. This change in fluorescence lifetime was accompanied
by an increase in photon counts on S_Cy3B/BH@In S _Cy3B/BHQ1+ probes, the
change in fluorescence lifetime was 050.06 smaller than on S_Cy3B/BHQdrobes
and there wasenly a slight increase in the fluorescence intensity in podosome rings. The
small change in intensity can be attributed to the combined effects of changing probe
density and lower quenching efficiency in these probes. Receptor clusters at the cell
periphey were clearly observable in the photon counts channebtinS_Cy3B/BHQ4
and S_Cy3B/BHQ1+ probgthese clusters did not experience an increase in life@me.

linear probeswe observed some clustering surrounding podosomes. This signal was



dimmer than the bright rings typically observed in samples with unfold@dpN

S Cy3B/BHQ1 tension probesPodosome regions displayed only a slight increase in
fluorescence lifetime on linear probeslidating that changes in fluorescence lifetime
werecaused by mechanical unfolding of the stexp sequence. The incorporation of a

spacer sequence in linear prolesstatisticallysignificantbut effectively negligible
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Figure 30 TensionProbe Design Impactghe Cellular Read-Out

(A) Schematic ointegrin receptor and tension probe interactions on an SLB. Unbound
probes are closed and undergo quenchiriggrin receptor bindingnd clustering leads to

an increase in density and intengify Alternatively, probes can be depleted, leading to a
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loss of fluorescence (not shown). Upon integrin receptor forces aboyethe hairpin
unfolds leading to an increase in intengljyand fluorescence lifetimgf . (B) Cells were
imaged on 4.7 pN tension probes with (+) or withelspacer sequences. As a control,
cells were imaged on corresponding Linear probes, which leekezmloop. (C, E, G)
Representative images of NIH 3T3 cells image&hBs containinghe irdicated tension
probes Statistics were performed usin@-avay grouped ANOVA followed by multple
comparison testExperiments were repeated at least 3 times. P values are reported as *<
0.05, ***P < 0.0001.Scale bar, 8 m

Cells onA_Cy3B/BHQ1 figure 30E,F, Figure A35) probes ekibited different
tension probe signatures, due to static quenching. On A_Cy3B/B&l@1+, podosomes
appeared as bright rings in the photon counts channel, which were accompanied by a
smaller but significant increase in the fluorescence lifetime channel £001@8 ns and
0.62 £ 0.06 ns, respectivelyd_Cy3B/BHQ1+ had a larger shift in lifetime compared to
A_Cy3B/BHQZ, because othe reduceccontribution of static quenchingyhich made
theseprobes more sensitive. Nevertheless, with both static quenched ,pwdblesthe
average fluorescence lifetime increased over the background, the large variance in
background lifetime stilled to poor separation of signal and ndisigure A35). On both
hairpins, clustering and probe exclusion
suppressed, because of the nonfluorescent grstatel complex present in closed probes.
The fluorescence intensity signal from linear m®bwas largely dominated by
autofluorescence. Podosonmslinear A_Cy3B/BHQ1+ probes exhibitaccharacteristic
ring patternput these rings were much dimmer than on surfaces presenting DNA hairpin
probes. Oninear A_Cy3B/BHQ1+ probesrings exhibited a decrease in fluorescence
lifetime compared to the backgrourithis could be attributed to mechanigapturingof

static quenched complexes andubsequerttansition to a FRET quenching.
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Finally, we imaged podosonferming cells on A488/BHQprobes. These probes
provided an example of tension signal on both highly and intermediate quenched FRET
probes Figure28G,H, Figure A28). On 4.7 pN A_A488/BHprobes, the photon counts
channel showed bright ringorresponding to adhesion ring@odosomal depletion and
receptorclustering were less obscured than on static quenched probes, but were still largely
suppressed, due to the probe85% QE. With the highest lifetime sensitivity, resulting
from the combination high FRET efficiency and a |o~hg88 intrinsic lifetime, thes
probes offered the largest increase in fluorescence lifetime in podosome rings. With the
incorporation of a spacer sequence, A _A488/BHQ1+ probes had a lower quenching
efficiency, which allowed clear visualization of clustered and depleted probes in
podo®meforming cellsand still maintained large dynamic range for tension mapping
and quantification. In comparison to 4.7 pN probes, linear A488/BHQ1 probes had very
little change in the photon counts signal surrounding podosomes. Note that we do not
attribute this to meaningful change in probe behavior compared to S_Cy3B/BHQ1 probe
signal but rather hypothesize this is caused by a slight difference gsatmgle specific
length of incubation on the SLBMeanwhile, although the change in podosome
fluorescene lifetime on 4.7 pN probes was significantly higher than on linear probes, the
change in podosome fluorescence lifetime on A_A488/BH@is the largest in our data
setfor linear probesThis may be attributed to an increased sensitivity to rotaticeddm
and twisting in highly quenched FRET probes. The effect of entropic spring spacer
sequences in A_A488/BHQ1+ linear probes was larger than that in S_Cy3B/BHQ1+

probes but was still small in comparison. Although linear A_A488/BHf&bes were

13¢



highly quenched, probe background was sufficient to obscure autofluorescence

contribution observed in static quenched linear san{pigsire30E,F).

4.4 Discussion

4.4.1 Discussion oProbe Desigrand Spectroscopy

Whereas several studies have focused offREBET and dyeDNA interacions, few
studies perform sidby-side spectroscopic and imaging measurements to understand the
practical impact of molecular probe design fellwar imaging.Indeed, our lab has found
that different biological systems require slightly different tension psabeematics to
maximizesignaf® 33196253 Qur libraryherefocused on DNA hairpin structure and energy
transfer specifically in the context BNA-basedMTFM probes Cy3B, A488, and BHQ1
are commonly used in DNAased tension probes, with Cy3B selected as the tension
reporter for its photostability and quantum lglie Because Cy3B and BHQ1l are
hydrophobic dyes and dye interactions are governed by a combiuatiaterWaalsand
hydrophobic interactiof 2%. In this studywe selected A488 to represent the more
hydrophilic dyes. A488 offers excellent imaging properties mnimally stacks with
DNAZL 2% |nterestingly, in our absorption spectroscopy datgure25), we did observe
some dyeDNA interaction in open Alexa 488 probes lacking a 5T overhang. Since A488
has a low anisotropy on DNA2%, we hypothesize thamnteraction is causely proximal
guanosine quenching by the 56 end of t he

absorbance some casé¥’.

Our three donor/acceptor spatial arrangements offered sequential perturbation of

conventional tension probes. In the separated geometry, all tension probes were FRET
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guenched. When the donor and acceptor dyessegarated only by the width of the DNA
hairpin duplex in the adjacent geometry, Cy3B/BHQ1 probes were static quenched and
A488/BHQ1 probes were FRET quench@&tlis observation was in agreement with our
previous report that A Cy3B/BHQ1+ probes are statienghed but S Cy3B/BHQ1
probes are FRET quenciéd As expected, this observation was maintained for

A Cy3B/BHQZL probes, which further reduce the donor/acceptor radidexter
guenching may also play a role in this geometry, but our methods were not able to
distinguish these two mechanisniarras and colleagues reported that at ®verhang
maximized FRET while significantly decreasing static quenching between a-donor
acceptor pair at the terminus of a DNA dupieiWe therefore hypothesized that separation

of the Cy3B and BHQ through a short overhang may reducentmactions. However,

our results indicated that 5 nt was insuffit to remove ground state interactions in

D_Cy3B/BHQ® probes.

The interpretation of our static quenched FLIM data required is counterintuitive.
Static quenched samples do not typically display a change in fluorescence lifetime
compared to the donor gnsample, because only dequenched free dyes contribute to the
fluorescence decay. We observed a slight decrease in the fluorescence lifetime of static
guenched samples. This is especially confounding, because probe anchoring to the SLB
requires hybridizatin to the quenchenodified strand. We explaithese results through
thermal fluctuations and hydrophobic interactiohi$hough the majority of closed probes
are folded, quenched, and spectroscopically silent, a small fraction of probes will thermally
breathe and generate fluorescefie During hairpin breathing, the fluorophore and

guencherare separated and contribute ldifigtime photons. When static quenched
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complexes brea#) either due thopbr eat hi ng at the TWJ or due

intrinsic off rate, the static complex dissociates, but the Cy3B and BHQ1 remain in
sufficiently close proximity to undergo FRET or Dexter Energy Transfer, leading to the
contribution of a short fluorescence lifetime ph&oA second contribution to loRg
lifetime impurities is due to a small amount of free Cy3B in the sample, Wwhercalates

into the SLB° and is not removed by wash stepgnally, with few photon counts,
guantification of dark, statiquenched samples may be influenced bycthribution of
long-lifetime noise.Although fully dequenched probes and Cy3B molecuaesrare,
because dequenched Cy3B has a much higher quantum yield than FRET quenched Cy3B
at this radius, londived fluorophores dominate the fluorescence decay oahda small
reduction in fluorescence lifetime is observed. This is in agreement with Sillen and
Engelbourghs, whaargue that the average fluorescence ififet an change ina

heterogeneous populatigrith partial static quenchin.

It is notable that even for our purely FRET probes, the quenching efficiency
calculated using fluorescence intensity versus the amphtedghted average
fluorescence lifetime did not necessarily agréable A7, Figure A28). Even in cases
where the quenching efficiencies did match, we caution sfgasing these data without
proper calibration and controM/hether or not a amplitudseighted lifetime and percent
open probes are linearly related in our system requires additwestigation(Figure29,
Figure A 29). This discrepancycould arise fromuncertaintyt  42%® nonradiative
contributions to energy transf&t or inconsistencies between the timescalepadbe

dynamicsand the fluorescence lifetirffé.

442 Recommendations for Cellular Imaging
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While our previously reported MFLIM probes (S_Cy3B/BHQ) provided a
suitable option to image receptor clustering and tension, A488/BHQ1 probes offer
improved lifetime sensitivity due tA4 8 8 6 sintrinsictifgtime. We also tested488
and Cy3B in corbination as an example of a potential diadleled FLIMFRET and
ratiometric measurementsAlthough our probe A488/Cy3B probes were sensitive to
photobleaching rendering them poor choices for FLIM with these conditions, these probes
may be useful ratiometr intensity probes. With appropriate density optimizatton
maximizethe SNRwhile minimizing photobleachinghese probes may offer potential for

sideby-side intensitybased imaging and FLIM.

Given the complexity of the dangling TWJ and the poterfoal geometric
uncertainty, we more strongly recommend prolibat lack this overhang. For
donor/acceptor pairs that that tend to form static complexes and undergo dye interactions,
we recommend probes where the donor and acceptor are in the separatetygdane
ensemble measurements with FRET pairs that do not static quench, maximal lifetime
sensitivity may be achieved by attaching the dyes adjacent on the on the duplex. It is
notable that this can lead to shmahge dyedye interactionsWe did not exlicitly tet these
effects in our system, but thefiould be carefully considered in the context of the specific
experiment at hand and are particularly important if transitioningerieionsm-FRET
experiment®® 392 For a more extensive discussion on FRET prolesign and

troubleshootingwe refer the reader to the recent review by Algar and colle&§ues

While modding suggests that tension probes are slightly more stable with the
incorporation of spacer sequences flanking the DNA hairpin (NUPACK Padkagee

A 30), the practical impact of this stability is likely mindgstimated frompreviously
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reported b measurements anchlibrations® 2’6, we hypothesizethat tension probe

ensembles may experience slight (~2 pN) broadening éfisteansition. However, given
the discrepanciethat are observedbetween estimated and experimentally measkied
thresholds, this difference may be negligibl&®. In static quenched probes, this effect
would likely be further ountered by the stabilizing effect of static complex formation
between the donor and acceptor at the junctfonTherefore, the impact of spacer

sequences can be evaluated fronSAlRR perspective

For intensitybased imaging with statiguenched probes, we argue that spamexrs
largely negligible It is possible that with optimized gain settings, the QE of these probes
may be distinguishable, bute did not measure a significant difference in ghéerg
efficiency, and neither probe was wsllited for FLIM(Figure A33A-C). For FREFbased
probes, the incorporation of spacer sequences should l#eddmased on the specific
biological sample. For samples such as the podosome model applied here, it is desirable to
maximize both positive and negative sigt@hoise ratio while maximizing lifetime
sensitivity. For these cases, A488/BHQ1 probes witlcesgaoffer the best imaging
features. These probes are also optimal for samples in which receptor translocation and
microclustering plays a critical role, such as the study of immune recé8ptbecause
higher quenching efficiencies may reduce the ability to visualize spatial signaling in the
absence otension In contrast, A488/BH® may be useful for visualizing weak or
transient forces, such as the for@aplied by the PEL receptol®® 253 These highly
guenched probes may also be advantageous for imaging forces appDétAtloaded

hydrogels, in which volumetric tension probes may contribute high background.
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Overall, our work highlights the significant impact of photophysics and nanoscale
design on DNAbased tension probes. While previous works have provided a more
guariitative framework of energy transfand 3WJ structuren oligonucleotides on the
singlemolecule level, our results bridge the gap from simytdecule analysis to cellular
and molecular imaging. Our data offer important insight for the future develdo@amedn
application of tension probes to image receptor tension on soft materials and fluid
interfaces. This work is broadly applicable to FRET sensor design and may be useful in the

optimization of nucleic acithased probes for computing and light harvegths 306,

45 Methods

4.5.1 Samplepreparation

45.1.1 Probe synthesis and purification

Oligonucleotides Table A 6) were custom synthesized by Integrated DNA
Technologies or Biosearch Technologies (BH®@ddified oligonucleotides). Synthesis
and purification were performed as previously describeglfe A25) 3°33 100e gyclo
[Arg-Gly-Asp-D-PheLys(PEGPEG)](PCI3696PI, Peptides International) was reacted
with NHS-azide (88902, Therm& i s her Scientific) i n 10
(MX1457-7, Millipore-Sigma) for 1 hour. The reaction was performed in a bath
sonicator and wasupified using revers@hase high performance liquid chromatography
(HPLC) on a Grace Alltech C18 column (0.75 mL mih/flow rate; Solvent A:
Nanopure water + 0.05% trifluoracetic acid (TFA), Solvent B: acetonitrile
(BDH83639.400, VWR) + 0.05% TFA,; stargrcondition 90% A + 10% B, 1% per min

gradient B). To generate cRGD ligand strands, alkyne modified oligonucleotides were
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conjugated to the purified cRGBzide performed with 10 mM sodium ascorbate, 1 mM
copper sulfate, and 0.8 mM THPTA (1010, Click ChenyisTools) under M for ~1

hour. Aminelabeled oligonucleotides were conjugated to CY8BS ester (PA631000,

GE Healthcare) in a 10 uL reaction containing 10% 10x PBS, 0.1 M sodium bicarbonate,
and ~8x excess dye prior to initial purification on a P2-gizxelusion gel. Peptide and
dye-labled oligonucleotides were purified using HPLC on an Agilent Advanced oligo
column (0.5 mL min?l flow rate; Solvent A: 0.1 M TEAA, Solvent B: acetonitrile;
starting condition: 90% A + 10% B, 1% per min gradient B). AleXa8-abeled
oligonucleotides were purchased fabeled. HPLC products were dried in an
Eppendorf Vacufuge Plus and were experimentally validated. Labeled oligonucleotides
with significant excess dye were repurified using HPLC or Amicon filtration (3kDA

cutoff).

4.5.1.2 Probe hybridization

DNA in 1x PBS was heated to 90 C for 5 min and cooled to 25 C for 25 min in a
0.2 mL Thermowell Tube to assemble tension probes. For surface experiments, the donor
strand was added in 10% excess. To unfold tension probegrti@imentary strand was
added at 10x excess. For absorption spectroscopy, which was perforso@dion, BHQ1

samples lacked biotin. For SLB characterization, donor strands did not contain ligands.

4.5.1.3 Supported lipid bilayeformationand functionalization

Small unilamellar vesicles (SUVs) were prepared by mixingdioleoylsn
glycera3-phosphocholine (DOPCB50375C Avanti Polar Lipids) and,2-dioleoyktsn

glycera3-phosphoethanolamind-(biotinyl) (Biotinyl Cap PE) 870282C, Avanti Polar
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Lipids) in knavn ratios in chloroform. Chloroform was removed using rotary evaporation
followed by drying under ultra high purity.. Lipids were resuspended in Nanopure water

(2 mg/mL), sonicated, and freetteawed (3 cycles). Liposomes were extruded 10x through

a 0.08or 0.2 micron filter and drain disk. To prepare SLBs using SUVs, uncoated glass
bottom 96 well plates26530Q Nunc) were base etched for ~1 hr in ~2.6 M NaOH and
were washed with excess nanopure water and 1x PBS. 100 uL of 0.5 mg/mL liposomes in
PBS were added for ~10 min to form an SLB. SLBs were washed with excess water and
PBS and were stored for up to 24 roin water at 4 C. SLBs were passivated with 0.01%
bovine serum albumin, Fraction V (10 735 078 001, Roche Diagnostics Gpnioirjo
incubation with ~180 nM streptavid{®A101, Millipore Sigma)for at least 45 min. SLBs

were washed with excess 1x PBSIamcubated in ~30nM DNA for at least 45 min prior

to imaging. Imaging was conducted in 1x PBS (adke assays) or Hanks Balanced Salts

(cell assays).

4.5.2 Characterization and application @NA-based tension probes

45.2.1 NUPACK modelling

Base pair probabilitiesere using the freely availabMUPACK packag®’ with
dangle treatment applied. Probes were computationally hybridizedeatd.5( 1 x ) and w¢
analyzed at 25 C in 137 mM Naorresponding to 1x PBS. These conditions matched the

conditions used to hybridize DNA prior to SBL functionalization.

4.5.2.2 UV-Vis Spectroscopy
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Tension probes were hybridized at 2.5
measuring on a Thermo Scientific Nanop 2000c spectrophotometer with a 0.1 cm
pathlength. Closed samples were rehybridized, concentrated, and measured with the

complimentary sequence to obtain the open spectra.

4.5.2.3 Microscopy

Epifluorescence imaging was carried out omsang the Nikon Elements 4.40.00
or 4.13.05 software and a 1.49 NA CFl Apo 100x objective equip with perfect focus. Insert
cubes. Fluorescence lifetime imaging was performed on a Nikon Ti Eclipse Inverted
confocal microscope with a Plan Apo Lambda 60X/10Dobjective, Nikon Elements
4.40.00, perfect focus, and a C2 laser launch. The microscope was updated with a
Picoquant Laser Scanning Microscope Time Correlated Photon Counting (TCSPC)
Upgrade with SymPhoTime 64 2.1.3813 software. FLIM samples weree@xgith a 20
MHz pulsed 514 nm or 485 nm laser, and images were collected at 0.5-frapsesond.
Samples were imaged at 20 MHz with a photon count rate of ~5% of the laser pulse rate,
except for highly quenched samples which were imaged at the maxaonhi®vable
photon count ratéCy3B probespr the maximum photon count rate that did not bleach the
sample(A_A488/Cy3B). Light was filtered using a longass laser beamsplitter (H560
LPXR, Analysentechnik) or Insert 488 dichroic and a 582/75 bandptess(f37582,
Semrock) or insert 488 bandpass. Laser light that was reflected by the dichroic was blocked
from an additional detector using a 690/35 bandpass f8taface characterization was
performed with the pinhole fully opened. For cellular imagidg Cy3B/BHQ1 were
imaged with an open pinhote maximize light collectionall other samples were imaged

with the pinhole optimized to 1.2 Airy Units.
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4,53 Cell culture

NIH 3T3 fibroblasts were cultured in
(DMEM) (B003K32, Corning). Media contained 10% Fetal Bovine Seru®OAFBS,
MidSci), 2.5 mM L-glutamine (58540, MilliporeSigma) and 1x penicillin streptomycin
(97063708, VWR) Cells were incubated at 37°C in 5% £Qells were authenticated
by IDEXX Bioresearch Note that while these surpassed the criteria for cell line
validatior?®®, they did show small genetic deviation. Nevertheless, we find these cells to

be a robust mechanical model.

4.5.4 Analysis and Statistics

Fluorescence lifetime decay traces were fit using reconvolution in SymPhoTime 64

according to the equation:

‘00 0Q (12

Goodness of fit was evaluated by the-styuared parameter. All curve fits hetd-squared

> 2. Curves were fit with the minimum number of lifetimes to reduce sinusoidal residuals,
while minimizing chisquared. If additional lifetime components only corrected deviations
near the IRF region, the lower lifetime fit was selected. Akroprobes were fit to
monoexponential decays. Closed probes were fit-torliriexponential decays. Lifetime

fits were performed on regioms-interest (ROIs) containing ~30 10* photons in the
decay peak. We found that this intensity was optimal toeimize the contribution of

detector nonlinearities, which hadepented curve fitting of our MFFLIM data in its
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original report®. Curvefit data were used to calculate the intensity and amplitude weighted

average fluorescence lifetimaccording to the following equations:

BO ¥
Bo t

The amplitude average lifetime was used to calculate the lifdiased quenching

efficiency:

1 HaéiQQ
T g0 N Qe

O pnm p (15

Note that this value poorly agreed with the quenching efficiency calculated from
epifluorescence images, which can be expected for a system with rakedjgenching

and probe dynami&&2% Statistical analysis and plotting were performed in MATLAB.
Curvefit ROIs were also used to generate FAST FLIM average fluorescence difetim
histograms, which represent the certiemass fluorescence lifetime weighted by the
number of events. To obtain the average fluorescence lifetime from these data, histograms

were fit to a curve in MATLAB according to the equation:

® »'Q (16)
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B1 was used for the Average Fluorescence Lifetime, and C1 was used as a measure of the
peak width. Fluorescence intensity data was processed in MATLAB. Aggregates and holes
in the SLB were omitted by standaddviation based thresholding, and the average
fluorescence intensity was calculated from the central region of the SLB. The quenching
efficiency was calculated by the following equation:

®Wati QQ

O PTT P T AD: &

Absorbance data was processed in MATLAB. Curves were background corrected using
the baseline absorbance between 720 and 750 nm and were normalized to the absorption
at 490 or 559 nm for probes containing A488 or Cy3B as the donor, respectively. Cell

image analysis was performed as illustrated in

Select:
1) Cell Region

Counts (Raw)

Counts (Corrected)

Identify pod.

rings from Counts Im.
1. Threshold:

< Background - N x SD,
where N is:

Cy3B/BHQ1:

4.7 pN, - Spacers: 10

4.7 pN, + Spacers: 10
Linear, + Spacers: 3
A488/BHQ1:

4.7 pN, - Spacers: 6

2. Morphological close
(Disk, 1)

3. Remove objects <6 pix
4. Area opening

5. User Input: Manually
remove defects in masking

Podosome Regions

XT
Av.
Quantify
(Per cell) <
Statistics
(Per condition)

?

Figure A 31,
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Select:
1) Cell Region

Counts (Raw) Counts (Corrected)

Identify pod.
depletions from Counts Im._
1. Threshold:

< Background - N x SD,
where N is:

Podosome Regions Depletion Regions A Cy3B/9TBHQ1, all: 3.5
A488/BHQ1:

Linear, - Spacers: 1.8
4.7 pN, + Spacers: 1.8
Linear, + Spacers: 1.9

2. Morphological close
(Diamond, 1)

3. Remove objects <6 pix
4. Area opening

+ 1. User Input:
Manually remove defects in masking
X T 2. Dilate (Diamond, 2) to include rings
Quantify
(Per cell)
Statistics

(Per condition)

Figure A32, andFigure A33. The FAST FLIM average lifetime per pixel was used to
calculate statistis on masked regionAt least three technical replicates were collected per
experiment and at least three independent experiments were performed. Statistical tests and

outlier testing were performed as described in figure captions.
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CHAPTER 5. CONCLUSIONS

5.1 Summary of Advances

In this work, wedeveloped, analyzed, and applied a novel approach to map forces
on fluid interfaces antb pertub adhesion mechanics on a membrdneour literature
reviewin Chapter &, we described the major mechanical parameters influencing SLBs
and summarized statd-the art approaches tadjust thar properties. Our review
contributel a new perspective througfls side-by-side presentatioaf SLB mechanicand
mechanobiologyChapter 3xpandedhe tools available to map and manipulateeptor
forceson a membranand applied these tools to elucidating the mechanism of force
balancem podosome¥®. Whereas previouspproachet measure forces @LBs applied
ratiometric imaging %, MT-FLIM contributed a novel and direct approach to mapping
receptor clustering and tension usiRgQIM. FLIM was preiously used to report forces
across adhesion proteins using genetiealigoded sensdré, but our binary DNA
hairpinbased FLIMFRET tension probesere a departure in thailirect quantification
forces exerted by singleeceptorsand the tension density (reported by percent open
probes}3. Whereas previoustudiesapdied patterning to spatily mutate cell and receptor
mechanotransductién'é 12 309 310 photocleavableprobes and TGTsillowed us to
dynamically perturb forces on the SLB. Photocleavable probes oféeregbproah for
experimental perturbation of stable adhesions; T&¥sed as responsive materials that
ruptured undehigh cellular force¥. Through this work® we demonstrated that integrin
receptos not onlyapply pN forces on mobile ligands, which was previously unk&éwn

8 andwe expanded upon the model of the podosome as an independent mechéfiosensor



Our workexperimentallydemonstrates thaodosomes apply pN integrin receptor tension
to counter nN protrusion forces applied by the podosome%avhich waspreviously
suggested through mathematical modelanglysis of material deformations, and protein
stretching® % 7> 8 put lacked molecular resolutiofihe modula design ofDNA-based
forceprobesmakeshem adaptable for imaging forces in a variety of syst@msacilitate
future applications ofmolecular tension probes, Chaptérexplored thebiophysical
properties ofDNA-based tension probes and evaluated the impagtalife design in a
podosome model systeifhis work will be useful in informing future experiments, which
apply DNA mechanotechnolody to reveal the role of mechanical forces in a variety of

receptofligandinteractionsat both ceHcell, celFSLB, and celmatrix interfaces.

5.1.1 Discussion oBiological Limitations

While our work provides novel approaches to map madipulate adhesion forces
on an SLB, it is notable that these biological systems have some limitations. SLBs represent
a reductionist platform to study cellular interactions, and our biological modetsdeo
only a subset of the many recepligand interactions at play within these cellular
junctions. Specifically, the use of cRGD ligands bias our findings towarl the c | as s o f
integrin receptof8’, In addition, while the SLB offerfluidity, the actual membrane is
much more biophysically complex, and can undergo dynamic changstiffnessin
response to mechanical forces; these changes are mediated by the actin cyt®'gkeleton
Finally, while fibroblasts provide a facile model of psdmelike adhesion it is notable
that these cells have not been observed to form podosomies. In future, work, it will

be important to also map receptor forces in podosimmeing immune cells.
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5.2 Outstanding Questims andDirections in Podosome Mechanobiology

Although the integration dfiophysical probes, materials, and imaging have helped
elucidate many features of podosome mechanosensiagg are several outstanding
guestions that require further investigatidime mapping of integrin receptor clustering
and tension on fluid SLB& interestingfrom a fundamental biophysics perspectarel
may provide insight intothe mechanagulation of podosomes formed at cealéll
junctiong” 28 2%, However, many podosomes form on stiffbstrate®, andit has been
shown that cells on stiffer substrates tend to form more podosomes with increased
protrusivenesg®. How is integrin receptor tension regulated in podosome ringsoon
fluid material® Future studies will measure podosome forces on glass and ultimately on
hydrogels.Does receptor tension contribute to podosome couplimgpaterials that are
permissive to lateral force$fow are forces regulated in 3D, and hake podosomes and
invadopodia similar and different in their mechanisms of force balah#ably,
concurrent with our work which showed podosome retraction when integrin adhesion was
photocleaved on a supported lipid bilayer, Ferrari and colleagues demonstrated that
invadopodia mechanically bend collagen fibers irt'8DAlthoughthis work suggesd a
mechanism ofctin protrusionrather than tensiqgrihe authors similarly found that forces

weredependent on actin but not myosin IlI.

Protein stretching ansuperresolution imaging suggest that podosome ring tension
may vary function of podosome raditisUsing newly developed Structured lllumination
Microscopyi Molecular Tension Fluescence Microscoplf, it will be interesting to

directly test this hypothesis. Supessolved tension imaging will also provide a new



approach todirectly correlate podosome structure and force. These features will be

important to distinguish in both podosomes and in related invadopodia.

An additional area of investigation will be in understanding tension oscillations in
podosomes. Podosomes omiilnid substrates have been shown to undergo force and
stiffness oscillatiorf§ 7 7> 77 243 this remains unexplored on fluid materiasd for
receptor Do integrin receptor forces oscillate in podosomes and do podosomes undergo
force oscillations on SLBs and at eeéll junctions#uture studies wilapply multiplexed
fluorescence imaging and MTFM &mswer these questiors.current limitation of MF
FLIM lies in its spatiotemporal resolution. Therefore, to study oscillations on fluid
substrates, it will be necessary to apply ratiometric FRET probkIbt detectors with

faster electronigswvhich are becominmgpcreasinglycommercially available.

Podosome function is facilitated by structure, mechanics, and spatial organization
but current studiestill only hint at how these relat@here is a need to deogl new
biomaterials and imaging probesdtudy the relationship between podosome mechanics
andfunction, such adiapedesismigration,bone resorptionin which environmental cues
and mechanical cuesuldinfluence podosome structure and in ttumne mechanical force
generation andhe outcome.lt is well known that pdosomes and invadopodia release
MMPs and that integrin adhesiorand substrate stiffness modulategradation irboth
invadopodia and podosont&s?s 316 Therdore, a major open question in the literature
focuses onthe role of receptor forces both in regulating MMP release and in responding to

changes in the local matrix structure and adhesfon

5.3 Additional Applications of DNA Mechanotechnology atFluid Interfaces
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Beyond podosome mechanobiology, our work déyaglicationsat a variety of cell
cellinterfacesWe expect these proteins to be integrated with cadhand ICAM1. With
growing interest mmunotherapy, there are vast applications of immmpdulating
biomaterials and cell therapie§herefore, itwill be important to the understand the
fundamental mechanicd immune cell receptors and their ligands. We anticipate that MT
FLIM and photoclegable probes will be useful in revealine mechanobiology of
receptors such as the TCR and PDIUBS were recently applied to studying chimeric
antigen receptof$’, DNA mechanotechnology may be useful evaluating these engineered
receptorsFutureplatformswill integrate our probes with surface pattegand diffuson
tuningto further map, manipulate, and reveal cell forces. In addition, our FRET probes can
be applied to measuring forces at eedlll junctions and in hydrogels. Ratiometric DNA
probes were recently used to quantify forces in epithelial Sfi¢eis& hope to use our

probes to study the forces between individoahune cells and within platelet clots.

5.4 Novel Applications of DNABased Tension Probesand Time-Resolved

Fluorescence

Time-resolved fluoresence measurements of DN#ased force probasay allow
for quantification oturrentlyinaccessible parameters. Although podosome receptor forces
have been shown to oscillate over tens of sed8nisis currently unknown wheén
receptor forces oscillate or sample on short time sdslaset. al. recently demonstrated
that immune dés exert weak andhortlived force<®3, but the temporal limit is unknown.
ScanningFluorescenceCorrelation Spectroscopy and smFRET measurements/ be
useful in revealingvhether receptors experientransient force fluctuationgn addition,

fluorescence lifetimemaging may ultimatly help bring molecular mechanobiologp
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vivo, since FLIMis concentration independent aadompatible with twephoton imaging,

which increases tissue penetratién
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APPENDIX A. SUPPORTING INFORMATION

A.1 DNA Mechanotechnology Reveals that Integrin Receptors Apply pN Forces in
Podosomes on Fluid Substrates

A.1.1 ProbeSynthesis an®/alidation
Table A 1 Oligonucleotide Sequences.

Summary of oligonucleotides used in this study. Oligo ID is used to denote sequence in
MALDI -TOFIDT = Integrated DNA Technologies, BT = Biosearch Technologies.

Oligo Purpose Sequence Source
1 Hairpin Ligand 5 -#5Hexynyl TTT GCT GGG CTA CGT GGC  IDT
Strand GCT CTT /3/AmMG3 6
2 4.7 pN Hairpin ~ 5-GTG AAA TAC CGC ACA GAT GCG GTA  IDT

TAAATGTTTTTT TCATTT ATA C AAG
AGC GCC ACG TAG CCC AG!
3 19 pN Hairpin 5 &TG AAA TAC CGC ACA GAT GCG CGC IDT
CGC GGG CCG GCG CGGGT TTT CCG
CGC GCC GGC CCG CGG CGA AGA GCG
CCACGT AGCCCAGE3 6

4 Linear (No 5-GTG AAA TAC CGC ACA GAT GCGAAG IDT
Hairpin) AGC GCC ACG TAG CCC AGG3
5 4.7 pN Hairpin 5 @5PCBIio/TT TGT GAA ATA CCG CAC IDT

(Photocleavable) AGA TGC GGT ATAAAT GTTTTT TTC ATT
TAT ACA AGA GCG CCA CGT AGC CCA

GC3 6

6 4.7 5 @GTA TAA ATG AAA AAAACATTT ATA IDT
Complementary C306

7 19pN Scramble  5-GTG AAA TAC CGC ACA GAT GCG TTT IDT

ATC GTC AAT ATATAC GAT ATT TTT TAG
AAT CTA GAT GTT AACTTT TTA AGA
GCG CCA CGT AGCCCA GG3

8 Scramble 5 -&AAG TTAACA TCT AGA TTC TAA AAA IDT
Complementary ATATCG TAT ATATTG ACG AT-3 6
9 MT-FLIM 5 &€GC ATC TG(FTBHQ1) GCG GTATTT BT
Anchor/Quencher CAC TTT/3Biot3 6
Strand
10 Unlabeled Bottom 5 &€GC ATC TGT GCG GTATTITCACTTT-3 ¢ IDT
Strand
11 MTFM 5 #%BHQ1/CGC ATC TGT GCG GTATTT BT
Anchor/Quencher CAC TTT/3Biot3 6
Strand
12 MTFM Quencher 5 #%BHQ1/CGC ATC TGT GCG GTATTT BT
Strand CACTTT-3 6
13 Alkyne-Amine- 5 @#Hexynyl/CG CAT CTG TGC GGT ATT TCA  IDT
Biotin C/IAmMMCET/TTT/3Biol-3 6
14 TGT Ligand 5 -@85Hexynyl/GTG AAA TAG CGC ACA GAT IDT
Strand* GCG/3AmMot3 &
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15 12 pN TGT 5 @CGC ATC TGT GCG GTATTT CAC IDT

Anchor Strand AMMCGT/ TT T/3Bio/-3 6
16 56 pN TGT 5 @5Biosg/TTT/AMMCET/CGC ATC TGT GCG  IDT
Anchor Strand GTATTT CAC3 6
17 4.7 (TTT) pN 5-GTG AAATAC CGC ACAGAT GCG TTT IDT
Hairpin** GTATAAATGTTTTTTTCATTT ATAC
TTT AAG AGC GCC ACG TAG CCC AG&'
18 4.7 (TTT) 5 -AAA GTA TAA ATG AAA AAAACA TTT IDT
Complementary** ATA C AAA-3 6

* Note: TGT sequences in this work contain a single base pair mismatch (bolded)
in the TGT Ligand strand (Oligo 14). Sequences used here are as written, however, for
future studies, this mismatch should be corrected; C. Despite thismismatch, we
proceeded with the interpretation of our data. Although to our knowledge, there is no model
describing the impact of a mismatch thie tension toleranc&Y , single molecule force
spectroscopy suggests that only the termini of the duplex are critical to defiing
According to the deGennes motf8l"Y i s sequence di nfdoel pl eormdse ntt |

equati on

5
0% c"Q...(‘)d")'Q..E P (19)

¢ Qis the tension tolerance per bond, L is the sequence length (bp), arsdthe number

of force-bearing basairs at the end of a duplex. Measuring thé of DNA duplexes

using magnetic tweezers revealed that equals 6.8 basgairs?’. Therefore, although a

mi smatch at bp 9 will slightly reduce the

impact™Y .

**Note: These oligos were used only absorbance spectroscopy of static quenched
probes, in accordance with Zhang, et®.alll other experiments using 4.7 pN tension

probes used Oligo 2.
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Attachment Chemistry
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Figure A 1 Chemical structures in oligonucleotide probes.
Chemical structures for relevant DNA modifications. Cy3B eR&DfK(PegPEG) were
conjugated as described.
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Figure A 2 HPLC chromatograms of modified oligonucleotides.

(a-d) Chromatograms of cRGD and DNA probes. Oligos sequences are as shi@abiein

A 1. Grey, blue, and pink lines are for cRGD, DNA, and Cy3B, respectively. Product peaks
are highlighted in yellow, and HPLC spectra for final products are marked**. Final
products were validated by MALBIOF. The locations of the cRGD and Cy3B are
indicatedas 56, 36, or I nt for internal modi f
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Figure A 3 MALDI -TOF spectra of oligonucleotides

(a-e) Mass spectra of starting materials and final probe products
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Table A 2 Summary of MALDI -TOF Results

MALDI

a.

a.

Sequence

1

1

13
13
14
14
15
15

Starting or Product

Starting
Product
Starting
Product
Starting
Product
Starting

Product

15¢

Calculated
MW
7729.0

9361.96
8356.7
9989.66
6875.5
7852.6
7903.3
8559.21

Difference
(%)

0.211
-1.134
0.001
-0.986
0.203
-0.392
0.203

-0.392



A.1.2 Podosomé/odel Characterization
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Figure A 4 NIH 3T3 fibroblasts form podosomes on fluid RGDoligonucleotides.

(a) Schematic of unlabeled cRGiDNctionalized DNA probes tethered to an SIB)
Immunostaining of podosorferming NIH-3T3 cell stained with Phog®@axillin Tyr 118
Polyclonal Antibody, PhalloidiiFluor 488, and Vinculin Antibody SF647. (N=85 cells, 3
expeiments.)(c) Normalized linescan analysis of podosome in b. Blue, green, and purple
lines represent pY118, vinculin, and actin, respectivi@ely Schematic of fluorescenty
tagged DNA probes presenting cRGD ligands on and SEB.Immunostaining of
podosonme-forming NIH 3T3 cells (n=97, 4 experiments). Cells were stained with
PhalloidiniFluor 488 and Vinculin Antibody SF 64{) Normalized linescan analysis of
podosomes irb. Blue, green, and purple lines represent dsRGD, vinculin, and actin,
respectively.
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Figure A 5 Podosome protrusion does not disrupt the SLB.

(a,d,g) Schematic of oligonucleotide probes and membrane labels used in b and c, e and f,
and h and i, respectivelyb,e,h) Representative epifluorescence images of podosomal
depletion as indicated by Cy3BNA depletion. The SLB beneath was labeled with FITC
labeled lipids or stained with membrane intercalating dyes, as indicated. Fluorescence
images are displayed normalized to the SLB backgro(mfli) Average membrane
fluorescence beneath podosome depletion regions versus the SLB background. Statistics
wereperformed with a twdailed Wilcoxon matchegairs signed rank test,f) or a twe

tailed, paired Students-Test (i). Teal bars represent the medief) @nd the mean)
P>0.05, **P<0.01, ***P<0.0001. Statistics were calculated on at least 26 cells, 3
experiments. Outliers were excluded (medisghscaled median absolute deviations).
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A.1.3 Molecular Tension Fluorescence Lifetime Imaging Microscopy
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Figure A 6 Absorption spectra of MTFM and MT -FLIM probes.

(a) Tension probes were chemically unfolded by annealing with a strand complimentary to
the sterAdoop sequence (bluefb,d) Schematic of conventional and MALIM probes,
respectively, in solutior{c,e)Absorbance spectra of closed (dark blue lines) and @eah

lines) conventional and MFLIM probes, respectively. Conventional MTFM probes
exhibited a shift indicative of static quenching. Data represent the smieaam. N = 3
experiments.

Table A 3 Summary of TCSPC Settings

Setting Parameter
TCSPC Resolution 25.0 ps
TCSPC Mode T3

Sync CFD Level -150 mV
Sync Zero Cross -10 mV
Sync Divider 8

Detector CFD Level -45 mV
DetectorZero Cross -10 mV
Detector Offset 530 ps
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Figure A 7 MT -FLIM probe calibration.

(a) To open probes, hairpins were thermally annealed to a sequence complimentary to the
stemloop. (b,c) Representative fluorescence decay histograms for opened and closed 4.7
and 19 pN tension probe®spectively. Closed probes exhibit a multiexponential decay (3
experiments). The instrument response function (IRF, calculated in software) is shown in
black. Photon counts are displayed on a logarithmic s¢dle) Representative average
fluorescencdifetime histograms for SLBs with increasing percent open 4.7 and 19 pN
tension probes, respective(@-3 experiments per condition).
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Figure A 8 MT -FLIM probe density slightly reduces fluorescence lifetime.

(a) Normalizedfluorescence intensity of SLBs containing20% open probes on SLBs

with 0.057 0.2 mol% BiotinytCap PE.(b) Average fluorescence lifetime on SLBs
containing 620 % open probes on SLBs with 0:02 mol% BiotinytCap PE. Light blue,

yellow, and dark blubars represent 0.05, 0.1, and 0.2 mol% Biot@gp PE, respectively.

Red circles represent the means of individual experiments. Data points represent the mean
of individual experiments. Bars bars represent the meag.m (error bars), 3 experiments.
Stdistics were performed with an ANOVA followed by a multicomparison test comparing
each data point to the corresponding 0.1 mol% Biot®gp PE data (yellow bars). ns
P>0.05, P<0.05, *P<0.01, ****P<0.0001.
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Figure A 9 Podosome rings and integrin clusterscontaib 1 i nt egr i n.

(a) MT-FLIM probes were used with intensibased imaging, such that both clustering

and opening events could cause an increase in fluorescence @iyriRépresentatie
images of podosomeor mi ng cell s show colocalization
(solid lIlines) and podosome rings (dashed |

were detected by Artint egrin b1l Anti body, cHuar644 MB 1. Z
goat antimouse IgGy ( 2 2 b)) a n d- Phallodin, arespéddvely(c,d) Linescan

analysis of podosomes)(and clustersd) s hows good colocalizat:.
probe signal. Linescan locations are indicated in b. Green, blue, and purple lines represent
actin, probe signal, and bl integrin, resp
5 &m.
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