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Abstract

Mechanical forces exert important regulatory functions in processes such as differentiation,
development and migration. Focal adhesions (FA) couple the extracellular matrix with the
cytoskeleton and are main mediators in the interplay between physical changes and biochemical
signals. Nonetheless, the regulation of tension in individual FA components has only been recently
addressed. In this work, we report the use of a molecular tension biosensor in talin based on Forster
resonance energy transfer (FRET). We found that tension on talin depended on the pulling forces
transmitted by its direct association to actin. Disturbing actomyosin contractibility by small molecules
or preventing direct actin binding increased FRET efficiency, indicating lower tension. These results
provide direct information about the mechanism behind talin as a mechanical coupler between
integrins and the cytoskeleton. We expect FRET tension biosensors to become a valid and useful tool
for molecular tension measurements.

Introduction

Cells are able to respond to a plethora of stimuli. Physical forces are key players in differentiation?,
development?, migration3, vascular remodeling® and other relevant processes. There is a wide range
of forces that can act upon cells (e.g. tensile, fluid shear stress, compression or expansion). In order
to sense forces and to transduce them into biochemical signals (i.e. mechanotransduction) almost all
organisms possess highly conserved structures specialized in responding to physical changes. As could
be expected, most of these biomechanical sensors are located in the plasma membrane, where they
participate in an intricate interplay between cell adhesion, extracellular matrix and the physical
viscoelastic properties of the cell itself°.

The most prominent mechanical sensors are focal adhesions (FA). FA are transmembrane
multiprotein complexes of 2x3-10um present in the basal membrane of adherent cells that couple the
extracellular matrix (ECM) with the actin cytoskeleton®. The main component of FA are integrins but
a total of 180 proteins have been reported so far to be part of FA, which are collectively known as the
adhesome’, including cytoskeletal, adaptor and signaling proteins. Among those, talin and other
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proteins like filamin and a-actinin can provide a direct link to the actin cytoskeleton and consequently,
may connect the response initiated in FA upon mechanical stress with downstream effectors.

Integrating the adhesome

Integrins
Integrins are transmembrane adhesion receptors (type |) associated in heterodimers of a and B

subunits in a non-covalent form. There are 18 aand 8 B forms in vertebrates, which can associate into
at least 24 heterodimeric receptor variations. Integrins are not present in the plasma membrane as
monomers because they are transported to the surface after dimerization®. Integrin receptors
resemble a big “head” and two “legs” (a and B) forming a bent capable of interacting with multiple
ECM components. They consist of one N-terminal ectodomain, one transmembrane domain and a
short cytoplasmatic tail in the C-terminus. Integrins can acquire a spectrum of different conformations
but can be divided in three stages: (i) bent inactive, (ii) extended and (iii) fully activated extended
integrin®. Regardless of the several nuclear magnetic resonance (NMR) studies of the cytoplasmatic
region, there is no clear consensus about the structure of a or B subunits alone!®. Nevertheless, B-
integrins span two NPXY domains that are essential to recruit adaptor proteins. It is reasonable to
attribute these structural discrepancies to the flexibility of the region, a domain that could be
potentially stabilized by its association with other components of the adhesome.

Talin
In 1983, Burridge and Connell purified the protein known as talin from chicken gizzard smooth
musclel, Talin is a conserved protein of 2541 residues with an important role in integrin activation,
actin cross-linking and coupling of focal adhesions with the cytoskeleton. There are two isoforms of
talin that share 75% of identity: talin-1 (TIn1) and talin-2 (TIn2). While both show the same main
function (i.e. link integrins to cytoskeleton) they present several differences: TIn2 is not involved in
Src (Proto-oncogene tyrosine-protein kinase Src) family kinase (SFK) activation and TIn1 KD mice are
not viable due to gastrulation defects whereas TIn2 KD mice are viable and fertile?. Additionally, TIn1
is required for platelet activation®. While TIn1 1 is ubiquitous, endothelial cells do not express Tin2.
The two isoforms do not form heterodimers*. Tin1 is the most studied isoform and, unless specified,
it will be the one referred in this work as just talin.

From a structural point of view, talin is composed of three regions (Fig.1). A N-terminal FERM
domain (F for 4.1 protein, E for ezrin, R for radixin and M for moesin) constitutes the talin head and
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Figure 1. [A] Talin-1 domains and binding partners. Red stars indicate calpain-2 target sites. In pink, vinculin binding
sites (VBS). B. Tridimensional structure of talin-1 4°. TIAM1, T-cell lymphoma invasion and metastasis 1; DLC1,
Deleted in Liver Cancer 1; RIAM, Rap1-GTP-interacting adaptor molecule; FAK, focal adhesion kinase;IBS2, Integrin-
binding site 2; DD, homodimerization domain.
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allows membrane translocation. This FERM domain is an unusual structure as F1 has a large insert
(forming an unstructured loop) and there is an additional FO domain besides F1, F2 and F3. F3 binds
the hyaluronan receptor layilin?® and the first NPXY motif of B-integrin tails through a
phosphotyrosine-binding domain (PTB) made of seven B-strands, but FO-2 are also required for
integrin activation'®. The talin head is connected to the talin rod by a linker region with multiple
phosphorylation sites'” which can expand from up to 20nm if extended and is susceptible to calpain-
2 proteolytic cleavage mediated by FAK (focal adhesion kinase)®.The talin rod comprises 13 bundles
of amphipatic a-helices (R1-13) and ends with a single C-terminal helix that acts as an antiparallel
homodimerization domain (DD)°. However, the conformation of talin dimers remains unclear. The
whole rod presents a large number of sequences able to bind other adhesome partners: 11 vinculin
binding sites (VBS), 3 actin binding sites (ABS), one of them requires talin homodimerization to be
active), and an additional integrin binding site (IBS2)?°. A binding domain to a-synemin, an
intermediate filament binding protein, has also been discovered?! .

Talin is a main regulator of integrin activation and clustering. Using C-terminal fluorescent tagged
integrins, a decrease in Forster resonance energy transfer (FRET) efficiency in K562 cells after the
addition of a talin head has been observed?. Additionally, structural analyses suggest that the binding
of talin to B-integrin may disrupt the association of both integrins destabilizing a salt bridge between
them in their transmembrane domain (Arg995 in allb and Asp723 in B3)%, with a concomitant increase
in its affinity for ECM components and focal adhesion assembly?*. These results seem to provide
further evidence to the current model of integrin activation in which both legs need to dissociate to
initiate downstream signaling. The PTB domain of F3 is necessary but not sufficient for inside-out B-
integrin activation, as other proteins with the same domain are not able to induce integrin
activation?2%, Consequently, there should exist additional interactions between both elements. A
second integrin binding (IBS2) site is present in talin, yet it is located in the C-terminus. Evidence for
IBS2 binding to B-integrin is contradictory: it has been detected by FRET? but superresolution
fluorescence microscopy supports otherwise?,

The rod is the element connecting B-integrin with the cytoskeleton. Calpain-2 increases talin binding
to integrin in vitro and its knock-down leads to defects in focal adhesion disassembly in a FAK-
dependent process®. Besides, calpain-2 removes the rod domain from the focal adhesion, resulting in
loss of tension and higher focal adhesion turn-over. Both domains could also have potential additional
regulatory roles in integrin recycling by themselves once cleaved®’. Furthermore, talin KO mice
fibroblasts adopt a rounded shape instead of their normal phenotype, an effect that can be rescued
by full talin reexpression but not the talin head alone3. The C-terminal region mediates the association
with actin through the last helix bundle (R13) and the C-terminal helix (DD). Actin cross-linking effects
may be achieved by the presence of multiple ABS in the molecule®,

There are several mechanisms for talin regulation. Talin can adopt two different conformations. In
the globular configuration, the F3 region binds the R9 domain of the rod, impairing B-integrin
association and leading to an autoinhibited state. Talin can also stretch from 50nm in its globular
conformation to 400nm in a vinculin dependent fashion after actomysin contraction*. Additionally,
F3 can bind to FAK?*® and the C-terminal region of PIPK1y90 (phosphatidylinositol-4-phosphate 5-
kinase type 1 y 90)%. In fact, talin remains inactive in the cytosol, and it translocates to the plasma
membrane after PIPK1y90 binding to the F3 subdomain (which is available independently of talin
conformation). In addition, the talin head membrane-proximal surface contains basic residues with
high affinity for acidic phospholipids that anchor it to the plasma membrane, and phosphatidylinositol
4,5-bisphosphate (PIP;) can bind F3 and increase integrin binding. PIPK1y90 can be phosphorylated by
several kinases modulating its activity positively or negatively. These observations suggest a model
where PIPK1y90 would translocate talin to the membrane, which would then be activated by an
increase in PIP, levels? (Fig.2A). Surprisingly, PIPK1y90 affinity to talin is higher than B-integrin, a fact
that raises the question about what additional mechanisms may be involved in talin activation and
engagement in focal adhesions. In the autoinhibited state, the IBS2 may be hidden, as the talin head
interacts with a rod region overlapping IBS2. Other F3 binding partners could also mask the binding of
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IBS2 to B-integrin. These multiplicity of interactions might explain the differences in FRET and
superresolution studies previously commented.

The talin-binding domain of vinculin can also promote talin membrane translocation and focal
adhesion strengthening®’. Talin possesses several VBS that bind vinculin with high affinity (K4 =15-40
nM) but purified molecules show a lower affinity (K4 =0.15-9uM)®. That discrepancy may be explained
by the effect of mechanical forces on talin, which could expose VBS hidden inside the bundles. At the
same time, vinculin competes with RIAM (Rapl-GTP-interacting adaptor molecule) (Fig.2B).
Interestingly, RIAM and vinculin are mutually exclusive®® and while RIAM is present in nascent
adhesions, vinculin can be found in mature ones*’. A possible explanation for such difference could be
the mechanosensitive nature of talin: increasing tension may expose different binding domains (forces
of 12pN applied by magnetic tweezers can expose cryptic VBS that would allow vinculin association*?)
and lead to an eventual transition from RIAM-talin nascent adhesions to mature vinculin-talin stable
focal adhesions by vinculin cross-linking of actin and talin, hinting a physical tuning of talin affinity for
vinculin during focal adhesion maturation. Actually, each component of the FA adhesions is under
different tension: atomic force microscopy studies have demonstrated that it is necessary a tension
around 30pN applied to a5B1 to reach maximum integrin stability*? while each actin-myosin can exert
a force of 6pN“*3. Talin is the main link between integrins and actin, forming part of the fibronectin—
a5bl—(talin)—actin—-myosin Il A
complex. Thus, the control of the
tension forces over this molecule - )
are essential to control FA == r | R
dynamics. i t}“—J """" S

Competition among PTB-domain ( '_‘
proteins can also result in talin (r—
inhibition. a-actinin, an adaptor puse ‘
protein that binds integrin and o) @
actin, exerts differential effects ﬁ j"k_i;., L ""f'"—
depending on the integrin observed, E &)
increasing talin binding to PB1 tegnn e
integrins and decreasing it to B3
integrins*. Filamin is the best
characterized example of
competitive inhibition. There is an
overlap of four residues between
the B-integrin tail binding sites of
filamin and talin®*. Consistently,
expression of migfilin, an adaptor
protein  whose binding site
competes with integrin for filamin,
increases integrin activation*® but
the in vivo function of migfilin is still
unknown?®. Integrin downstream
Signa“ng can also modulate the Figure 2. Signaling pathways that regulate talin activation. [A] Model for talin

affinity of each protein toward the recruitment by phosphatidylinositol-4-phosphate 5-kinase type 1 y 90 (PIPK1y90). [B]

NPXY motif. For instance, the NPXY Talin affinity for its binding partners changes during FA maturation®®. Rapl, Ras-
. proximate-1; RIAM, Rapl-GTP-interacting adaptor molecule; EGFR, epidermal growth
motif can be phosphorylated by factor receptor; PLCy1, Phospholipase C, gamma 1; Src, Proto-oncogene tyrosine-protein
SFK, inhibiting talin binding and kinase Src; Cdk5, Cyclin-dependent kinase; MAPK, Mitogen-activated protein kinase.

integrin activation as a result. The kindlin family are proteins that may be involved in talin activation.
Kindlins do not seem to bind to talin but are considered integrin coactivators that interact directly to
integrin, even if their effects can vary depending on the integrin dimer and the kindlin isoform?4°,
Through nanodisks (discoidal lipid bilayers of 8-16nm in diameter, wrapped by amphipatic domains>°)
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and a clever use of mutations, it has been observed that kindlin effects are dependent on talin-
mediated activation®. In general, all these interactions allow us to understand the intricacy of talin
regulation as a consequence of an environment as complex as the adhesome.

Vinculin

Vinculin is an actin-bundling protein present in FA with functions in cell-matrix adhesion and cell-cell
junctions®?. It binds to several adhesome proteins, talin among them, and increases FA stability. In
fact, vinculin depleted cells present less, smaller and more dynamic focal adhesions>3.

Vinculin does not bind directly to integrins, but it acts as a mechanical coupler by interacting with
several other proteins. The affinity between vinculin head and tail is very high (K4 < 10°M)>* and no
ligand known to date shows comparable affinity values. Two models for its activation have been
proposed: a combinatorial activation (two or more binding partners required for activation) and a
simple activation by talin or a-actinin®®. The conformational changes in vinculin activation have been
observed in vivo using FRET microscopy: inserting yellow fluorescent protein (YFP) and cyan
fluorescent protein (CFP) sequences in N and C- terminus respectively, a FRET efficiency decrease
could be observed after vinculin activation by IpaA (invasion protein from Shigella)®®. Using this FRET
strategy, it was confirmed that talin alone was not enough to induce vinculin conformational changes
but, instead, it required actin too*’.

In its active conformation, the tail dimerizes and vinculin acts as an actin cross-linker®®. Surprisingly,
FA present a small fraction of inactive vinculin, suggesting different pathways for recruitment and
activation during assembly and disassembly®®. Furthermore, vinculin can also modulate FAK and
paxilin signaling inhibiting their phosphorylation®®*°. Phosphoinositides may also regulate vinculin
recruitment, as they compete with F-actin for vinculin binding, increasing FA turnover®.

From a mechanical point of view, vinculin mediates force transmission: vinculin depleted cells exert
lower forces on the ECM®!, Combining FRET and an elastic domain composed of nanosprings, an
innovative study developed a vinculin tension sensor that made possible to visually observe the forces
experienced by vinculin®%: in stable FA, tension across vinculin was around 2.5pN. Higher forces were
observed during FA assembly and enlargement, whereas tension decreased with disassembly.
However, vinculin recruitment and activation where force independent, as no significant changes
happened in either case after actomyosin inhibition by Y-27632 mediated Rho-associated protein
kinase (ROCK) inhibition and myosin lla depletion by RNA interference. Even if talin stretching and
exposure of additional VBS may be dependent on actomyosin contraction (and therefore, talin
interaction with vinculin may have been inhibited by the treatments) the rest of binding partners could
still retain vinculin in FA.

Actomyosin
Focal adhesions require a linkage to the actin cytoskeleton to form and mature. There are several

adhesome components that mediate such connection: talin binds directly to B-integrin and actin, as
do a-actinin (both of them associate with vinculin as well) and filamin®. Integrin B4 can associate with
intermediate filaments, but that interaction has not been studied mechanically. In addition, myosin,
an ATP-dependent molecular motor, is required to exert intracellular forces on the cytoskeleton,
which may be transmitted to the ECM and allow an internal tension proportional to adhesion strength
and, in that way, keep tensional homeostasis.

The term actomyosin refers to the complex of actin and myosin, which, in conjunction, mediate
muscle contraction and other processes like migration, cell contraction and FA renewal. Actin is one
of the most conserved proteins among eukaryotes, probably due to its high number of interacting
partners. Actin may be able to tune its conformation is response to forces exerted by myosin I, but
most studies so far have focused only on its role as force transmitter and its elastic deformation®.

On the other hand, myosin are molecular motors that move through actin filaments in an ATP-
dependent process. The myosin family is divided in around 20 classes that comprise 139 members®?,
but they are similar in terms of structure. The current model for myosin contraction (Fig.3A) is called
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the swinging lever-arm model®. In broad terms, an actin-bound myosin (actomyosin complex) binds
an ATP molecule, inducing a conformational change in the motor domain that leads to actin
disassociation. ATP is then hydrolyzed into ADP and inorganic phosphate (Pi). While binding ADP and
Pi (pre-power stroke state), this complex binds actin again and releases Pi, an event that initiates the
actual power stroke of myosin (i.e. its movement along actin). The ADP molecule is then released and
the actomyosin complex is formed again, ready for another cycle. The conformational changes in the
motor domain are small, but they are further amplified 10-fold in its distal domain by a level-arm
domain. In fact, a 1802 rotation of the level arm domain can reverse the direction of myosin
movement®®.

Myosin Il is the main generator of the necessary forces for locomotion, cell adhesion (dis)assembly
and cytoskeletal tension. In addition, it also cross-links actin in a force-independent fashion®”. The
tension exerted by myosin Il is under tight control both physically and biochemically. Forces lower
than 2pN decrease 75-fold the detachment of myosin | from actin® and myosin Il interacts with actin

with a catch bond mechanism

A B _(Actin . .
; - : with an optimal force of 6pN,
"'a NM 11— Mechano- which is also the maximum force
Actin responsive r
SRR & molecules | MEY.  ineili exerted by that molecular
: o P ' motor®®. Myosin Il is recruited to
o7 @D . . :
W o regions mechanically stimulated
( phosphatase | and external forces can restrain
. Vs y the lever arm, stopping the
aem rotation ’E&;@ e = 5 4 . Vinculin ) ) 70
; (Rac ,\ T GO =X swinging cycle’.
- 2 : ) . .
AL %t Phosphorylation of its two
regulatory light chains (RLC) can
Tptasma membrane . . . .
Facintegrin activate myosin Il. Myosin light

<‘ subunit

chain kinase (MLCK) was the
first kinase identified in myosin
Figure 3. [A] The swinging lever-arm model for myosin contraction?3. [B] Actomyosin Il activation™: it phosphorylates
regulation by focal adhesions®’. Relevant acronyms are commented in text. RLC, binds myosin and actin and
may be stretched between myosin and actin during rearward flow, which could alter its autoinhibited
state and activate myosin Il. The ROCK family also phosphorylates MLC in vitro, as well as myosin
phosphatase (MLCP).

Simultaneously, those kinases are regulated by members of the Rho GTPase family’? (Fig.3B).
Members of the Rho GTPase family modulate each other by nucleotide exchange factors (GEFs) and
GTPase-activating proteins (GAPs). RhoA increases actomyosin contraction, the opposite effect of
Racl. However, Racl, inhibits RhoGEF NET1 and activates p190RhoGAP, inactivating RhoA’3. Myosin
Il kinetics and force bearing properties also change depending on which isoform expressed (NMII-A,
lI-B, or II-C.).

ECM

Adhesome proteins act in concert to regulate focal adhesions

Signaling in FA is a bidirectional process. Intracellular components can activate integrins and modulate
their affinity to components of the ECM (inside-out activation). Besides, the extracellular ligands of
integrins can trigger changes in the structure of the ap heterodimer (outside-in activation) and provide
information about the surroundings to alter the cellular adhesive capacity. In both pathways,
mechanical stimuli can participate in integrin activation, either externally (matrix stretching, shear
stress) or internally (actin polymerization, actomyosin contractibility). Integrin activation is an
essential process that needs to be strictly regulated. For instance, integrin allb activation in platelet
cells is a key step in thrombogenesis’®, and leukocytes can be retained at a site of infection after an
increase in B2-integrin binding affinity to (intercellular adhesion molecule 1)/V-CAM (vascular cell
adhesion molecule 1) receptors ®
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The activation process
requires the dissociation of
the integrin heterodimer
(Fig.4). A critical factor in
the heterodimer
conformation is the tilt of
each subunit relative to the
plasma membrane’. a-
integrin is perpendicular to
the lipid bilayer, whereas B-
integrin has an angle of 252
16, B-integrin binding to an
extensive region of the talin
FERM domain induces a
decrease of 202in B-integrin
tilt, with a concomitant
decrease of affinity
between a and B-integrin
Clustering of integrins 1| Disengagement transmembrane domains

i| of integrins that leads, eventually, to

: their dissociation””. Kindlin
family proteins also
participate  in  integrin
activation  along  with
partners such as integrin-
linked kinase (ILK) and
migfilin. From the many
integrin inactivators known
to date filamin is the direct
inhibitor of integrin
activator most studied. It is
a rod-shaped protein with

Activation of integrins i Engagement of integrins

24 immunoglobulin-like
domains. Mechanical
deformation induces

Figure 4. Main components of the adhesome and their role in focal adhesion dynamics!4°. Relevant cytoskeleton
acronyms are commented in text. rearrangements and

promotes filamin binding to
actin, changing its conformation and revealing new interaction sites’®.

One of the first steps in integrin signaling is FAK recruitment to the B-integrin cytoplasmatic tail”.
FAK is a target of Src that locates in focal adhesions in a highly phosphorylated state. FAK is
incorporated into the focal adhesion by talin and paxilin binding to the C-terminal focal adhesion
targeting domain (FAT)®. After translocation to the FA, FAK changes its conformation and afterwards,
it is autophosphorylated, a state in which it increases Src activity8l. Src activation increases further
FAK phosphorylation and activity. There are several possible FAK regulatory mechanisms: PIP, changes
near FAs, interactions with Rho GTPases that would affect their activity and localization® and also
sensitivity to mechanical stress, as fibroblasts devoid of FAK do not show differences in migration
directionality in softer or stiffer matrices.

FA are dynamic structures that must be able to alternate between stable and unstable states in
rapid response to changes in the environment or intracellular signaling. Forces can modulate the
binding affinity of the adhesome by modifying the distance between their bonds (slip bonds) or
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exposing new surfaces able to interact with each other (catch bonds)®. In that regard, talin acts as
both a chemical and mechanical regulator of integrin stability. Talin transmits the pulling force
generated by the actin cytoskeleton to integrins, increasing the tension levels of integrin to reach
maximum stability (30pN) by a catch bond located in the head of B-integrins. Filamin, in contrast,
needs higher forces (40-70pN) to unbind from actin and unfold its immunoglobulin-like domains®.
Other linker proteins such as kindlin and ILK are almost certain to transmit forces in specific ranges,
but mechanical studies have focused on talin so far.

Actomyosin is the main effector involved in reinforcement and dismissal of intracellular tension:
myosin contraction modulates tension levels while actin acts as a scaffold for adhesome components
and transmits force to the FA. Two independent studies have compared FA composition of fibroblasts
seeded on fibronectin before and after blebbistatin mediated myosin-Il inhibition8, Adhesome
components close to integrin (talin, kindlin) did not change their composition whereas distant ones
like calpain-2 or protein kinase a (PKCa), were lost very quickly. As integrin mature and assemble,
several components of the adhesome can bind to actin fibers flowing reawards to the cell center®’
which exert contractile forces. Talin and a-actinin are the main actin couplers while FAK, paxilin and
vinculin are less efficient®®. However, the stiffness of each protein (the amount of force needed to
change its conformation) is different in each case. Integrin and talin unfold in respond to soft forces
(0.5 pN/nm and 1.5 pN/nm respectively), while a-actinin is less sensitive (1700pN/nm)*. Talin may go
through stretch—relaxation cycles of 6-16s regulated by vinculin binding®* while a-actinin is always
transmitting actin cytoskeleton force to the FA. Such hierarchy in force sensitivity suggests additional
roles for talin apart from being a mere force transmitter.

Therefore, FA stability is regulated by the mechanical forces pulling and pushing them. Talin,
vinculin and other adhesome proteins not only act as a scaffolds but also mediate FA mechanical
coupling to the actin cytoskeleton and thus, are key factors determining adhesion turnover.
Nevertheless, our understanding of these processes is currently deficient and a detailed model of the
spatial and temporal dynamics of mechanical signaling is still missing. Yet, advances in fields such as
microscopy, computer sciences and cell biology have provided valuable tools to address such
questions®. While a significant part of our current knowledge about FA comes from fluorescence
microscopy, these techniques are not limited to structural information, as light can provide other
types of information that need to be considered.

Techniques used in the study of focal adhesions

Fluorescence is a phenomenon produced when a substance absorbs light, part of which is emitted a
few nanoseconds later at a higher wavelength. In biology, the first fluorescent protein (GFP, green
fluorescent protein) was discovered in the second half of the past century in Aequorea victoria®.
Nowadays, fluorescent-tagged proteins are an indispensable tool in cell biology. Fluorescence
microscopy makes it possible to visualize the cellular sublocalization of tagged proteins in fixed and
live cells. Images can be acquired over short and long time intervals if phototoxicity is avoided.

Wide-field microscopy

In a wide-field microscope, the whole sample is excited by a light source (tungsten-halogen or mercury
lamps), and the resulting image is then captured by a camera. Fluorescent filters are necessary to
control emission and excitation paths. Barrier filters block specific wavelengths and are added after
the emission source and before the detector to limit the wavelengths emitted or visualized
respectively. In addition, dichroic mirrors reflect excitation wavelengths and pass emission
wavelengths®. A main problem with wide-field microscopy is that fluorescence coming from regions
out of focus interferes with the visualized region, resulting in a lower axial resolution (approximately
700nm in contrast with 250nm in the lateral plane). Other techniques such as confocal microscopy
can solve this problem at the cost of lower signal or limited axial range.

10
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Confocal microscopy

The axial noise of wide-field microscopes can be reduced using a confocal microscope. All confocal
microscopes are based on the same principle: the addition of two sets of pinholes. The first pinhole is
added after the excitation laser and is in a conjugate plane (confocal) with another pinhole present
right before the detector. In tandem, both pinholes act as a spatial filter restricting the light detected
to just one focal plane (Fig.5A). That set up allows to image precise optical sections in the axial plane
with a resolution of 500nm®!

Even if in confocal microscopes the noise is greatly reduced; in exchange, the total intensity
decreases up to 90-95%. To increase the signal, these microscopes use lasers as light sources and
include photomultipliers to detect the emission. Depending on the pinhole configuration, confocal
microscopes can be divided into point-scanning and spinning-disk varieties.

e Point-scanning microscopes scan the imaged area in a rectangular pattern (point by point). The
laser beam is controlled by two oscillating mirrors governed by galvanometer motors. The region
of interest is scanned row by row until the whole image is obtained. Compared to light speed,
mirror movement is slow: standard systems can scan an area of 512x512pixels in 250ms®?, but
longer times are usual depending of the settings.

e Spinning disk microscopes use two rotating disks with thousands of aligned pinholes arranged in
a spiral pattern (Fig.5B). The laser crosses the pinholes and excites the sample as in point-scanning
but, in this case, the disks spin at high speed, covering the whole area being imaged in only 1ms*
In this way, image acquisition is two orders of magnitude faster than point-scanning microscopes
and phototoxicity is reduced. There are two main drawbacks of this technique: firstly, the axial
depth is fixed, reducing the flexibility when imaging different thicknesses; secondly, due to
different distances to the center between central and peripheral pinholes, their linear speed is
different and an intensity gradient centered on the middle is formed, as this area is exposed to
more photons.
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Figure 5. [A] Light paths in confocal microscopy®!. [B]Design of a spinning disk microscope®3.

10-100nm: Superresolution

Superresolution microscopy is a general term that encompasses an extensive array of techniques
capable of obtaining a resolution beneath the refraction limit, reaching values as low as 10nm. Such
precision needs of long times of acquisition and potential photobleaching, so superresolution is not
yet an optimal choice for live cells. Superresolution microscopy is a technology still in development
and, as could be expected, many technical variants coexists nowadays. The main methods can be
classified in four broad categories according to their approaches: (i) increase in optical performance

11



Talin-1 is a mechanosensitive adhesome protein regulated by actomyosin contractibility

(multiple objectives)®, (ii) changes in the point spread function®®, (iii) iterative localization of single
molecules? " and (iv) total internal reflection'®. Single-molecule localization microscopy has already
been used to understand the architecture of FA%,

Forster resonance energy transfer (FRET)

If the emission spectrum of one fluorophore (donor) overlaps with the excitation spectrum of another
(acceptor) and both fluorophores are in close proximity while the donor is excited, part of the energy
received by the donor will be transferred to the acceptor, which will emit fluorescence as well (Fig.6).
This phenomenon is known as Férster resonance energy transfer (FRET)!L. The amount of energy
transfer is usually expressed as FRET efficiency and depends on the Férster radius (Ro), (i.e. the
distance at which 50% of the energy is transferred) and the sixth power of the distance between donor
and acceptor (rpa):

R§

RS + 15,

Where Ro (nm) is a function of the fluorescence quantum yield of the donor (Qp), the spectral
overlap between donor and acceptor (Jpa), the refractive index of the media (n), the relative angular
dispositions of the donor emission and the acceptor absorption dipole moments (k?), and C, a constant
(8.79-10*M-cm-nm?):

FRET eff.=

R§$=8.79-107"1-[Qp - k2 -n™* - Jp4l

Because of the term including the sixth power of the distance, FRET is only observed at less than

10nm between the FRET pair, and offers sensitive information about proximity below the resolution

limit of confocal microscopes, acting as a molecular ruler. Because of its properties, FRET is used to

assess conformational changes (intramolecular FRET) and analyze the proximity between molecules
(intermolecular FRET).
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Figure 6. [A] Fluorescent spectra of a FRET pair: CFP (donor) and YFP (acceptor). The

brown stripped area corresponds to donor crosstalk, whereas the pink stripped one and excitation should be as
represents acceptor leakage. The brown area without stripes is a region where distant as possible to prevent
homoFRET occurs. The corrected FRET signal measured is represented in red. [B]

Principle of FRET*#2. CPF, cyan fluorescent protein. YFP, yellow fluorescent protein. excitation between donors

(homoFRET)?, Some
fluorophore combinations satisfy all these requirements, such as GFP-RFP and CFP-YFP and their
variants.

If intermolecular FRET is being measured, the concentrations of donor and acceptor need to be
controlled, as the probability of energy transfer increases with higher acceptor/donor ratio. In
intramolecular FRET, on the other hand, it is necessary to check possible interactions between FRET
pairs of different molecules (unintended intermolecular FRET). Chromatic aberration needs to be
corrected as well. Chromatic aberration is an optical distortion produced due to the different
refractive index for each wavelength in the same media. As a consequence, not all colors are in the
same focal plane and the image obtained shows a false relative displacement between channels. To
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solve that problem, such displacement has to be measured, usually imaging multifluorescent beads
and aligning the images taken.

While FRET efficiency per se is a direct value, it is not measurable on the microscope. Instead, a
FRET index is calculated from the images taken. There are several FRET indexes and comparisons
between them can be difficult, as each is best suited for specific experimental approaches. (i)
Intensity-based FRET quantifies the increase in acceptor emission compared to donor or acceptor
intensity; a ratio that is then corrected for bleed-through. (ii) In spectral FRET, the contribution of each
fluorophore is calculated by linear unmixing as the spectral properties of the fluorophores are known.
That approach requires additional equipment (i.e. a spectral detector)'® but it makes possible to use
FRET pairs with more overlapping spectra (which usually exhibit enhanced FRET). Nonetheless,
spectral detectors display low quantum efficiencies!. (iii) Other techniques are based on other
consequences of FRET such as photobleaching protection'®, changes in fluorescence half-time® or
light anisotropy?°®.

Each FRET method is best suited for the equipment available (microscopes, lasers, filters) and the
kind of measurement intended. For simple observations such as FRET change over time or
intramolecular FRET (acceptor-donor ratio is always 1:1), it is advisable to start using the simplest
intensity-based methods. In contrast, life-time measurements are more appropriate in intermolecular
FRET, where probe concentration can be an issue, as those are concentration independent. FRET
changes are not necessarily big and, as a consequence, all possible sources of error should be
quantified with the right controls such as imaging acceptor or donor only, bleached acceptor or donor,
intermolecular controls for intramolecular FRET, etc. Combination of two FRET methods can increase
the reliability of the results obtained but, in any case, FRET, as any other technique, should be
confirmed by alternative means.

The fact that integrins are found in heterodimers whose conformation changes according to their
activation state makes FA attractive targets for FRET. The most relevant FRET approach for this project
was the first reported molecular tension sensor, which was used to the force-bearing role of vinculin®2.
The Schwartz laboratory designed a vinculin chimera that incorporated a FRET pair (mTFP1 and
venus(A206K)) separated by an elastic spider silk protein flagelliform domain acting as a nanospring®°’:
when force was applied to vinculin, the spring became stretched and the distance between
fluorophores increased. Those events could be effectively observed by changes in FRET efficiency.

Fluorescence recovery after photobleaching (FRAP)
FRAP is based on the fact that after enough excitation,
fluorophores become irreversibly bleached (i.e. their A»»
fluorescence is depleted). When a certain spot is bleached in
a cell, the resulting area becomes darker, but its intensity
changes with time as new, nonbleached molecules diffuse
into the dark area until an equilibrium is reached®,. A fraction
of the molecules can be exchanged, allowing to recover
fluorescence (mobile fraction), but when part of the
population cannot be exchanged (immobile fraction) the
original intensity will not be totally recovered. When intensity
at each time point after bleaching is compared with the
average intensity before bleaching, an exponential FRAP
curve ranging from 0 to 1 can be calculated (Fig.7), which, t 1,
fitted, allows to obtain three relevant biophysical Figure 7. Principle of FRAPY and main
parameters. parameters'**.
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affinity. All bleached proteins are eventually replaced, but if such process is slower than the
observation, it is possible to calculate immobile and mobile fractions after an arbitrary amount of
time.

e Half-time (t12) and diffusion constant (D). The half-time is the time needed to recover half of the
original intensity. t1/; is used to easily calculate the lateral diffusion of membrane proteins when
no other recovery is involved and a circular spot is used?®.

There are many practical considerations that must be taken into account when designing a FRAP
experiment. Firstly, the fluorescent construct expressed should not interfere with protein function or
promote protein aggregation (which is especially relevant in structures such as FA). Besides, a high
intensity and intensity range is necessary for precise measurements. More data is obtained with
higher acquisition rate but, in return, samples are more prone to photobleaching and photoxicity. It is
necessary to archive a compromise between both variables, which will change according to the
mobility of each protein.

Mechanical stimuli in live systems
Besides biophysical measurements, it has also been necessary to develop new means to add
mechanical perturbations in the biological models used models.

Mechanical forces can be directly applied over cells in a controlled fashion. Flow chambers can
simulate the shear forces exerted in the vascular endothelium and the lymphatic system?: cells are
seeded in a chamber whose media is being pumped. Additionally, mechanical stretchers exert
compression and extension forces!!!. In that case, cells are seeded on a membrane made of
biocompatible, transparent materials, which is then stretched mechanically or using vacuum. As the
membrane area increases, the force is transmitted to cells, which can be observed during and after
the process.

Translation of biomechanical findings into animal models is difficult. In vascular biology, the aorta
can be used to observe differential responses to mechanical stimuli. While flow in the ascending aorta
resembles a turbulent regime (it is closer to the left ventricle), the descending aorta resembles a
laminar flow!!?, giving rise to different shear forces. Inducing an increase in blood pressure (pregnancy,
renin-angiotensin system) can be another way to exert changes in the mechanical environment of the
organism studied.

Small molecules able to inhibit actomyosin contractibility are an extended tool in
mechanotransduction. While siRNA can be used to deplete myosin Il, drugs offer a faster and precise
alternative®, The compounds used in the experimental part of work project are commented next
(Fig.8).
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Figure 8. Inhibitors of actomyosin contractibility used in this work. Left: Chemical properties!?. Right: Inhibitory mechanisms!4.,
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Blebbistatin is the most widely used inhibitor of non-muscle myosin Il. It is a noncompetitive
inhibitor that binds the motor domain by hydrophobic interactions, resulting in the stabilization of the
pre-power stroke state (myosin associated with ADP and Pi, but not actin) and the inhibition of Pi
release!. This is a very specific compound: while it has ICsp of 2uM it does not hinder myosin | or V
and concentrations as high as 50uM. Blebbistatin is highly permeable, acts fast and its effects are
reversible but, in contrast, has low solubility and is inactivated by high levels of blue light (below
488nm)**®, A derivative of blebbistatin, azidoblebbistatin, does not present these drawbacks but, in
exchange, needs to be irreversibly photo-crosslinked with myosin using ultraviolet light,

Y-27632 is a Rho-associated protein kinase inhibitor. The ROCK family comprises ROCK-I
(p160ROCK) and ROCK-II (also known as ROKa or Rho-kinase). This Y-compound acts by competitive
inhibition and prevents the use to ATP by ROCKs?’. Addition of Y-27632 unsets the balance in MLC
phosphorylation as it inhibits myosin phosphatase and may phosphorylate the myosin light chain
directly. The ICso of Y-28632 is 140-220nM*8

ML-7 is a competitive MLCK inhibitor that prevents MLCK binding to ATP. The effects of ML-7 and
Y-27632 may be spatially regulated: ROCK activity is necessary for actin stress fibers formation in the
center of the cells, whereas MLCK is required for peripheral MLC phosphorylation ¥, ML-7 ICs is
300nM 20,

15



Talin-1 is a mechanosensitive adhesome protein regulated by actomyosin contractibility

Obijectives

Despite the evidences hinting at the role of talin in mechanotransduction, a direct assessment of the
forces borne by that protein is still missing. In this work, we continued the approach started in the
Schwartz laboratory and used a novel talin force sensor (TS) and FRET microscopy to examine the role
of actomyosin contractibility in talin tension. FRET tension sensors need precise measurements, so the
suitability of the experimental design had to be tested in biological and microscopy terms before
extracting valid conclusions. Talin binds integrins and actin directly. Consequently, we expected to
observe a dismissal in the tension suffered by talin once its interaction with actin was prevented or
actomyosin contractile forces were reduced. The objectives of this work can be summarized as:

1. Dissect the sources of error in FRET measurements in talin tension biosensors and correct
them.

2. Describe the differences between TS and wild-type talin in biophysical terms.

3. If the use of TS is a valid approach for tension measurements, study the role of actomyosin
contractibility on the forces being exerted on talin.

Results

Tension measurements require stringent calibration

Several constructs featuring the tension sensor module in talin were designed (Fig.9B). (i) TS (talin
sensor): with the tension module fused in the linker domain; (ii) NTS (N-terminal talin sensor), where
the FRET pair is in the N-terminus, and it should not experience forces able to separate the
fluorophores; (iii) GT (eGFP (enhanced GFP) -talin), in which only GFP and not the rest of the module
was fused into the N-terminus, and (iv) TA (mutated ABS talin sensor), identical to TS except in its C-
terminal actin binding site (ABS), which was mutated to prevent actin binding. These constructs were
transiently transfected in Talin-1 KO 3T3 mouse fibroblasts for FRET studies. That cell line only
expressed talin-1 at very low levels, but it retained wild-type expression levels for talin-2 (data not
shown).
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Fig.9. [A] Spectral overlap between eGFP and tagRFP. Dotted lines represent the excitation spectra of both fluorophores, and
continuous lines, the emission spectra. The bold lines indicate the lasers used for FRET imaging, while the colored areas represent
the filters used to detect donor emission (blue) and acceptor emission (orange). [B] Talin tension sensor constructs used in this
work, described in the text. eGFP is represented in green and, tagRFP, In red. Talin head domain is in dark grey and the rod domain
in light grey.

To reduce phototoxicity and speed up acquisition times, spinning disk confocal microscopy was
used as imaging system. eGFP'# and tagRFP?? were chosen as FRET pair because they present a
considerable overlap in donor emission and acceptor excitation (Fig.9A) and they could be excited
with the equipment available. Sources of error in FRET imaging were analyzed and corrected.
Previously, intermolecular FRET had been calculated cotransfecting talin-1 KO 3T3 mouse fibroblasts
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with mutated versions of TS where only one the fluorophores was active. FRET values obtained
represented a 5% of the efficiency normally observed with TS in spread cells (data not shown).

To correct for fluorescence bleed-through, 3T3 mouse fibroblasts were transfected with either
eGFP or tagRFP and imaged in eGFP, FRET (eGFP excitation, tagRFP emission) and tagRFP channels.
The linear dependency between intensity and bleed-through was then calculated. It was constantly
around values of 4.5-5% for donor crosstalk and 6-8% for acceptor leakage. Due to instrumentation
limitations, homoFRET could not be analyzed.

Confocal microscopy is sensitive to chromatic aberration. The objectives used were Apochromat,
through a displacement of one pixel between channels was observed at the highest magnification
(100x) with multifluorescent beads and corrected. The intensity gradient in spinning disk microscopes
was quantified imaging fluorescent dyes: the differences observed were, at the image borders, 50%
lower compared to the center.

In order to assess the impact of these calibration procedures on FRET efficiency, FRET values were
compared in the same cell with and without the corrections in use. Lack of calibration, especially
bleed-through, led to a drastic increase in FRET efficiency (Fig.10).
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Figure 10. [A] FRET efficiency distribution at focal adhesion after applying some or all corrections necessary. As can be observed, bleed-
through correction had the strongest impact in FRET index. [B] FRET images with or without correction. The frame colors indicate the
same correction that in [A]. All images in this project use the same FRET color scale (0.0-0.3) that this figure. Bar = 10um.

Actomyosin inhibitors exert differential effects on talin tension

To check whether talin tension was actually being measured in TS, we compared FRET values between
talin present at FA and the cytoplasm (Fig.11A). Higher FRET values were detected in the cytoplasmic
pool. These differences were also present in regions close to the plasma membrane but outside FA in
comparison with talin in FA themselves.

To directly address the role of contractile forces, actomyosin contractiblity was inhibited using
small molecules (Fig.11B). With that purpose, FRET efficiency was measured in FA in random fixed
cells after treatment with vehicle (DMSO) or three reversible inhibitors at two concentrations (5uM
and 10uM): blebbistatin (myosin Il inhibitor), ML-7 (MLCK inhibitor) and Y-27632 (ROCKs inhibitor)
(Fig.8). At high doses (50uM), these compounds led to aberrant cell shape and loss of membrane
rigidity, a property that was used as a positive control to check drug stability (Fig.11C). As we wanted
to observe the subtle effects of a decrease in actomyosin pulling force, lower doses of 5uM and 10uM
were used. To discard any other effect on FRET efficiency besides actin stretching, the assay was also
performed with NTS, which showed higher baseline FRET values. DMSO treatment still presented
significant differences between NTS and TS FRET efficiency, whereas FRET increased in TS after
blebbistatin addition and high doses of ML-7. On the other hand, no changes were observed upon Y-
27632 treatment or a combination of ML-7 and Y-27632. Strikingly, FRET decreased in a constant
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Figure 11. [A] FRET efficiency values in focal adhesions, the whole region close to the plasma membrane and the
cytoplasmic pool of talin respectively. [B] Mean pixel FRET values in focal adhesions after chemical disruption of
actomyosin contractibility. (***) indicates values statistically significant (p<0.001, d>0.5). [C] Effect of high and
moderate doses of blebbistatin on cytoskeleton integrity. Green, Talin sensor; blue, Alexa Fluor 647 phalloidin. DMSO,
dimethyl sulfoxide.; TS, talin sensor; NTS, N-terminal talin sensor; BB, blebbistatin; Y, Y-27632. Bar: 10um

fashion in NTS after all treatments but DMSO. These inconsistencies led us to consider a further
characterization of TS compared to wild-type talin as well as a more detailed study of which additional
factors could be affecting FRET efficiency with the methodology used.

Evaluation of fixation and diffusion effects on FRET

The role on paraformaldehyde (PFA) in FRET efficiency was analyzed imaging the same cells at
different stages before and after fixation (Fig.12). Surprisingly, a drastic reduction in fluorescence
intensity as high as 50% was detected (data not shown) and a simultaneous decrease in FRET efficiency
short after fixation and consequent washing steps. 24 hours later, FRET and raw intensity partially
recovered to 60% of their former values.
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Figure 12. [A] FRET values at focal adhesions of a representative cells during the fixation process. [B] Relative changes in FRET
efficiency observed on individual monitored cells. Both values are statistically significant (p<0.001).

FRAP assays were performed on TS and GT (endogenous talin cannot be used as FRAP requires
necessarily a fluorescent protein) to detect possible differences in their kinetics that could affect live
experiments (Fig.13). A circular region of 0.3um in radius was bleached in the eGFP channel to around
40-50% its former intensity value. Cells were then imaged every 3 seconds in eGFP channel for 5
minutes.

Significant differences could still be observed between TS and GT both in their recovery rates and
mobile fractions. In fact, recovery was slower but archived a higher value in GT (62.4% of corrected
original intensity versus 39.5%). These parameters made possible to obtain the diffusion constant of
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interactions in force transmission, we
performed live FRET experiments in
talin-1 KO fibroblasts transiently expressing with TS or TA. Cell were treated with the drug and dose
with the strongest effect (blebbistatin 10uM) and images were acquired before drug addition and at
5 minute intervals after the treatment (Fig.14). Changes in untreated TS cells were minimal, while
blebbistatin induced an increase in FRET efficiency after 25 minutes. FA started to disappear and in
some cases cell integrity became suddenly compromised (Movies S1 and S2). On the other hand,
untreated TA transfected cells presented higher baseline FRET efficiency, close to NTS values in fixed
samples (data not shown), and they were not affected by contractility inhibition.

Discussion

FRET as a tool for tension measurements

FRET can be affected by several factors such spectral overlap, light out of focus and the refractive
index'3, In the methods presented here, we have detected and corrected such sources of error. PFA
fixation is known to affect fluorescence life-time and FRET efficiency for the CYP-YFP pairt?#!%> but

those effects have not —A— TA BB 10uM

been reported for GFP?°, —=— TA No treatment
. 160 —A— TS BB 10uM
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trapped in the resulting
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higher viscosity of PFA (20cP) compared to water (1cP) may have resulted in a loss in fluorophore
rotational freedom that could lower FRET efficiency. It has been previously reported that

Figure 14. Normalized Changes in FRET efficiency after blebbistatin treatment. BB,
Blebbistatin; TS, Talin sensor; TA, C-terminal actin binding site mutant talin sensor.

19



Talin-1 is a mechanosensitive adhesome protein regulated by actomyosin contractibility

mechanosensitivity of focal adhesions depends greatly on pH!?°, so small changes in PFA acidity
between experiments could also be present in this work and should be addressed in the future. The
addition of new control sensors with different elastic properties and changes in the localization of the
tension sensor module should also be considered. The cell line used, talin KO mouse 3T3 fibroblasts,
still expressed TIn2 and very low levels of TIn1, but in contrast to endothelial cells, which only express
Tin1, they are physiologically exposed to a wider range of forces (in the range of 30-200nN 3°) and,
consequently, offered a bigger window for analysis.

Our FRAP results should be interpreted cautiously. In contrast to previous reports*>*, we could not
compare kinetics between FA located in the periphery and the center of cells: bleached central FA
presented low signal to noise ratios and their lifespan was in some cases shorter that the total interval
analysed, they were discarded from further analysis. Besides, some cells presented spontaneous
contraction, a symptom of phototoxicity probably due to the frequency of image acquisition, and they
were also removed from our dataset. Despite those confounding factors, we could observe differences
in kinetics between fluorescent constructs. The size of TS and GT is equivalent (3056 residues
compared to 2779) so diffusivity differences might be caused by conformational changes affecting
binding affinity with other molecules. Previous FRAP studies of talin showed great differences with
half-times as diverse as 77s, 50s, 4.51-6.82s'*2 or even 2.2s3! The FRAP values reported here are
consistent between both constructs and they are closer to those obtained from mouse embrionary
fibroblasts in the literature (50s, 62s)!3. In another FRAP study, the mobile fraction is similar to the
one obtained here (55%) while the half-time was significantly lower (17s). These divergences in FRAP
parameters could be due to differences in the cell line used as well as bleaching settings and
mathematical models used. In both cases, however, the diffusion coefficients were similar to those of
other slow membrane proteins'®, which present values around in the order of 10°-101? cm?- s
instead of cytoplasmic proteins such as GFP (2.5:10°) cm?- s%. That fact suggests that the main factor
in intensity recovery it is not the cytoplasmic pool, but other talin molecules present in the FA.

131

Talin mechanosensitivity depends on direct actin interaction

FRET requires a deep understanding of its biological and physical implications: measurements need
to be meticulously taken and the effect on the tension module should be analysed for each protein.
Despite such limitations, a recent study also incorporated a new FRET tension sensor on PECAM-1
(platelet endothelial cell adhesion molecule 1) to analyze the effect of shear stress on PECAM-1
tension®34, Both for that sensor and the vinculin one, the results obtained by FRET challenged part of
the current assumptions in the field (force dependent recruitment of vinculin and absence of
cytoskeleton reorganization after shear stress respectively), prompting new interesting questions to
be asked.

In the current model, talin is activated at the plasma membrane after PIPK1y90 mediated
recruitment, followed by force dependent stretching and changes in binding affinity?. So far, the only
direct evidences for a mechanical regulation of talin were provided by studies based on magnetic
beads and optical tweezers*®. Here we report the use of a biosensor to measure tension across talin
directly on cells. We found that tension was reduced in the cytoplasmic pool and in membrane-
proximal talin outside focal adhesions and that actomyosin contraction inhibition by small molecules
decreased the mechanical load of talin but those effects were notably reduced when the C-terminal
ABS was mutated.

Differences in drug treatments can be conciliated. MLCK acts upstream myosin 1113 and therefore,
the presence of compensatory mechanisms after ML-7 addition is more feasible than in blebbistatin
treatment. An increase in MLCP or ROCK activity could be behind the higher dose of ML-7 necessary
to observe effects. These changes could be mediated by fast posttranslational modifications catalyzed
by other proteins of the adhesome, like the multiple kinases present in FA3, At the same time, ML-7
mediated decrease in ROCK activity could have been compensated by a simultaneous decrease in Racl
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mediated RhoA inhibition. Besides, ROCK is especially necessary for actin polymerization in the cell
center, whereas MLCK is required for peripheral actin contraction. As most of the FAs measured were
in the periphery, Y-27362 effect could have been effectively masked. A refinement in the algorithm
used to identify FA would be needed to address that question.

Despite the diverse talin binding partners able to associate with actin (vinculin, FAK)32, tension
values in TA were similar to NTS (albeit in fixed samples), reinforcing the importance of direct
interactions with the cytoskeleton network in force transmission and generation. In future work, it
would be interesting to relate the changes in talin tension during cellular processes such as migration
or spreading and the role of additional molecular interactions with other adhesome proteins using
additional mutant sensors.

Conclusion

Overall, this work has characterized tension biosensor based on FRET as a multidisciplinary approach
to assess the role of forces at cellular and molecular levels, providing new evidences about the
function of actomyosin in talin mechanosensitivity regulation.

Here, we have demonstrated that a direct link between actin and talin is necessary for the
transmission of physical force started by myosin contraction. Such evidence will surely constitute the
first step in the biomechanical characterization of talin.

Materials and methods

Cell culture and transfection

Talin-1 KO 3T3 mouse fibroblasts were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS), 0.001% B-mercaptoethanol (Sigma, US) and 1.2mg/ml
NaHCOs; (Sigma, US) Cells were cultured in a 5% CO; humidified atmosphere at 372C and
supplemented with penicillin-streptomycin, which was removed from the medium before and during
experiments.

Cells were seeded in a 6-well plate and transfected with jetPrime (Polyplus Transfection, US) with
1ug of the construct at 50-60% confluence. After 24h, an efficiency of 50% was observed by wide field
microscopy. For further analysis, 48h after transfection, cells were lifted with trypsin and plated on
glass bottom dishes (220mm) coated with fibronectin (10mg/ml) for 3h at low confluence
(35.000cells/well) to allow spreading and formation of FAs. The constructs used in this work were:
eGFP, tagRFP, GT, TS, NTS and TA.

Drug treatments and immunostaining

Following transfection and subsequent spreading, cells were incubated with two concentrations (5uM
or 10u M) of blebbistatin (diluted in DMSO), Y-27632 (diluted in DMSOQO), ML-7 (diluted in water) or
combinations of the aforementioned. Fibroblasts treated with the vehicle (DMSO) only were used as
negative control, whereas incubation in blebbistatin 30uM for 50 minutes was used as positive
control. Cells were used for live imaging or fixed with PFA 4% (prepared from powder (Sigma)) for 20
minutes. To measure global changes, random cells were imaged before and after incubation for 10,
20 or 50 minutes and posterior fixation. To monitor individual cells, time-lapse image acquisition was
performed right before incubation and at 5 minute intervals after drug addition for as long as 45
minutes. For immunostaining, samples were permeabilized with Triton X-100 0.1% (Sigma) and fixed
using PFA 4%. Incubation for 20 minutes with Alexa Fluor 647 phalloidin (Live sciences) was carried
out for actin visualization, as this fluorophore did not overlap with the FRET pair emission spectra.
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Image acquisition and calibration

FRET experiments were conducted using a Nikon Eclipse Ti spinning disk microscope (Nikon) with a
Nikon Plan Apochromat x100 NA=1.4 objective or a Nikon Plan Apochromat x60 NA=1.4 objective. The
microscope was controlled by Volocity software (Perkin ElImer). Three laser lines were used (488nm,
561nm and 640nm) altogether with 3 band filters for eGFP emission (499.5-554.5nm), tagRFP emission
(580-650nm) and Alexa Fluor 647 emission (660-750nm). All images were taken with the same
settings: 10% laser power and exposure time of 500ms for FRET experiments and 10% laser power
with 100ms of exposure time for FRAP experiments. FRET efficient values were similar in fixed and
live samples. Therefore, the effect of fluorophore diffusion during the acquisition interval and its
impact in FRET efficiency was not further considered. For FRAP experiments, an UltraView
Photokinetic unit (Nikon) was used.

To correct images for intensity gradients, samples with solutions of synthetic dyes equivalent to
the fluorophores used (Atto488 for eGFP and Atto565 for tagRFP (Atto-TEC, US))) were imaged. The
background from each image was estimated as the average intensity in the channel devoid of
fluorophore and subtracted. The resulting intensity was normalized by the maximum intensity value,
obtaining a [0,1] matrix for each fluorophore used to correct the rest of the pictures. For FRET images,
the donor gradient was used. Alignment between channels was checked periodically using
multifluorescent beads of 0.2um of diameter. (TetraSpeck™ Fluorescent Microspheres Size Kit, Life
Technologies). In the 60x objective, no chromic aberration was observed, whereas the 100x objective
showed a relative displacement of 1 pixel between channels.

In FRAP experiments, to correct the alignment between the area selected and the region actually
bleached by the photobleaching device, a fluorescent painted sample was used. For FRET imaging,
bleed-through correction was performed imaging monolabeled samples (wild-type 3T3 fibroblasts
transfected with eGFP or tagRFP) with both the corresponding fluorophore and FRET. Smooth nuclear
regions of interest were cropped and analyzed with Matlab to calculate the percentage of donor
leakage and acceptor cross-talk (d and a respectively). eGFP and tagRFP pixel values were plotted
against FRET and the values were linearly fitted: donor leakage usually ranged between 4.5-5% and
acceptor crosstalk between 6-8%. The required calibrations were done for each imaging session.

Foster Resonance Energy Transfer (FRET) assays

There are several methods to quantify FRET efficiency. In this case, intramolecular FRET was being
measured and 1:1 ratio between donor and acceptor was assured, so a simple ratiometric intensity-
based FRET index was chosen. Intensity was normalized using the acceptor channel by:

Ipg —alyy —dl
FRET eff.= DA AA DD

Iga
Where Ipa represents the intensity produced when exciting at the donor (D) excitation spectrum

and measured in the acceptor (A) emission spectrum; while a and d are constants obtained
experimentally that describe the linear dependency between intensity and bleed-through.

Raw images were analyzed with Matlab 2012a (MathWorks). Background intensity was subtracted
from all images using the mean values of a region void of cells manually selected for each picture.
Calibrations were incorporated into the script in the following fashion: (i) images were divided by a
matrix with the values of relative intensity obtained with gradient correction and, in the case of FRET
channel, donor gradient was used, (ii) the relative position of each channel was modified according to
the bead alignment results, (iii) FRET efficiency was calculated for each pixel using information from
the three corrected channels and the bleed-through coefficients obtained experimentally. FRET values
were smoothed to remove potential artifacts.

FRET values were filtered to just select FA. For FA segmentation, a mean background value was
obtained and only pixels above 110% that intensity in the eGFP channel were further considered.
Despite the higher autofluorescence of eGFP compared to tagRFP, eGFP was chosen for segmentation
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as it did not present as many fluorescent vacuoles as tagRFP. Next, a blur filter was applied and
intensities above Mean+0.755d (standard deviation) were considered of interest: continuous regions
of 25 or more pixels were identified as FAs and used as masks.

To quantify FRET changes within the same cell after treatments, we used a normalized FRET

percentage in FA:
100 - Mean FRET

Normalized FRET =
ormalize Mean FRET before treatment

Fluorescence Recovery After Photobleaching (FRAP) assays
FRAP assays were conducted on talin-1 KO 3T3 fibroblasts expressing either TS or GT. Samples were
imaged at 372C in DMEM supplemented as previously described. Bleaching was carried out at a
wavelength of 488nm at 100% laser power on several spots of 0.6um of diameter at the same time.
Spot intensities were reduced to 40-50% of their original values, as more bleaching led to increased
phototoxicity. Cells were imaged for eGFP at 1 frame per second for 5 seconds before bleaching
(frames 1-5) and every 3 seconds for 5 minutes afterwards (frames 6-305).
Background (Bk), bleached FAs (Bfa) and non-bleached FAs (Cfa) regions were manually selected with
ImageJ®®, adjusted frame by frame to track their movement and their mean intensity measured.
Double normalization®®” was used to calculate FRAP recovery curves and an average of 3 Cfa were
selected to normalize for bleaching during image acquisition. To adjust FRAP curve to a range from O
to 1, recovery right after bleaching was assigned a value of 0 by the following expression

Bfa’(i) - Bfa’(6)
Bfa(mean 1-5) — Bk(mean)

Recovery =

Where

Cfa(mean 1-5) — Bk(mean)
Bfa'.y = Bfag -
f @ f @ Cfa(i) - Bk(mean)

The resulting data was fitted into a monoexponential function. Half-time (t;,,) and mobile fraction

(Mf) were calculated for each construct according to the equation

Recovery = Mf (1 —e T -t)

Where
[n0.5
T =
L2
Diffusion coefficients were calculated using the Kapitza method?3:
_ 0?ln2
4 * tl/Z

Where w is the radius of the bleached area.

Statistical Analysis

Statistical analysis and data fitting were performed with OriginPro 9.0 (OriginLab). Data are presented
as Meanzstandard deviation (SD). Comparison between groups were performed with 2-sample t tests.
Differences were considered significant when p<0.001 and Cohen’s d>0.5.

Supplementary material

Movie S1. Time-lapse movie of FRET efficacy after blebbistatin addition (final concentration 10uM).
Images were acquired every five minutes. Blebbistatin was added after the first two frames.
Movie S2. Time-lapse movie of eGFP channel after blebbistatin addition (final concentration 10uM).
Images were acquired every five minutes. Blebbistatin was added after the first two frames.
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