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ABSTRACT
αVβ3 integrin can bind to multiple extracellular matrix proteins,
including vitronectin (Vn) and fibronectin (Fn), which are often
presented to cells in culture as homogenous substrates. However,
in tissues, cells experience highly complex and changing
environments. To better understand integrin ligand selection in
such complex environments, we employed binary-choice substrates
of Fn and Vn to dissect αVβ3 integrin-mediated binding to different
ligands on the subcellular scale. Super-resolution imaging revealed
that αVβ3 integrin preferred binding to Vn under various conditions. In
contrast, binding to Fn required higher mechanical load on αVβ3
integrin. Integrin mutations, structural analysis and chemical
inhibition experiments indicated that the degree of hybrid domain
swing-out is relevant for the selection between Fn and Vn; only a
force-mediated, full hybrid domain swing-out facilitated αVβ3-Fn
binding. Thus, force-dependent conformational changes in αVβ3
integrin increased the diversity of available ligands for binding and
therefore enhanced the ligand promiscuity of this integrin.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION
Integrins are important cell adhesion receptors and consist of α- and
β-subunits forming transmembrane heterodimers (Bachmann et al.,
2019; Campbell and Humphries, 2011). In their active state, the
extracellular part binds to proteins of the extracellular matrix (ECM)
or proteins on other cells, while the intracellular part is connected
to actin via multiple adapter and signaling proteins that make

up the so-called adhesome (Byron et al., 2011; Hytönen and
Wehrle-Haller, 2014; Kuo et al., 2011; Schiller et al., 2013).
Activating integrins requires conformational changes that include
extension of the extracellular domains and opening of the integrin
headpiece. The respective steps in activation are named bent-closed,
extended-closed and finally extended-open conformation. In β-
integrin subunits, headpiece opening is characterized by the swing-
out of the hybrid domain from the βI-like domain (Eng et al., 2011;
Zhu and Springer, 2013). Molecular dynamics (MD) simulations
indicated that force supports this hybrid domain swing-out and
thereby leads to full integrin activation (Puklin-Faucher et al., 2006;
Zhu et al., 2008). The best-studied cases of force-dependent ligand-
integrin interactions are the binding of αVβ3 and α5β1 integrin to
fibronectin (Fn) (Engler et al., 2009; Fernandez-Sauze et al., 2009;
Takahashi et al., 2007; van der Flier et al., 2010). Considerable
effort has been invested to understand individual and cooperative
effects of this αVβ3/Fn and α5β1/Fn binding (Benito-Jardón et al.,
2017; Roca-Cusachs et al., 2009; Schiller et al., 2013; White et al.,
2007). At the same time, however, it is less clear how an individual
integrin can discriminate between different ligands. Work with the
RGD peptide (ligand binding site for αVβ3 and α5β1, among
several other integrins) has indicated that conformational changes
around the RGD sequence (cyclic versus linear peptide) can cause
integrin selectivity (Mas-Moruno et al., 2010; Pierschbacher and
Ruoslahti, 1987). But whether these findings have a relevance for
physiological ligands remained to be tested. At the same time, more
than 12 potential RGD ligands for αVβ3 integrin have been reported
(Humphries et al., 2006), but it remains unclear whether or how
these ligands are selected by αVβ3 integrin. We have recently
developed a method to produce microstructured Fn/vitronectin (Vn)
substrates to analyze ligand selection by αVβ3 integrin on a cellular
level (Pinon et al., 2014; Rahikainen et al., 2017; Soto-Ribeiro et al.,
2019). Fn is a structural component of the ECM and has essential
functions during development (George et al., 1993). Vn is a
matrisomal protein with no relevant structural role for the ECM,
while regulating inflammation and wound healing in healthy and in
cancer settings (Gladson et al., 1995; Keasey et al., 2018; Preissner
and Reuning, 2011). Interestingly, both Fn and Vn are present at
high concentrations in the blood [Fn, 300 µg/ml (Pankov and
Yamada, 2002); Vn, 200–400 µg/ml (Preissner and Reuning,
2011)], suggesting a need for fibroblasts to select between these
different ECM proteins after wounding.

Here, we combined Fn/Vn substrates with super-resolution
microscopy and super-resolution live-cell imaging. We analyzed
the interaction of αVβ3 integrin with different ligands by using
αVβ3 integrin mutants and pharmacological inhibitors. We found a
clear preference of αVβ3 integrin for Vn under a wide range of
conditions. Surprisingly, we revealed that mechanical load on αVβ3
integrin enabled Fn binding, while Vn is already recognized by
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αVβ3 integrin under lower mechanical load. Additional
experiments indicated that this selection of ligands is coupled
to force-regulated integrin conformations. Under low-force
conditions, or when mutationally prevented from full headpiece
opening, αVβ3 integrin binds only to Vn. However, mechanical pull
induces a full hybrid domain swing-out to the extended-open
conformation (Puklin-Faucher et al., 2006; Zhu et al., 2008). In this
conformation, αVβ3 integrin gains the ability to bind to Fn,
indicating a more promiscuous integrin-ligand relationship. We
further show that these ligand-binding properties modulate cellular
behavior during spreading, migration and mechanotransduction,
depending on the respective ECM protein. Finally, we established
additional ligand combinations and found that osteopontin (Opn)
phenocopied Vn in binary-choice substrates, while fibrinogen (Fbg)
resembled Fn. This indicates that the mechanism of differential
ligand selectivity of αVβ3 integrin can be transferred to a wider
range of integrin-ligand combinations.

RESULTS
Vn is the preferred ligand for αVβ3 integrin
To study how the simultaneous presentation of two ECM ligands
influences the binding choice of αVβ3 integrin, we produced Fn/Vn
substrates with subcellular resolution (Pinon et al., 2014). To do
this, 2×2 µm squares of Fn separated by 1 µm gaps were stamped
onto a coverslip and the remaining surface was covered with Vn,
leading to a clear separation of both proteins with a geometrical
coverage of equal contribution (Pinon et al., 2014). The quality of
substrates was analyzed by fluorescence and atomic force
microscopy (AFM) (Fig. 1A,B). To specifically analyze GFP-
tagged β3 integrin without competition by endogenous αVβ3
integrin, we used a subclone of NIH3T3 cells expressing low levels
of endogenous β3 integrin (Fig. S1A; Pinon et al., 2014).
Furthermore, in these cells, αV integrin is the only subunit pairing
with β3 integrin. Thus, our results with β3 integrin are synonymous
for αVβ3 integrin. To study the binding choice of αVβ3 integrin on
Fn/Vn substrates, cells were transfected with GFP-tagged β3-wild-
type (wt) integrin, cultured for 2 h and immunolabeled. Paxillin was
used as a marker to detect all integrin-mediated adhesions. Super-
resolution structured illumination microscopy (SR-SIM) revealed
paxillin clusters on both Fn- and Vn-coated areas. In contrast, αVβ3
integrin revealed a strong preference to Vn (83.5% colocalization;
Fig. 1C,D). This preference was not dependent on the size of αVβ3
integrin-mediated adhesions (Fig. 1F). To exclude that the low
amount of αVβ3 integrin on Fn is caused by competition and steric
hindrance with endogenous α5β1 integrin, we tested β1 integrin-
deficient GD25 cells on Fn/Vn substrates. We observed the same
preference of αVβ3 integrin for Vn (82.8%; Fig. S1D,F).
Furthermore, this preference for Vn was reproducible for a wide
range of experimental conditions, such as pattern geometry and
stamping order (Fig. S1G,I), the ratio of Fn/Vn used to prepare Fn/Vn
substrates (Fig. S1B) or substrate stiffness (Fig. S1J–L). Substrates
homogenously coated with either Fn or Vn also supported these
findings: Both area and intensity of αVβ3 integrin adhesions are
significantly increased on Vn compared to Fn (Fig. S2).
Next, we measured the interaction of αVβ3 integrin with Fn and

Vn in vitro using biolayer interferometry (Fig. 1E). Whereas Fn
dissociated rapidly from αVβ3 integrin, Vn binding to αVβ3 was
non-dissociable. Work by Orlando and Cheresh also observed non-
dissociable binding between Vn and αVβ3 (Orlando and Cheresh,
1991), contrasting with work by Chillakuri and colleagues
(Chillakuri et al., 2010). To test our findings in light of these
contradicting observations, we analyzed Vn-αVβ3 integrin

interaction in the presence of the RGD mimetic αVβ3 integrin
inhibitor cilengitide (Fig. S3E). The dissociation of Vn from αVβ3
integrin in the presence of cilengitide confirmed that we observed a
specific, RGD-dependent interaction between Vn and αVβ3
integrin (Fig. 1E). This corroborates our finding of a non-
dissociable, RGD-dependent interaction between αVβ3 integrin
and Vn in this in vitro assay. However, such a difference in binding
behavior might also imply that αVβ3 integrin binding to Fn is
unlikely whenever Vn is present. In contrast, on Fn/Vn substrates,
we observed a colocalization of αVβ3 integrin with Fn of 16.5%
(Fig. 1C,D). To understand the binding of αVβ3 integrin to Fn in a
cellular context, we studied the dynamics of αVβ3 integrin-
mediated adhesion formation in living cells. First, we performed
AFM-based single-cell force spectroscopy (Dao et al., 2012;
Langhe et al., 2016). β1-deficient GD25 cells were attached to the
AFM cantilever and alternatingly brought into contact with
homogenously coated Fn and Vn areas. Detachment forces during
cell retraction were measured after 10 s, 30 s and 120 s of contact.
After 30 s and 120 s of adhesion, significantly higher forces were
needed to detach cells from Vn compared to Fn (Fig. 1G), indicating
that αVβ3 integrin-mediated adhesions formed and/or matured faster
on Vn. Next, we observed β3-wt GFP-expressing NIH3T3 cells on
Fn/Vn substrates using SR-SIM live-cell imaging. During spreading,
cells initiated numerous nascent adhesions on these binary-choice
substrates (Fig. 1H; Movies 1 and 2). These αVβ3 integrin-mediated
adhesions almost exclusively formed on Vn (Fig. 1I), while during
adhesion maturation, some adhesions were translocated onto Fn in a
centripetal direction towards the cell center and in the direction of
retrograde actin flow (yellow arrows in Fig. 1H; Movie 2). Thus,
observed in vitro and in a cellular context, αVβ3 integrin prefers
binding to Vn over Fn. Interestingly, live-cell imaging indicated that
actin flow – and therefore mechanical forces –might be an important
parameter involved in the binding of Fn by αVβ3 integrin.

Actomyosin contractility regulates the ligand preference of
αVβ3 integrin
To test whether intracellular forces are involved in the binding
choice of αVβ3 integrin, we reduced actomyosin contractility with
blebbistatin or Y27632. Blebbistatin inhibits myosin directly, while
Y27632 inhibits the Rho/ROCK pathway and thereby reduces
myosin activity. Both inhibitors increased the number of small,
round nascent adhesions in the cell periphery (Fig. 2A,B) and
additionally caused a significant decrease in colocalization of β3-wt
GFP integrin with Fn (Fig. 2G; Fig. S3A; ≈2.5-fold decrease).
Incubating cells for 6 h in the presence of blebbistatin caused no
improvement in Fn localization of αVβ3 integrin, indicating that
reduced contractility does not delay but rather prevents Fn binding
by αVβ3 integrin (Fig. S1C,H). Vinculin is well established as an
important part of the molecular clutch to transmit forces from actin
to the integrin-ECM bond (Humphries et al., 2007; Rahikainen
et al., 2017; Thievessen et al., 2013). Therefore, we analyzed the
localization of β3-wt GFP integrin on Fn/Vn substrates in mouse
embryonic fibroblasts (MEFs) derived from vinculin knockout mice
(MEF Vcl−/−). Indeed, the absence of vinculin caused a decrease in
Fn binding of αVβ3 GFP integrin (Fig. 2E,H), which was
comparable to that after blebbistatin or Y27632 treatment
(Fig. 2G). In contrast, re-expression of vinculin mCherry in MEF
Vcl−/− increased the Fn localization of αVβ3 GFP integrin to
control levels (Fig. 2D,F,H). To enhance the mechanical load on
integrins, we overexpressed non-muscle myosin IIA mApple
(NMIIA) in NIH3T3 cells (Fig. 2C). Additional NMIIA caused
an increase in αVβ3 GFP integrin localization on Fn (Fig. 2G;
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≈1.5-fold increase). Taken together, these findings indicate that
αVβ3 integrin binding to Fn is fostered by intracellular force and
vinculin, whereas Vn is recognized by αVβ3 integrins already under
low mechanical load.

Hybrid domain swing-out is required for Fn binding of αVβ3
integrin
Next, we asked whether enhanced activation of αVβ3 integrin could
substitute mechanical forces during Fn binding. Therefore, we

employed either Mn2+ activation of αVβ3 integrin (Fig. 3A) or
established mutations to activate integrins (Fig. 3B–D): (1) Mn2+

treatment increases the affinity of the integrin headpiece for
the ligand (Zhu and Springer, 2013); (2) the β3-VE mutation has
a 20-fold higher affinity for talin than for talin than β3-wt (Pinon
et al., 2014); (3) the β3-D723A mutation disrupts the inhibitory salt
bridge at the inner membrane clasp between the αV and β3 subunits
(Saltel et al., 2009); and (4) β3-N305T has been reported to cause a
constitutive hybrid domain swing-out and slower integrin dynamics

Fig. 1. See next page for legend.

3

RESEARCH ARTICLE Journal of Cell Science (2020) 133, jcs242404. doi:10.1242/jcs.242404

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



(Cluzel et al., 2005; Luo et al., 2003). Surprisingly, on Fn/Vn
substrates, only β3-N305T showed a significant increase in
colocalization with Fn (Fig. 3F; ≈1.5-fold increase), whereas Mn2+

treatment and the intracellular activating mutations (β3-VE and
β3-D723A) caused no significant difference. However, Vn remained
the preferred ligand for all conditions. Importantly, endogenous
αVβ3 integrin is basically absent in the NIH3T3 cells we used
(Fig. S1A) and therefore does not compete with β3 mutations used in
this experiment. Next, we used SR-SIM live-cell imaging to test
whether the conformational changes caused by the β3-N305T
mutation are accompanied by the ability to initiate adhesions on Fn
(Fig. 3J; Movies 3 and 4). We observed that spreading cells initiated
most β3-N305T-mediated adhesions on Vn but, in contrast to β3-wt
integrin, few adhesions initiated on Fn as well (Fig. 3K). The
mutation β3-VE caused a non-significant but observable increase in
Fn colocalization (Fig. 3F). However, β3-VE failed to initiate
adhesions on Fn similar to β3-wt (Fig. 3K; Movies 5 and 6), again
highlighting the relevance of the headpiece opening, rather than
talin-mediated β3 integrin activation, for Fn binding.
Interestingly, all activating conditions caused central clusters of

αVβ3 integrin with irregular shapes compared to peripheral
adhesions (Fig. 3A–D, zoom-in 2). Similar integrin clusters have
been reported to appear within minutes after Mn2+ addition (Cluzel
et al., 2005; Saltel et al., 2009). On Fn/Vn substrates, these clusters
were almost exclusively localized on Vn (Fig. S3F). Analysis of
several integrin adapter proteins demonstrated talin recruitment but
no association of paxillin, vinculin or actin stress fibers to these αVβ3
integrin clusters (Fig. 3A–D; Fig. S3G–I). This suggests that they are
not mechanically coupled to the actin cytoskeleton and thus are under
low mechanical load (compare to MEF Vcl−/−; Fig. 2E,H). The
exclusive localization of these ‘low-force adhesions’ on Vn confirms
our observations using contractility inhibitors and MEF Vcl −/− and

emphasizes the requirement of mechanical load on αVβ3 integrin to
bind to Fn, in contrast to Vn.

In summary, our experiments showed that only αVβ3 integrin
activation by the N305T mutation increases Fn localization of
αVβ3-mediated focal adhesions. Furthermore, β3-N305T allows the
initiation of adhesions on Fn in contrast to other β3 integrin-
activating conditions. This indicates that hybrid domain swing-out
is a crucial step for the ability of αVβ3 integrin to bind to Fn.

Complete force-dependent hybrid domain swing-out is
necessary for Fn binding
The unique ability of β3-N305T to increase Fn binding (Fig. 3F)
motivated us to study this mutation in more detail. The creation of a
glycosylation site between the βI-like and the hybrid domain at Asn
303 (N303) is proposed to cause a constitutive hybrid domain
swing-out and thereby full integrin activation. To experimentally
dissect the steric effect of N303 glycosylation from force-induced
hybrid domain swing-out (Puklin-Faucher et al., 2006; Zhu et al.,
2008), we treated β3-N305T-expressing cells with blebbistatin
(Fig. 3E). β3-N305T-mediated adhesions appeared less affected by
blebbistatin compared to β3-wt (compare to Fig. 2A; 10 µM
blebbistatin in both experiments). Whereas β3-wt only formed
nascent adhesions, β3-N305T showed both nascent adhesions and
partially matured, elongated adhesions. However, the colocalization
of β3-N305T GFP with Fn was clearly reduced in the case of
reduced cellular contractility (Fig. 3G; ≈5-fold decrease). This
indicates that the conformational change induced by the glycan
wedge alone may not be sufficient to increase Fn binding in the
absence of mechanical forces on αVβ3 integrin. We observed the
same effect of reduced Fn binding for all other activating conditions
when combined with blebbistatin treatment (Fig. S3B). Thus, all
integrin-activating conditions relied on mechanical forces for Fn
binding of αVβ3 integrin. Even constitutive hybrid domain swing-
out as reported for the β3-N305T mutation was not sufficient for
efficient Fn binding in conditions of reduced cellular contractility.
Apparently, mechanical forces caused additional conformational
changes needed for Fn binding.

To understand the impact of force and glycosylation on αVβ3
integrin conformation, we employed MD simulations for a αVβ3
integrin structure that was glycosylated at N303. Zhu and colleagues
published headpiece opening of αIIbβ3 integrin in eight steps
(Zhu and Springer, 2013). We used an Fn-bound structure of αVβ3
integrin [RCSB Protein Data Bank (PDB): 4MMX] and arranged a
hybrid domain swing-out by superimposition with step 7 (PDB:
3ZE1; chain B) in the activation cascade of αIIbβ3 described by Zhu
and colleagues. This structure was modified by adding a
glycosylation at N303 and equilibrating for 100 ns. The same
structure without glycosylation at N303 was used as a control. MD
simulations showed that hybrid domains swung out to a similar
angle, while the glycosylated form appeared more stable (Fig. 3H,I).
Accordingly, glycosylation at N303 might stabilize αVβ3 integrin
in a conformation close to full activation. However, the final
activation step [step 8 (Zhu and Springer, 2013); PBD: 3ZE2, chain
C, D], is characterized by an even further increase in the hybrid
domain swing-out (‘Fully activated 1’ in Fig. 3L). Another published
structure of the fully open β3 integrin headpiece (PBD: 3FCU,
αIIbβ3) showed a similar maximal hybrid domain swing-out (‘Fully
activated 2’ in Fig. 3L). Thus, comparison of glycosylated and fully
activated structures suggested that N303 glycosylation alone is not
sufficient to induce the full hybrid domain swing-out. Combining
β3-N305T with Mn2+ showed no additive effect on Fn binding
(Fig. 3G), as was the case for adding Mn2+ to β3-wt (Fig. 3F).

Fig. 1. αVβ3 integrin favors binding to vitronectin (Vn) compared to
fibronectin (Fn). (A) Microcontact printing of 2×2 µm squares of Alexa Fluor
647-labeled Fn (blue) onto glass cover slips and backfilling the pattern with
Alexa Fluor 568-labeled Vn (red) leads to differential Fn/Vn patterns (profile
along the arrow). Geometrical coverage varies slightly: 44–49% Fn, 56–51%
Vn. a.u., arbitrary units. (B) Height profiles of Fn patterns (left) and Fn/Vn
patterns (right) measured with atomic force microscopy (AFM) in contact
mode. Profiles along the white lines indicate a monolayer of Fn and a uniform
topography of the binary-choice substrates. (C) Super-resolution structured
illumination microscopy (SR-SIM) image of NIH3T3 cell transfected with β3-wt
GFP integrin (green), cultured on Fn/Vn pattern (Fn blue) and immunostained
for paxillin (red). Cell contour is outlined with a dashed white line.
(D) Quantification of colocalization of β3-wt GFP integrin with Fn or Vn for fixed
cells (n=66; N=4). (E) Representative curves for Fn and Vn association (0 s to
300 s) and dissociation (300 s to 550 s) to αVβ3 integrin measured in vitrowith
biolayer interferometry. (F) Quantification of colocalization of β3-wt GFP
integrin with Fn for all adhesions (‘general’) or only for those bigger than
the indicated threshold (re-analysis of the data from D). n.s., not significant.
(G) Single-cell force spectroscopy of GD25 cells (expressing αVβ3, but no β1
integrin). Detachment forces on Fn and Vn measured after the indicated
contact time points. Typically, ten force measurement repetitions were
performed for each cell and time point, and a total of eight cells were tested.
(H) NIH3T3 cell transfected with β3-wt GFP integrin (white) seeded on Fn/Vn
patterns (Fn blue) was monitored with live-cell SR-SIM (Movie 1).
Magnifications show initiation and maturation of αVβ3-mediated adhesions
(time in h:min). Green arrows point to newly established adhesions. Yellow
arrows follow adhesions that initiated on Vn while they translocate to Fn.
The red arrow at 13 min indicates an adhesion that appeared at the Fn/Vn
interface. (I) Total number of αVβ3-mediated adhesions that initiated on Vn or
Fn, or at the Fn/Vn interface for cells imaged with live-cell SR-SIM.
Quantification is based on 246 initiated adhesions from six cells out of
three independent experiments. Scale bars: 10 µm in overviews, 2 µm in
zoom-ins (C,H); 5 µm (A).
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We conclude that our MD simulations, performed without
mechanical pull on the β3 integrin, reflected the structure of β3-
N305T integrin in experiments with contractility inhibition
(Fig. 3E,G). We propose that αVβ3 integrin needs mechanical
load for its final activation with maximal hybrid domain swing-out.
Only this αVβ3 integrin conformation seems to be able to stably
bind Fn in a cellular environment.

Extended-open conformation of αVβ3 integrin is not
necessary for Vn binding
Our experiments indicated that stable Fn binding by αVβ3 integrin
requires force-dependent hybrid domain swing-out. In contrast,

αVβ3 integrin was able to bind Vn in experiments in which cell
contractility was reduced. Accordingly, we wanted to test whether
αVβ3 integrin can bind Vn already in the extended-closed
conformation. To this end, we set out to develop an integrin
mutation locking αVβ3 integrin in the extended-closed
conformation. We created a disulfide bridge between the βI-like
and the hybrid domain of β3 integrin to limit the degree of the
hybrid domain swing-out (β3-V80C/D241C). Structural analysis
supported our rationale for this mutation (Fig. 4A). We prepared a
model, where cysteine mutations were introduced into the extended-
closed conformation of αVβ3 integrin (PDB: 4MMX) using
PyMOL and energy minimization of the model. The disulfide

Fig. 2. Cell contractility regulates ligand preference of αVβ3 integrin. (A) NIH3T3 cells transfected with β3-wt GFP integrin (green) were cultured
on Fn/Vn substrates (Fn in blue) in the presence of 10 µM blebbistatin and were stained after fixation for actin (red). (B) NIH3T3 cells treated with 10 µM Y27632.
(C) NIH3T3 cells transfected with β3-wt GFP integrin (green) and myosin IIA mApple (NMIIA; red) with serum (FCS; 10%) present in the medium. (D,E) MEF wt
(D) or MEF vinculin knockout cells (MEF Vcl−/−) (E) transfected with β3-wt GFP integrin (green) and immunostained for paxillin (Pxn; red). (F) MEF Vcl−/−

transfected with β3-wt GFP integrin (green) and Vcl mCherry (red). (G) Quantifications of colocalization of β3-wt GFP with Fn for cells treated as described
in A–C (control+FCS, n=66, N=3; control+DMSO, n=46, N=3; +10 µM blebbistatin, n=40, N=3; +10 µM Y-27632, n=54, N=3; +NMIIA mCherry, n=55, N=3).
(H) Quantifications of colocalization of β3-wt GFP with Fn for cells treated as described in D–F (control, n=38, N=3; MEF Vcl−/−, n=57, N=3; MEF Vcl−/−+Vcl
mCherry, n=42, N=3). Fluorescent images in A–F were acquired with SR-SIM. White dashed lines indicate cell outline. Scale bars: 10 µm in overview images,
2 µm in zoom-ins.
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bridge caused only minimal distortion of the protein; the distance
between Cα atoms of V80C and D241C after introducing a disulfide
bond did not change compared to the wild-type situation (for both

structures d=6.3 Å). In contrast, αVβ3 integrin in the extended-open
conformation showed an increased distance by a factor of three
(d=19.4 Å) between Cα atoms of V80 and D241, implying that a

Fig. 3. Hybrid domain swing-out is necessary for αVβ3 integrin binding to FN. (A) NIH3T3 cell transfected with β3-wt GFP integrin (green). 1 mMMn2+ was
added to the medium 30 min before fixation. (B–D) NIH3T3 cell transfected with β3-VE GFP integrin (green) (B), β3-D723AGFP integrin (green) (C) or β3-N305T
GFP integrin (green) (D). (E) β3-N305T GFP integrin-transfected cells treated with 10 µM blebbistatin. All cells (A–E) were fixed and immunostained
for paxillin (Pxn; red). Zoom-ins depict adhesions in the cellular periphery (1) or the cell center (2). (F) Quantifications of colocalization of β3 GFP with Fn for cells
treated as described in A–D and imaged with SR-SIM. Paxillin was used as a mask to exclude αVβ3 integrin clusters in the cell center from analysis (β3-wt is a
replot of the data from Fig. 1D; β3-wt+Mn2+, n=55, N=3; β3-VE, n=54, N=3; β3-D723A, n=43, N=3; β3-N305T, n=66, N=4). (G) Quantification as described
in F for cells treated as described before. Data for ‘β3-N305T+Mn2+’were acquired from cells treated as described in D but with addition of 1 mMMn2+ for the last
30 min before fixation. All images were acquired with diffraction-limited microscopy (β3-wt, n=40, N=3; β3-N305T, n=42, N=3; β3-N305T+Blebb, n=39, N=3).
(H) Superimposition of the initial structure of αVβ3 integrin (gray), the same structure after 100 ns molecular dynamics (MD) simulation (blue) and the N303-
glycosylated structure after 100 ns MD simulation (red). Cyan lines indicate the position of hybrid domain swing-out measurements. (I) Fluctuation of the angle γ
between βI-like and hybrid domain over time during the MD simulation. (J) Live-cell SR-SIM imaging of a NIH3T3 cell transfected with β3-N305T GFP
integrin (white) spreading on Fn/Vn substrates (Fn in blue). Yellow arrows indicate an αVβ3 integrin-mediated adhesion that initiated on Fn. (K) Number of αVβ3
integrin-mediated adhesions per cell that initiated on Fn for NIH3T3 cells transfected with the indicated integrin (β3-wt is a replot of the data in Fig. 1I; β3-VE, six
cells analyzed out of three independent experiments; β3-N305T, six cells analyzed out of four independent experiments). (L) Superimposition of αVβ3
integrin structures as described in H for β3-wt (blue) and β3-glycosylated (red). Fully activated structures were created based on PBD: 4MMX with an arranged
hybrid domain swing-out according to PBD: 3EZ2 (Fully activated 1, green) or PBD: 3FCU (Fully activated 2, orange). Scale bars: overview images 10 µm, zoom-
ins 2 µm. White dashed lines indicate cell outline. Images were acquired with SR-SIM (A–D,J) or diffraction-limited microscopy (E).
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Fig. 4. Extended-closed mutant β3-V80C/D241C binds Vn but not Fn. (A) Structural analysis of the distance between V80 and D241 for extended-closed
conformation of αVβ3 integrin (left; PBD: 4MMX) after introducing a V80C/D241C disulfide bridge for the wt structure (middle), or for the extended-open
conformation (right; PBD: 4MMX; hybrid domain swing-out arranged based on PBD: 3FCU). (B–E) NIH3T3 cells transfected with β3-V80C/D241C GFP (green)
cultured on the indicated ECM proteins for 2 h. 1 mMMn2+ was added for the last 30 min where indicated. Cells were stained for paxillin (red) and actin (blue) after
fixation. Please note the absence of αVβ3 integrin clustering on Fn and the increased localization of β3-V80C/D241C in adhesions on Vn for Mn2+-treated
compared to untreated cells. (F,G) Cells were prepared as described in B–E except that they were cultured on Fn/Vn substrates. (H) Quantifications of
colocalization of β3GFPwith Fn for cells treated as described in G (β3-wt is a replot of the data from Fig. 3G; β3-V80C/D241C+Mn2+, n=29,N=3). (I) NIH3T3 cells
were transfected with the indicated plasmids and cultured on serum-coated cover slips for 15–20 h. FRAP measurement of αVβ3 integrin dynamics for the
indicated conditions (β3-wt, n=40, N=3; β3-N305T, n=48,N=3; β3-V80C/D241C, n=36,N=3). Scale bars: overview images 10 µm, zoom-ins 2 µm. White dashed
lines indicate cell outline. Fluorescent images were taken with diffraction-limited microscopy.
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V80C-D241C disulfide bridge can block the transition to the
extended-open conformation.
Next, we expressed β3-V80C/D241C GFP in NIH3T3 cells and

cultured them on substrates homogenously coated with either Fn or
Vn (Fig. 4B,C). On both substrates, we observed a high GFP
background signal, potentially indicating that large amounts of
β3-V80C/D241C cannot be recruited into adhesion sites. However,
the GFP signal revealed a clustering of β3-V80C/D241C into
adhesions on Vn but not at all on Fn. Treatment of cells with Mn2+

increased the clustering of β3 V80C/D241C into adhesions on Vn
but not on Fn (Fig. 4D,E). Adding 1 mM dithiothreitol (DTT) to
open disulfide bridges allowed clustering of β3 V80C/D241C on Fn
(Fig. S4A,B,E), confirming that the V80C/D241C disulfide bridge
formed and that the conformation of β3-V80C-D241C prevents Fn
binding. On Fn/Vn substrates, we observed weak β3-V80C/D241C
GFP-positive adhesions that could not be reliably quantified due to
the high background signal. However, a restricted localization of
β3-V80C/D241C GFP on Vn was obvious (Fig. 4F). Since Mn2+

treatment enhanced the recruitment of β3-V80C/D241C into
adhesion sites only on Vn (Fig. 4D,E), ligand selection seems not
to be influenced by Mn2+ (as observed before; Fig. 3F). Thus, we
treated β3-V80C/D241C GFP-expressing cells on Fn/Vn substrates
with Mn2+. We observed an enhanced clustering of β3-V80C/D241C
GFP into adhesions, while still preserving the restriction to Vn
(Fig. 4G,H). This increased fluorescence signal allowed a reliable
quantification and revealed a significantly reduced localization of β3-
V80C/D241C on Fn (8.4% colocalization with Fn; optical sectioning
microscopy) compared to β3-wt integrin (21.8% colocalization with
Fn; optical sectioning microscopy). We analyzed β3-V80C/D241C
and β3-wt-expressing cells on Fn/Vn substrates also in the presence of
1 mMDTT (Fig. S4C,D,F) and observed increased Fn localization of
β3-V80C/D241C treated with DTT. In contrast, β3-wt showed no
change in Fn localization due to DTT treatment (β3-wt, 21.8%;
β3-wt+1 mM DTT, 22.3%; β3-V80C/D241C+1 mM MnCl2, 8.4%;
β3-V80C/D241C+1 mM DTT, 15.8%). A flow cytometry-based
assay to measure β3 integrin activation (Pinon et al., 2014) confirmed
these observations (Fig. S4G). Importantly, another disulfide bridge
mutation locking the integrin in the inactive bent state [β3-V332C/
S674C (Takagi et al., 2002)], showed significantly reduced β3
integrin activation in this assay. This supported our rationale that
mutationally introduced disulfide bridges form and that they are
stable in cell experiments, indicating that β3-V80C/D241C is indeed
locked in a conformation as presented in Fig. 4A.
We further extended these data using the integrin inactivator Ca2+

(Fig. S3C,D). Treatment of β3-wt GFP-expressing cells with Ca2+

reduced Fn binding to a similar extent as inhibition of contractility or
the β3-V80C/D241C mutation. We also compared the fluorescence
recovery after photobleaching (FRAP) of β3-wt, β3-N305T and β3-
V80C/D241C, in order to understand the influence of thesemutations
on αVβ3 integrin turnover in adhesions (Fig. 4I; Fig. S4H).
Interestingly, β3-V80C/D241C GFP showed a very fast turnover
compared to β3-wt GFP, while the turnover of β3-N305T GFP was
slower than that of β3-wt GFP, confirming observations in B16F1
melanoma cells (Cluzel et al., 2005). In summary, we propose that
αVβ3 integrin is not relying on the fully extended-open conformation
to bind Vn, whereas Fn binding needs a conformational change to the
extended-open conformation.

Preference for Vn influences cell migration and
mechanotransduction
Our results so far revealed a mechanism enabling αVβ3 integrin to
differentiate between Fn and Vn based on the degree of the force-

dependent hybrid domain swing-out. However, stable binding to
any ligand might result in the fully active extended-open
conformation of αVβ3 integrin irrespective of the actual ligand
present. Therefore, it is possible that the preference of αVβ3 integrin
for Vn compared to Fn is compensated on a cellular level when only
one ligand is present. Thus, we performed additional experiments to
test this hypothesis. First, we tested the dependency of αVβ3
integrin on mechanical force and hybrid domain swing-out for Fn
binding on homogenous substrates. Therefore, we cultured β3-wt
GFP- or β3-N305T GFP-expressing NIH3T3 cells on Fn-coated
cover slips in the presence of different concentrations of Y27632
(Fig. S5E). This analysis confirmed that Fn is not an ideal ligand for
αVβ3 integrin even when it is the only ligand present (Fig. S5F; also
seen in Fig. S2). However, enforced hybrid domain swing-out (β3-
N305T) supports stable adhesion formation of αVβ3 integrin on Fn.
But, even in the context of the β3-N305T mutation, cell contractility
is needed to support Fn binding as indicated by the Y27632-
dependent reduction in adhesion size as shown before (Fig. 3E,G).
Next, using live-cell imaging, we analyzed cell migration of β1
integrin-deficient GD25 cells on substrates homogeneously coated
with either Fn or Vn. Cell tracking revealed that cells on Fnmigrated
almost two times faster (vFn=12.0±3.08 µm/h) compared to cells
migrating on Vn (vVn=6.7±0.39 µm/h; Movie 7). To understand
how cell behavior is influenced when GD25 cells can choose
between Vn and Fn, we produced stripes of Vn/Fn with cellular
resolution (Vn, 20 µm; Fn, 40 µm). Live-cell imaging for 12 h on
these Fn/Vn stripes revealed a turning of cells away from Fn towards
Vn (Fig. 5A; Movie 8). To quantify this behavior, we measured the
surface area of single cells overlying Fn stripes at different time
points (Fig. 5B). Thirty minutes after seeding, cells covered Fn- and
Vn-coated surfaces according to the geometrical coverage (1/3 Vn,
2/3 Fn), indicating a random distribution (Fn/cell colocalization,
67.5%). With increasing time, the surface area of single cells
colocalized less with Fn (Fn/cell colocalization after 8 h, 28.4%;
24 h, 14.6%), demonstrating a preference to adhere to Vn.

Additionally, we asked whether mechanosensing of the
extracellular rigidity is affected by the force-dependent ligand
binding of αVβ3 integrin. We cultured GD25 cells for 6 h on
hydrogels with variable stiffness and homogeneously coated with
Fn or Vn (Fig. 5C). We measured cell area and the length of
paxillin-stained adhesions. Both ligands caused a similar sigmoidal
increase in cell area and adhesion length with increasing hydrogel
stiffness (Fig. 5D,E). However, cells on Vn showed adhesion
maturation and enhanced cell spreading already at 6.7 kPa. Cells on
Fn only reached similar plateau values for both parameters at
substrates stiffer than 6.7 kPa.

To summarize, we observed that cellular behavior is regulated by
the extracellular ligand of αVβ3 integrin. Cell migration and ligand
selection experiments indicated that ligand preferences of αVβ3
integrin impact cell behavior and migration. In addition,
mechanosensing and mechanotransduction is ligand dependent,
implying that force-dependent ligand binding of αVβ3 integrin on
Fn substrates requires higher stiffness of the microenvironment than
binding of αVβ3 to Vn.

Force-dependent ligand binding is not limited to αVβ3-Fn
binding
αVβ3 integrin has been reported to be a highly promiscuous
receptor that binds to other ligands besides Fn and Vn, such as
fibrinogen (Fbg), Opn and thrombospondin (Tsp) (Humphries et al.,
2006). We therefore produced binary-choice substrates to challenge
αVβ3 integrin with either Vn/Fbg, Vn/Opn, Vn/Tsp or Opn/Fn
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(Fig. S5A–D). On Vn/Fbg and Vn/Tsp, αVβ3 integrin preferred to
form adhesions on Vn and only revealed 14.7% colocalization to
Fbg (Fig. 6A) and 6.7% to Tsp (Fig. 6C). In contrast, on Vn/Opn
substrates, no preference of αVβ3 integrin for one of the ligands
could be detected (colocalization to Opn 50.4%; Fig. 6B). Finally,
on Fn/Opn substrates, Opn is the preferred binding partner for αVβ3
integrin (colocalization to Opn 81.8%; Fig. 6D) as was the case with
Vn on Fn/Vn substrates. Thus, in the context of binary-choice
substrates, Opn resembled the preferred αVβ3 integrin ligand Vn
and Fbg phenocopied Fn, while Tsp is not a proper ligand for αVβ3
integrin in this context.

DISCUSSION
We have analyzed the interaction of αVβ3 integrin with different
ligands by using Fn/Vn binary-choice substrates with subcellular
geometry, different αVβ3 integrin mutants and altering cellular
contractility. We observed that αVβ3 integrin binds preferentially to
Vn under a wide range of conditions, while Fn binding required
higher cellular contractility. Analyzing different αVβ3 integrin
mutations that affect β3 conformation showed that (1) β3-V80C/
D241C – interpreted to be locked in extended-closed – binds only
Vn and thereby phenocopies αVβ3 integrin in low force conditions;
(2) activating conditions favoring talin association (β3-D723A,
β3-VE) do not shift the ratio of Fn/Vn binding; and (3) constitutive
headpiece opening (β3-N305T+cellular contractility) increases Fn
binding. Thus, we introduce a model in which mechanical load on
αVβ3 integrin induces a full hybrid domain swing-out to the
extended-open conformation via an intermediate extended-primed
state (Fig. 6E). During this transition, αVβ3 integrin becomes

gradually less selective/more promiscuous by accepting additional
ligands like Fn and Fbg. We further show that these ligand-binding
properties modulate cellular behavior during spreading, migration
and mechanotransduction, depending on the respective ECM
protein.

The Vn receptor under force
The interaction between αVβ3 integrin, α5β1 integrin and Fn is
intensively studied in different pathological situations and is
relevant for morphogenesis (Benito-Jardón et al., 2017; Brunner
et al., 2011; van der Flier et al., 2010; Yang et al., 1999). However,
αVβ3 was initially described as the ‘Vn receptor’ because of its high
Vn-binding properties and, equally important, its inability to bind to
Fn (Pytela et al., 1985). How can these contradictory results for
αVβ3 integrin be explained? Indeed, under low-force conditions
(Fig. 2; Fig. S3F–I), αVβ3 integrin shows high selectivity for Vn
and seemingly is the ‘Vn receptor’. However, the ability of αVβ3 to
bind Fn is enhanced by cellular contractility (Fig. 2C,G). This might
explain the abundant examples of αVβ3 integrin acting as an Fn
receptor in culture (Elosegui-Artola et al., 2016; Roca-Cusachs
et al., 2009; Schiller et al., 2013) or in organisms (Benito-Jardón
et al., 2017; Takahashi et al., 2007; van der Flier et al., 2010), in
contrast to the force-free assay initially used by Pytela and
colleagues (Pytela et al., 1985). All experiments presented here
indicate, however, that αVβ3 integrin is rather an auxiliary Fn
receptor (at least under cell culture conditions). Yet, this might be
a prerequisite for different cellular tasks of αVβ3 and α5β1
integrin in the presence of Fn (Roca-Cusachs et al., 2009; Schiller
et al., 2013).

Fig. 5. The preference of αVβ3 integrin for Vn influences cellular behavior. (A) GD25 cells (no β1 expression) were seeded onto stripe assays of
stamped Vn (red; 20 µm) backfilled with Fn (40 µm). Alexa Fluor 647-labeled Vn was added to visualize Vn stripes. GD25 cells were visualized with phase-
contrast microscopy for 12 h. (B) Quantification of the colocalization of GD25 cells with Fn on Vn/Fn stripe assays at the indicated time points. The first time
point was quantified based on phase-contrast movies as shown in A; 8 h and 24 h time points were calculated from experiments with cells cultured in the
incubator, fixed and stained for actin (0.5 h, n=123, N=3; 8 h, n=17, N=3; 24 h, n=15, N=3. (C–E) GD25 were cultured for 6 h on polyacrylamide gels of the
indicated Young’s modulus (E) and stained for paxillin (red) and actin (green). Gels were coated homogeneously with Vn or with Fn. (C) Cells on 6.7 kPa
hydrogels showed less cell spreading and adhesionmaturation on Fn coated substrates compared to Vn. (D,E) Length of paxillin-stained adhesions (longest 10%
only to indicate matured adhesions) (D) or cell area (E) was plotted against the Young’s modulus for cells on Vn (black data points) or Fn (blue data points;
see Table S1 for number of analyzed cells; P>0.1 except where indicated; see also Table S2). All cells were imaged with diffraction-limited microscopy.
Scale bars: 10 µm in overviews, 2 µm in zoom-ins.
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Changes in adapter recruitment during adhesion maturation
might be an alternative explanation for changes in ligand binding
by αVβ3 integrin. Indeed, manipulation of intracellular
contractility not only affects force transmission to single
integrins but also adhesome composition (Kuo et al., 2011;
Schiller et al., 2011). In fact, we showed that vinculin recruitment
is needed for increased Fn-binding of αVβ3 integrin. However, to
date, vinculin is best characterized as a transmitter of force from
actin to the talin-integrin axis (Elosegui-Artola et al., 2016;
Humphries et al., 2007; Rahikainen et al., 2017). Additionally,
recruitment of adhesome proteins to focal adhesions seemed rather
unaffected by vinculin knockout (Thievessen et al., 2013). Therefore,
we conclude that the effect of vinculin in our experiments is best
explained by its role as a force-transmitter. At the same time, we
observed that Fn-binding properties of αVβ3 integrin under different
force regimes strongly correlate with defined integrin mutations: low
mechanical load – extended-closed conformation (β3-V80C/
D241C); high mechanical load – extended-open conformation
(β3-N305T+force) (Fig. 6E). Both of these mutations are
extracellular, thereby limiting the potential effects on adapter

recruitment. Thus, we propose that force transmission through
αVβ3 is necessary for Fn binding.

Structural insights into αVβ3 integrin activation
What is the active (ligand-binding) conformation of integrins?
Recent studies reported for α5β1 integrin an affinity increase from
extended-closed to -open conformation by 4000- to 6000-fold (Li
et al., 2017). This difference makes it likely that the extended-closed
conformation of α5β1 integrin is transient and switches directly to
extended-open conformation in the presence of ligands. However,
this might be different for other integrin receptors. In fact, αIIbβ3
integrin is reported to have an extended-closed/open affinity
difference of ‘only’ 200-fold (Zhu and Springer, 2013).
Moreover, the binding of soluble RGD peptides to αIIbβ3 and
αVβ3 integrins in extended-closed conformation has been
demonstrated in crystal structures (Xiong et al., 2002; Zhu and
Springer, 2013). Using a new mutation (β3-V80C/D241C), we
provide experimental evidence that αVβ3 integrin in the extended-
closed conformation can bind Vn in a cellular environment.
Importantly, our observations for αVβ3 integrin are in line with

Fig. 6. Osteopontin (Opn) phenocopies Vn, fibrinogen (Fbg) phenocopies Fn in binary-choice substrates. (A–D) β3-wt GFP was expressed in NIH3T3 cells
that were cultured on alternative binary-choice substrates (Fig. S5A–D). Quantification of the colocalization of β3-wt GFP with indicated ECM proteins
for cells cultured on Vn/Fbg (n=57,N=3), Vn/Opn (n=45,N=3), Vn/Tsp (n=34,N=3) or Fn/Opn (n=53,N=3). (E) Model for force-dependent differential ligand binding
of αVβ3: αVβ3 integrin is in equilibrium between bent and extended conformations. Integrin mutations may stabilize the integrin in intermediate conformations
identified in a multistep activation process [for example, β3-N305T without force, step 7 of 8 (Zhu and Springer, 2013); N303-glycosylation, gray square
between βI and hybrid domain]. Headpiece opening (indicated with red angle) is decisive for Fn binding, while Vn stays the preferred αVβ3 integrin ligand. Binding of
Vn presumably precedes force-mediated headpiece opening that requires a ligand-integrin-actin axis to act on αVβ3 integrin. FRAP measurements indicate
that lowFRAPdynamics facilitate Fnbinding (low off-rate of β3-N305T indicated bysmaller equilibriumarrow fromextended-open back to -primed). Thus,mechanical
forces favor the full αVβ3 integrin activation that enables stable binding to additional ligands and thereby enhances ligand promiscuity of αVβ3 integrin.
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reports about integrin-ligand binding in conformations different
from the extended-open state for other integrins [β2 to ICAM (Fan
et al., 2019, 2016); αVβ3 to Thy1 (Fiore et al., 2015); αIIbβ3 to Fbg
(Chen et al., 2019); α4β7 to MadCAM-1/VCAM-1 (Wang et al.,
2018)]. Thus, it appears that the structure-function relationship of
integrins can differ from that of α5β1 integrin. More structural
integrin work, potentially with cryo-electron microscopy, avoiding
spatial restrictions of a crystal environment, will help to test this
hypothesis.
The need of αVβ3 integrin for complete hybrid domain swing-

out in order to bind Fn might also explain the limited effect of
classical integrin activators like Mn2+, unclasping the integrin
subunits (β3-D723A) or enhancing talin binding (β3-VE; 20-times
higher affinity) on changing ligand preference by αVβ3 integrin. It
is noteworthy that talin-head binding alone caused integrin
extension but not headpiece opening (Ye et al., 2010). The
literature for the conformational effects of Mn2+ on β3 conformation
appears more diverse with findings that Mn2+ does not cause
headpiece opening at all (Dai et al., 2015), only to 14% (Eng et al.,
2011), or for the vast majority of β3 integrins (Miyazaki et al.,
2018). Our data would support a limited effect of Mn2+ on
headpiece opening and fits best to studies using integrins including
their natural transmembrane domains (Dai et al., 2015; Eng et al.,
2011). Additionally, results from FRAP experiments correlate with
our observations on Fn/Vn substrates: β3-D723A mutation and
Mn2+ treatment of β3-wt showed the same FRAP dynamics as β3-wt
alone (Cluzel et al., 2005), in contrast to mutations that had an effect
on the headpiece opening and on Fn binding (β3-N305T, β3-V80C/
D241C, Fig. 4I). Activation by Mn2+, β3-D723A or β3-VE might
instead favor integrin extension and induce a primed state of αVβ3
integrin (Chen et al., 2019; Takagi et al., 2002), but without directly
enforcing maximal hybrid domain swing-out.

Regulation of ligand selection
How can αVβ3 integrin select between different ligands that all
bind via the RGD sequence (Fn, Vn, Opn, Fbg, Tsp)? The
conformation of RGD peptides clearly impacts integrin selectivity,
given that cyclic RGD is selective for αVβ3 integrin, while linear
RGD almost equally binds integrin receptors for Fn and Vn
(Pierschbacher and Ruoslahti, 1987). Cormier and colleagues
recently argued that ligand binding by αVβ3 integrin might not
only be regulated by affinity, but also by the accessibility of the
ligand to the binding pocket in the integrin headpiece (Cormier
et al., 2018). Interestingly, the RGD motif of Fn is positioned in a
rather short loop, while Vn and Opn seem to present this motif in a
flexible, unstructured protein region. Thus, the limited flexibility
of the RGD motif in Fn might cause constraints in accessibility to
the binding pocket of αVβ3 integrin dependent on the integrin
conformation.
A promiscuous receptor like αVβ3 integrin might encounter

potential ligands in vivo most of the time. Accordingly, αVβ3
integrin-expressing cells might especially benefit from additional
ways to regulate ligand binding and selection. So far, we have
demonstrated a force-dependent recognition of Fn by αVβ3
integrin. Fittingly, αVβ3 integrin – in contrast to α5β1 integrin –
is unable to bind soluble Fn (Danen et al., 2002). At the same time,
αVβ3 integrin binds Opn from the medium, preventing anoikis in
melanoma cells (Geissinger et al., 2002). It will be interesting to test
additional physiological ligands concerning their dependency on
physical parameters such as matrix anchorage, solubility or stiffness
for binding to αVβ3 integrin. Influence of these physical parameters
on ligand binding will clearly have an impact on pathological

settings with altered tissue mechanics, such as fibrosis, wound
healing or cancer.

Consequences of force-dependent ligand selection
Knockout mice for Fn and for α5 integrin have similar phenotypes
[death at embryonic day (E)8–8.5 or E9–9.5 (Yang et al., 1999)],
indicating that α5β1 integrin is the main Fn receptor during
development. In contrast, knockout mice for β3 are viable and fertile
[despite showing increased mortality (Hodivala-Dilke et al., 1999)].
However, in certain settings, αV integrins and αVβ3 in particular
are able to compensate for a loss of α5β1-Fn interaction (Benito-
Jardón et al., 2017; Takahashi et al., 2007; van der Flier et al., 2010).
Endothelial cells depleted in α5 integrin, for example, show
increased recruitment of αV integrins to Fn fibers (van der Flier et al.,
2010). It will be compelling to test whether such an increased
recruitment of αVβ3 after α5 reduction is accompanied by increased
contractility and/or changed morphology and altered mechanical
characteristics of Fn fibers. Interestingly, AFM studies showed that
early fibrillogenesis starts already in the cell periphery (Gudzenko and
Franz, 2015)whereαVβ3 ismostly localized andwhere high adhesive
forces are detected (Kronenberg et al., 2017). Moreover, cancer-
associated fibroblasts were reported to reorganize Fn in a multistage
process during cancer spheroid invasion,withα5β1 andαVβ3 integrin
having separate and distinct functions in this process (Attieh et al.,
2017; Erdogan et al., 2017). On the other hand, Vn-binding by αVβ3
integrin is an important part of wound healing and inflammation
(Keasey et al., 2018), supporting the relevance of ligand selection by
αVβ3 integrin. Thus, we expect that force-dependent regulation of
ligand promiscuity supports switching between different cellular
functions for which we here present a first framework. Combining
experiments with controlled presentation of ligands in 2D and 3D
(Richter et al., 2017) and experiments mimicking tissues (Franco-
Barraza et al., 2016;Kaukonen et al., 2017)will be important next steps
to understand ligand selection by αVβ3 integrin in more detail.

MATERIALS AND METHODS
Cell culture, constructs and transfection
NIH3T3 cells used in this study are a subclone of NIH3T3 cells (American
Type Culture Collection, CRL-16589) that were fluorescence-activated cell
sorted for low expression of endogenous β3 integrin as described previously
(Pinon et al., 2014). MEF Vcl−/− and MEF wt were kindly provided by
W. H. Ziegler (Mierke et al., 2010). GD25 wt cells were kindly provided by
R. Fässler (Wennerberg et al., 1996). All cells were grown at 37°C with 5%
CO2 in Dulbecco’s modified Eagle medium (DMEM; Thermo Fisher
Scientific) supplemented with 10% fetal calf serum (FCS; Hyclone), and
passaged two to three times a week, or upon reaching confluency.
Transfections were carried out with Lipofectamine 2000 Thermo Fisher
Scientific) or JetPEI (Polyplus) according to the manufacturer’s instructions.
Cells were cultured in complete medium for 48 h before detachment. cDNA
encoding full-length mouse β3-wt GFP integrin expressed in a
cytomegalovirus promoter-driven pcDNA3/EGFP vector has been
previously described (Ballestrem et al., 2001). β3-VE GFP (Pinon et al.,
2014), β3-D723A GFP (Ballestrem et al., 2001) and β3-N305T GFP
(Ballestrem et al., 2001) were derived by substitution from the β3-wt GFP
integrin construct mentioned before and as described in the indicated
publications. Vinculin mCherry was a gift from Christoph Ballestrem
(Division of Cell Matrix Biology & Regenerative Medecine, University of
Manchester, UK), and mApple-MyosinIIA-C-18 was Addgene plasmid
#54929, deposited by Michael Davidson.

Antibodies and chemicals
Inhibition experiments were performed with blebbistatin (Sigma-Aldrich),
with the ROCK inhibitor Y27632 (Sigma-Aldrich), or with the αVβ3
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integrin inhibitor cilengitide (Sellekchem) at concentrations as indicated.
DTT (Carl Roth) was used at the indicated concentration to open disulphide
bridges. Cells were fixed for subsequent immunostaining with 4%
paraformaldehyde (Sigma-Aldrich) in PBS. Reagents used for
immunostaining were monoclonal mouse antibodies against paxillin
(1:1000; clone 349/Paxillin, BD Biosciences, 610052), talin (1:100; clone
8d4, Sigma-Aldrich, T3287), vinculin (1:500; clone hVIN-1, Abcam,
ab11194) and Vn (1:1000, clone VIT-2, IgM, Sigma-Aldrich, V7881), or
polyclonal rabbit antibodies against hemagglutinin (HA)-tag (1:200; Sigma-
Aldrich, H6903), Fn (1:500; Sigma-Aldrich, F3648), Tsp (1:100; Abcam,
ab85762) or Opn (1:500; GeneTex, GTX37582). β1 integrin was stained
with a monoclonal rat antibody (1:100; clone 9EG7, BD Biosciences,
553715). After primary antibody staining, samples were washed and
incubated with antibodies against mouse labeled with Cy3 (1:500; Jackson
ImmunoResearch, 115-165-146), against rabbit labeled with Alexa Fluor
488 (1:500; Thermo Fisher Scientific, A11070) or Cy3 (1:500; Dianova,
111-165-144), or with phalloidin coupled to Alexa Fluor 568 (1:200;
Thermo Fisher Scientific, A12380). To visualize anti-Vn staining,
secondary antibodies against IgM labeled with Cy3 were used (1:1000;
Dianova, 115-166-075). Primary rat antibodies were visualized with pre-
adsorbed, Alexa Fluor 488- or Alexa Fluor 568-labeled secondary
antibodies (1:500; Thermo Fisher Scientific, A11006 or A11077) and, if
present in the experiment, primary mouse antibodies were visualized with
pre-adsorbed, Cy3-labeled antibodies (1:500; Dianova, 111-165-144) to
avoid cross-reactivity of secondary antibodies. Direct labeling of Fn, Fbg
and Vn was performed according to the manufacturer’s protocol with Alexa
Fluor 568 (Thermo Fisher Scientific, A10238) or Alexa Fluor 647 (Thermo
Fisher Scientific, A20173).

Microcontact printing
Silicone stamps for microcontact printing of differential substrates were
produced as previously described (Lehnert et al., 2004). Binary-choice
substrates were produced with human plasma Fn (Sigma-Aldrich, F2006 or
Millipore, FC010), human plasma Vn (Sigma-Aldrich, V8379), recombinant
human Vn (Sigma-Aldrich, SRP3186), native human Fbg (Bio-Rad, 4440-
8604) or recombinant human thrombospondin-1 (R&D Systems, 3074-TH-
050), or with Opn from bovine milk (Sigma-Aldrich, O3514).

For Fn/Vn substrates, silicone stamps were incubated for 10 min with a
solution containing: (1) Alexa Fluor 647-labeled Fn (Fn-647; depending
on labeling degree; typically, 2.5–3 µg/ml was used), (2) 5 µg/ml Fn and
(3) 45 µg/ml heat-inactivated Fn in PBS (Fn-X; see Fig. S1E). Heat-
inactivated Fn was produced by heating Fn for 30 min to 90°C. Cells do not
spread on heat-inactivated Fn (Fig. S1E). After nitrogen drying of the stamp
with the adsorbed Fn, the stamp was pressed onto a glass cover slip for
10 min before the stamp was released. Next, the pattern on the cover slip was
covered with Vn at a concentration of 1–5 µg/ml in PBS for 1 h at room
temperature. High concentrations of the stamped protein (Fn in this case,
with 50 µg/ml total Fn+2.5–3 µg/ml Fn-647) improved the reproducibility
of the patterns by preventing adsorption of the backfilled protein (Vn in this
case) to the stamped areas.

For other binary-choice substrates than Fn/Vn, a total concentration of
50 µg/ml of the stamped protein and 5 µg/ml of the backfilled protein was
used. The only exception is the Vn/Fn stripe pattern shown in Fig. 5A, where
10 µg/ml for both proteins was used. All other steps for stripe patterns were
performed as described. After the final incubation step, patterns were
washed with PBS and used directly for cell seeding. Cell detachment from
culture flasks was stopped with trypsin inhibitor (Sigma-Aldrich) and cells
were cultured in the absence of FCS if not stated otherwise. However,
Fig. 2G indicated that FCS adsorption was negligible on Fn/Vn patterns
during a 2 h incubation period.

Polyacrylamide gels
Established protocols (Kandow et al., 2007; Pinon et al., 2014; Plotnikov
et al., 2014) were adapted to gain polyacrylamide gels of different Young’s
modulus (stiffness) with homogeneous or with structured ECM. Gels were
produced on activated cover slips: glass cover slips were cleaned with
propanol and for 10 min in a plasma cleaner (Technics Plasma, Germany).
This was followed by a silanization [1 h at room temperature, 1 mM

3-(trimethoxysilyl)propyl methacrylate (Sigma-Aldrich) in toluene]. After
incubation, cover slips were washed in ddH2O and dried with nitrogen. On
these cover slips, 60 µl of amixture of degassed acrylamide, bisacrylamide (both
Bio-Rad), tetramethylethylenediamine (TEMED) and ammonium persulfate
(APS) (both Sigma-Aldrich) was pipetted with final concentrations of 0.5%
APS, 0.1% TEMED and as mentioned in Table S1. This solution was
covered with 10 µl of 1% w/v of acrylic acid N-hydroxysuccinimide ester
(NHS acrylate; Sigma-Aldrich) in toluene. Finally, the solution was
covered with a cover slip of 18 mm diameter that was either functionalized
with a Fn/Vn pattern prepared as described before or that was coated with a
50 µg/ml solution of Fn or Vn for 1 h at room temperature. This top cover
slip was dried with nitrogen before it was applied to the gel solution. After
polymerization of the polyacrylamide gel, the top cover slip was removed
and the gel was covered with PBS. Gel substrates were used directly for cell
seeding or were stored overnight at 4°C before cell seeding. Cells were
cultured for 6 h on gels in DMEM without FCS to prevent adsorption of
plasma Vn to the gel surface.

Stiffness of polyacrylamide gels was measured as previously described
(Elosegui-Artola et al., 2016). Measurements were performed with the
atomic force microscope described below. Silicon nitride pyramidal tips
with a nominal spring constant of k=0.01–0.03 Nm−1 were used (MLCT,
Bruker). An effective half-angle of 20° was used for calculation. For each
stiffness, three gels from three independent batches were measured by
probing five positions in the center of the gel with five repetitive
measurements. The Hertz model equation for pyramidal tips was fitted to
the force-displacement curves.

Microscopy
SR-SIM imaging was performed on a non-serial Zeiss Elyra PS.1
microscope with a 63×/1.4 NA oil immersion objective and an Andor
iXon EMCCD camera. The grid for SR-SIM was rotated three times and
shifted five times leading to 15 frames of raw data out of which a final
SR-SIM image was calculated with the structured illumination package of
ZEN software (Zeiss). Values for calculation were selected for best
resolution without causing image artefacts. Channels were aligned by using
a correction file that was generated by measuring channel misalignment of
fluorescent tetraspecs (Thermo Fisher Scientific, T7280). All diffraction-
limited images, according to the figure legend, were taken using theApoTome
module on a Zeiss AxioimagerZ1 microscope to achieve optical sectioning.
A 63×/1.4NAoil immersion objective and a Zeiss AxioCamMRmwere used.
For SR-SIM live-cell microscopy, the incubation chamber was heated to 37°C
and cells were imaged every minute. During imaging, cells were cultured
in imaging medium (F12+25 mM HEPES+200 mM L-glutamine+1%
penicillin/streptomycin, pH 7.2). FCS was present as indicated in the
description for Movies 1–8. SR-SIM raw data images were processed as
described above. Phase-contrast live-cell imaging was performed on a Zeiss
Axio-Observer Z.1 with a 20×/0.8 NA air objective. Cell migration of
GD25 cells on homogenous Fn or Vn (coating, 10 µg/ml in PBS for 1 h at
room temperature) was analyzed for cells cultured in DMEM/F12 medium
(Thermo Fisher Scientific, 11039-021)+1% penicillin/streptomycin+1% FCS.
Migration of GD25 cells on Vn/Fn stripes was analyzed for cells cultured in
DMEM/F12 medium+1% penicillin/streptomycin.

FRAP
FRAPwas performed as described previously (Wehrle-Haller, 2007). Image
acquisition and image analysis were performed at the Bioimaging Core
Facility, Faculty of Medicine, University of Geneva. Briefly, transfected
NIH3T3 cells were cultured on serum-coated coverslips. One hour before
imaging, medium was replaced with F12 medium (Sigma-Aldrich)
containing 10% FCS+1% penicillin/streptomycin and cells were relocated
to the microscope. FRAP was performed on a Nikon A1r confocal laser
scanning microscope equipped with a 60× oil immersion objective and a
37°C incubation chamber. Three pictures in 5 s intervals were acquired
before bleaching. After that, one frame/5 s was acquired for 3 min. The
graph was calculated in the following way: the first three images before
bleaching were averaged to yield ‘100% intensity’ and the first image after
bleaching was set to ‘0% intensity’. All other values were calculated as
ratio of 100% intensity.
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AFM
To prepare adhesion substrates for directly comparative adhesion force
spectroscopy, adjacent areas on a Fluorodish 35 (WPI) glass-bottom dish
were coated with 50 µg/ml bovine serum albumin (BSA; to provide low
adhesion for cell capture, see below), 50 µg/ml Fn or 5 µg/ml Vn solutions
and incubated for 1 h. Substrates were subsequently rinsed five times with
PBS and transferred to CO2-independent medium (Thermo Fisher
Scientific). Prior to single-cell force spectroscopy experiments, GD25
cells were transferred to CO2-independent medium for 1 h and then
trypsinized. Trypsin was subsequently inactivated by adding soybean
trypsin inhibitor (Sigma-Aldrich). After centrifugation, the supernatant was
removed, and cells were again resuspended in CO2-independent medium.
Single-cell force spectroscopy experiments were performed using a
CellHesion 200 atomic force microscope (JPK) featuring an extended
vertical range of 100 μm. All measurements were performed at 37°C using a
temperature-controlled sample chamber (BioCell from JPK) and tipless
205 μm-long V-shaped cantilevers with a nominal spring constant of
0.06 N/m (NP-O from Veeco). To facilitate cell capture, plasma-cleaned
cantilevers were functionalized with concanavalin A. After calibrating the
sensitivity of the optical lever system and determining the spring constant,
cells were pipetted into the sample chamber. A single cell was captured
above the BSA-coated area by pressing the functionalized cantilever onto
the cell with a contact force of 500 pN for 3 s and elevating the cantilever
subsequently. To measure cell detachment forces, the cantilever was
lowered at a constant speed of 5 μm/s until the cell made contact with the
substrate and a pre-set force of 1.5 nN was reached. Afterwards, the
cantilever was held at a constant height for the pre-set contact time until the
cantilever was elevated 80 μm above the substrate surface. Each cell was
tested alternatingly on Fn and Vn surfaces (typically ten force cycle
repetitions for each contact time) to determine the differential adhesion
strength to both ligands. In total, eight different cells were tested.
Detachment forces were analyzed using the JPK image processing
software. From the collected force-distance curves, the maximum
detachment forces (maximum cantilever deflection) were determined
and plotted as mean±s.d. using OriginPro 8.1G. Statistical significance
of experiments was tested with a Wilcoxon-based Mann–Whitney U-test
using InStat.

Image analysis
Colocalization, cell area and adhesion length were analyzed with the Fiji
software package (Schindelin et al., 2015). A threshold was applied to the
intensity of the corresponding fluorescent channel, and the area or the length
of individual integrin-mediated adhesions was measured with plugins
included in Fiji. If necessary, background was subtracted (sliding
paraboloid) or analysis was limited to adhesions in areas with less
background. Colocalization between two fluorescent channels was
quantified by measuring Mander’s coefficient of thresholded images by
using the Fiji plugin JACoP (Bolte and Cordelieres, 2006). The location of
adhesion initiation on Fn/Vn substrates was defined by analyzing SR-SIM
live-cell movies. The fluorescent channel of the integrin staining was
analyzed while the Fn channel was hidden. Integrin clusters visible for at
least two subsequent time frames were marked with an ellipse in the ZEN
imaging software throughout the movie. Afterwards, the Fn channel was
uncovered, and the positions of all ellipses were counted with respect to
Fn squares or Vn surrounding the squares. If an integrin cluster initiated at
the border of a square with contact to Fn and Vn, it was counted for the
category ‘Fn/Vn’.

Biolayer interferometry measurement
Binding and unbinding behavior of αVβ3 integrin binding to different ECM
proteins was measured using the BLItz biolayer interferometer (Pall
ForteBio). All steps during real-time measurements were performed at room
temperature in the same buffer conditions (20 mMTris-HCl, 150 mMNaCl,
pH 7.4, 1 mM MgCl2, 1 mM CaCl2, 0.02% Tween 20, 0.1% BSA). Pre-
hydrated (10 min in integrin buffer) Ni-NTA biosensors (Pall ForteBio)
were loaded with 50 µg/ml His-tagged human recombinant αVβ3 integrin
(R&D Systems, 3050-AV) following an association phase with 150 µg/ml
ECM protein and a dissociation phase (time scheme: baseline, 45 s; loading,

180 s; baseline, 45 s; association, 300 s, dissociation, 250 s). Binding
curves were corrected for a reference sample: an integrin-loaded biosensor
was used without adding ligand in the association phase (to correct for drift
of the system and unspecific bound buffer components). In control
experiments (Fig. S3E), 20 µM cilengitide was added to the integrin
buffer during dissociation phase. A 10 s adjustment step was included.

MD simulations
The crystal structure of αVβ3 integrin from RCSB Protein Data Bank (PDB:
4MMX) was used as a model for the extended-closed integrin. Structure of
the extended-open form was prepared by superimposition of βI-like and
hybrid domains from the crystal structure of open αIIbβ3 integrin (PDB:
3FCU or PDB: 3ZE2, as indicated in the figure legend). Systems containing
unliganded αVβ3 were prepared by removing the tenth domain of Fn
(FnIII10) from the initial structure. Glycosylation of β3 integrin at N303 was
achieved by covalently attaching four sugar rings to a nitrogen atom of the
N303 residue. Preparation of structures and analysis was performed using
PyMOL 1.7. MD simulations were performed using Gromacs ver 2016.5
(Van Der Spoel et al., 2005) at the Sisu supercomputer, CSC, Finland. The
Amber ff99SB-ILDN force field (Lindorff-Larsen et al., 2010) and explicit
TIP3P water model (Jorgensen and Madura, 1983) were used. The total
system charge was neutralized with K+ ions. The parameters for the
glycosylation part were prepared using ACPYPE (Sousa da Silva and
Vranken, 2012). Energy minimization of the system was performed in
25,000 steps using steepest descent algorithm. The system was equilibrated
in three phases using harmonic position restraints on all heavy atoms of
protein. The first phase of equilibration was performed for 100 ps using the
Berendsen weak coupling algorithm (Berendsen et al., 1984) to control the
temperature of the system at 100 K. An integration time step of 2 fs was used
in all the simulations. Following NVT, the system is linearly heated from
100 K to 310 K over 1 ns using an NPT ensemble at 1 atm of pressure.
During this process, the Berendsen algorithm was used to control both
temperature and pressure. For the final phase of equilibration and for all
subsequent simulations, an NPT ensemble was maintained at 310 K, using
V-rescale algorithm (Bussi et al., 2007), and 1 atm, using Berendsen
algorithm. Temperature coupling was applied separately for protein and
solution parts.

Flow-cytometric β3 integrin activation index
NIH3T3 cells were transfected with JetPrime (Polyplus) and the indicated
β3 plasmids according to the manufacturer’s protocol. Cells were detached
after 48 h and split into two groups. One was stained with hamster anti-
mouse β3 integrin (1:500; clone HMβ3-1, BD Biosciences, 550541) and
goat anti-hamster phycoerythrin (1:600; Jackson ImmunoResearch, 127-
115-160). The other group of cells was incubated with a fusion protein of
CD31 (also known as Pecam1) and the RGD-containing ligand soluble
Kistrin-7 (Ski7; used 1:5 as supernatant from cell culture), followed by
staining for CD31 with rat anti-CD31 (1:50; clone GC51, supernatant) and
goat anti-rat phycoerythrin staining (1:800; Jackson ImmunoResearch, 112-
116-143). All reagents were diluted in PBS+1% BSA and incubations were
performed for 30 min on ice. Cells were washed by centrifugation and
resuspending of the pellet in fresh, ice-cold PBS 2× before every incubation
and after the last incubation. Before cytometric analysis, cell pellets were
resuspended in PBS+1% BSA+1 mM EDTA. All analyses were performed
on an Accuri C6 and data were analyzed with FlowJo (BD Biosciences).
After bleed-through correction and gating for viable, transfected single cells,
median values of phycoerythrin staining were calculated for total β3 and
Ski7-stained β3. The ratio of Ski7/total staining was calculated and
normalized to the activation ratio of β3-wt GFP.

Statistics
If not stated otherwise, reported values in bar charts are calculated as mean,
and error bars represent s.d. of all data points. In box plots, upper and lower
bars indicate s.d. and the middle bar indicates the mean. Statistical
comparisons are calculated with two-tailed Student’s t-test based on the
number of independent experiments. For adhesion force measured with
AFM, the statistical significance of experiments was tested with a
Wilcoxon-based Mann–Whitney U-test using InStat. All experiments
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were reproducible and were carried out as independent experiments at least
twice or as often as indicated in the figure legends.
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