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SUMMARY

Src kinase plays an important role in a multitude of
fundamental cellular processes and is often found
deregulated in tumors. Active Src adopts an open
conformation, whereas inactive Src is characterized
by a very compact structure stabilized by inhibitory
intramolecular interactions. Taking advantage of
this spatial regulation, we constructed a fluores-
cence resonance energy transfer (FRET)-based Src
biosensor and analyzed conformational changes of
Src following Src activation and the spatiotemporal
dynamics of Src activity in cells. We found that acti-
vatory mutations either in regulatory or kinase do-
mains induce opening of the Src structure. Surpris-
ingly, we discovered that Src inhibitors differ in
their effect on the Src structure, some counterintui-
tively inducing an open conformation. Finally, we
analyzed the dynamics of Src activity in focal adhe-
sions by FRET imaging and found that Src is rapidly
activated during focal adhesion assembly, and its ac-
tivity remains steady and high throughout the life cy-
cle of focal adhesion and decreases during focal
adhesion disassembly.

INTRODUCTION

The product of the c-src proto-oncogene, Src kinase, is the

founding member of the Src family nonreceptor tyrosine ki-

nases. Src plays crucial roles in migration, mechanosensing,

and mitogenic and anti-apoptotic signaling, thus precise con-

trol of Src activation is necessary to avoid tumor transformation

(Yeatman, 2004; Frame et al., 2002; Playford and Schaller,

2004). Despite the mechanisms of negative control, enhanced

expression and/or activation of Src is commonly observed in

various tumors (e.g., colon carcinomas, breast carcinomas,

pancreatic carcinomas) (Irby and Yeatman, 2000; Giaccone
Cell Chemica
and Zucali, 2008). Under the circumstances of elevated or aber-

rant Src kinase activity, numerous Src substrates become

phosphorylated. These Src phosphorylated substrates have

been implicated in induction of tumorigenesis and development

of malignant cell phenotype (Yeatman, 2004; Frame et al., 2002;

Playford and Schaller, 2004). Even though a vast number of Src

kinase substrates have been already identified, the exactmech-

anism of Src-mediated transformation has not been completely

elucidated.

Seven functionally and structurally important regions can be

described in Src. From the N terminus it is the SH4 domain,

unique domain, SH3 domain, SH2 domain, CD linker, catalytic

domain, and C-terminal tail containing a key regulatory residue

Y527 (chicken Src numbering). SH3 and SH2 domains serve

not only for binding of signaling partners (e.g., p130Cas,

FAK, paxillin, STAT3) but they also play an important role in

downregulating Src kinase activity (Superti-Furga et al.,

1993). Structural studies have shown that active Src adopts

an open conformation, whereas inactive Src is characterized

by very compact structure, with the SH3 and SH2 domains

turned inward, and packed against the catalytic domain on

the side opposite to the catalytic cleft (Xu et al., 1997). The

compact and inactive conformation of Src is maintained by

three main intramolecular interactions: (1) SH2 domain binding

of phosphorylated Y527, (2) binding of SH3 domain to a part of

the CD linker, (3) binding of SH3 domain to the N-terminal lobe

of the catalytic domain (Brabek et al., 2002; Cooper et al.,

1986; Xu et al., 1997). The release of the intramolecular regu-

latory interaction of SH2 domain with phosphorylated Y527

leads to the opening of Src structure and the kinase domain

adopts an active conformation (Cowan-Jacob et al., 2005).

The mechanism of SH3 domain-mediated negative regulatory

interactions, and especially their effect on Src structure, re-

mains less understood.

The current model for Src regulation proposes a correlation be-

tween structural condensation of the protein backbone and cata-

lytic activity (Cowan-Jacob et al., 2005). Upon external stimuli or

mutagenesis, intramolecular regulatory interactionsaredisturbed,

the conformation loosens, and Src kinase domain becomes acti-

vated. Taking advantage of these conformational changes, we
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Figure 1. Design of Src-FRET Biosensor

(A) Structure of inactive Src with critical residues and motives depicted.

(B) Model of Src biosensor action. Compact, inactive conformation of Src biosensor gives high FRET between inserted mCFP and mCit fluorophores (left). Upon

activation, the Src structure loosens and the FRET decreases (right). Linkers between the fluorophores and the kinase are not depicted. The structure models

were created according to PDB structures PDB: 1FMK, 1Y57, 2H5P, 1F0B.

(C) Schematic representation of the different Src and control constructs used in this study. UD, unique domain; CFP, mECFP/(mTurquoise2); YFP, mCit.
constructed a genetically encoded intramolecular FRET-based

Src biosensor and analyzed conformational changes of Src

following Src activation induced by Src mutagenesis or upon

external chemical or mechanical stimulation of cells. Using FRET

imaging we further analyzed the spatiotemporal dynamics of Src

activation in focal adhesions.

RESULTS

Design and Construction of Src-FRET Biosensor
According to known structures of active and inactive Src, the

greatest spatial distance between any two parts of the Src

molecule after its activation is the distance between C termi-

nus and SH2 domain (Cowan-Jacob et al., 2005, Figures 1A

and 1B). We thus decided to insert the FRET pair of fluores-

cence proteins in this area of Src. The donor fluorophore

was inserted in the loop between bD and bE strands of the

SH2 domain (Xu et al., 1997). This loop is oriented outward

of the compact structure of Src and is on the opposite side

to the SH2 ligand binding site. To minimize potential disrupting

effect of the fluorescence protein insertion on the SH2 domain

fold, two highly flexible linker peptides (eight, eleven amino

acids) were added to the donor fluorescence protein inserted

to SH2 domain. The acceptor fluorescence protein was in-

serted at the very C terminus of the Src molecule (seven-

amino-acids-long linker peptide). To minimize dimerization ar-

tifacts, monomeric versions of fluorescent proteins mCFP and
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mCitrine (mCit) were chosen as donor and acceptor fluoro-

phores, respectively.

Given the proposed design, the following constructs were pre-

pared: the full-length chicken c-src genewithmCFP inserted into

the SH2 domain (Src-CFP), chicken c-src with mCit linked to the

C terminus of Src (Src-YFP), complete biosensor construct with

both mCFP and mCit inserted (Src-FRET), complete biosensor

construct where Src kinase was activated by mutation of

Tyr527 to Phe (Y527F, Src-FRET527F), and positive control

construct (PC; no Src, only mCFP and mCit connected by short

linker for maximum FRET) (Figure 1C). The constructs were ex-

pressed in HEK cells and the relative levels of an activatory phos-

phorylation of Tyr416within the activation loopwere determined.

Immunoblot analysis indicated that none of the constructs with

wild-type (WT) Src showed any significant difference (p > 0.45)

in relative phosphorylation of Tyr416, which suggests that the

insertion of the fluorophores has no effect on basal activity of

Src kinase (Figure 2A). In contrast, the biosensor construct

with activated Src exhibits a significant increase (approximately

2-fold) of relative Tyr416 phosphorylation, confirming its acti-

vated status.

In the prepared biosensor variants, the FRET between the

incorporated fluorophores was measured with a FRET steady-

state approach (Figure 2B). Fluorescence spectra were recorded

in fresh cell lysates at an excitation wavelength of 433 nm, which

excites the mCFP donor, and FRET ratio was calculated as ratio

of fluorescence intensity at 480 nm (mCFP emission peak) and



Figure 2. Insertion of the Fluorophores into Src Has No Significant Effect on Src Activation

HEK293FT cells expressing Src constructs were lysed and analyzed for Tyr416 phosphorylation and emission spectra.

(A) Representative matched pair of immunoblots showing detection of activated Src (P-Y416 antibody) and total Src. Numbers indicate ratio of Tyr416 phos-

phorylation and Src signal (mean ± SD, out of minimum five independent experiments) normalized to unmanipulated Src.

(B) Representative emission spectra normalized to emission maximum of mCFP.

(C and D) The biosensor variants were transfected into HEK293FT cells and native cell lysates were supplemented with purified glutathione S-transferase (GST)

SinWT (FRET + SinWT), GST-SinY (FRET + SinY), GST-SinR (FRET + SinR), GST-SinRY (FRET + SinRY), or GST alone (FRET, FRET527F). After 30 min of in-

cubation, fluorescence emission spectra were recorded. (C) Representative emission spectra normalized to emission maximum of mCFP. (D) Bar graph rep-

resents ratio of normalized mCit (525 nm) and mCFP (475 nm) emission. The data are shown as mean ± SD out of a minimum three independent experiments

performed in triplicate. p values indicate statistical significance calculated by one-way ANOVA and followed by Tukey’s post hoc test.
525 nm (mCit emission peak). FRET ratio of Src-FRET construct

on average reached approximately 73% of the maximum FRET

within the theoretical range, given by the difference in FRET ratio

between the PC and Src-CFP, and was significantly (p < 0.0001)

different from the FRET ratio of Src-FRET527F reaching approx-

imately 33%of themaximumFRET. This shows that the dynamic

range of the Src-FRET biosensor is at least 40% of the theoret-

ical dynamic range for the FRET of the mCFP and mCit pair,

indicating that the Src-FRET biosensor can effectively monitor

structural changes following Src activation. Importantly, the

fluorescence spectra from cells transfected simultaneously by

Src-CFP and Src-YFP constructs closely resemble spectra

from cells transfected by Src-CFP only, confirming that the

FRET observed in Src-FRET and Src-FRET527 is a result of an

intramolecular FRET (Figure 2B).
Src-FRET Biosensor Is Responsive to Interaction-Based
Activation
The inactive structure of Src is maintained by intramolecular

interactions mediated by SH2 and SH3 domains (Xu et al.,

1997). It was previously shown that cooperative binding of

peptides derived from Src interactor Sin to Src SH2 and

SH3 domains can activate Src (Alexandropoulos and Balti-

more, 1996). The Src-FRET biosensor represents an excellent

tool to test the effect of peptides competing with intramolec-

ular binding sequences on the compactness of Src structure.

We thus analyzed the effect of purified variants of Sin-derived

peptides on FRET of the Src-FRET biosensor in vitro. In

agreement with the study of Alexandropoulos and Baltimore

(1996), our results showed that Sin peptide carrying both

SH2 and SH3 binding sites (SinWT) effectively promotes the
Cell Chemical Biology 26, 255–268, February 21, 2019 257



Figure 3. Src-FRET Biosensor Is Responsive to Activatory Mutations

The biosensor variants were transfected into U2OS cells and the fluorescence emission spectra were recorded.

(A) Representative emission spectra normalized to emission maximum of mCFP.

(B) Bar graph represents ratio of normalized mCit (530 nm) and mCFP (480 nm) emission. The data are shown as mean ± SD out of minimum three independent

experiments performed in triplicate. p values indicate statistical significance compared with FRET ratio of Src-FRET527F (527F) variant of the biosensor as

calculated by one-way ANOVA and followed by Tukey’s post hoc test. PC (positive control) and CFP (Src-CFP) indicates maximum and minimum FRET

achievable by the biosensor, respectively.

(C) Kinetic analysis of kinase activity of the biosensor variants using Omnia kinase assay. Representative graph is shown.
decrease in FRET ratio of the Src biosensor, whereas the Sin

peptides mutated either in SH2 (SinY), SH3 (SinR), or both

SH2 and SH3 binding sites (SinRY) have no effect (Figures

2C and 2D).

The Effect of Src Mutations on Compactness of Src
Structure
A large number of mutations activating the oncogenic potential

of Src were described throughout the history of Src proto-

oncogene analysis; however, the effect of many of these muta-

tions on the overall structure/compactness of Src is not known.

This is especially true for mutations affecting SH3-mediated in-

tramolecular interactions. To this end, we introduced several

mutations known to affect Src activity into the biosensor and

analyzed their effect on FRET and kinase activity. We prepared

three biosensor variants carrying activatory mutations affecting

the SH3-mediated regulation of Src: (1) Src-FRET-RT biosensor

with mutation in the RT loop of SH3 domain inhibiting its inter-

action with kinase domain (Thr96/Ile + Arg95/Trp; Miyazaki

et al., 1999); (2) Src-FRET-nSrc with mutation in the n-Src

loop of SH3 domain inhibiting its interaction with kinase domain

(Asp117/Asn; Miyazaki et al., 1999); (3) Src-FRET-CD with
258 Cell Chemical Biology 26, 255–268, February 21, 2019
mutation in the CD linker inhibiting its binding to SH3 domain

(Pro250/Gly, Lys249/Asp; Gonfloni et al., 1997). In addition,

we prepared a biosensor variant Src-FRET-CA carrying muta-

tion within the kinase domain (Glu381(376)/Gly) shown to

constitutively activate Src, although the mechanism of the acti-

vation is unknown (Bjorge et al., 1995), and two double-mutant

variants combining the activatory Tyr527 to Phe mutation un-

coupling the SH2-mediated regulation with either RT loop

or CD linker mutations (Src-FRET-FRT and Src-FRET-FCD,

respectively).

The mutated variants of the biosensor were transiently ex-

pressed in U2OS cells and the effect of the mutations on

FRET and Src kinase activity was analyzed. All mutated vari-

ants have shown significantly lower FRET (p < 0.001) than

the non-mutated biosensor (Figures 3A and 3B). When

compared with the FRET ratio of the SH2-activated Src-

FRET527F, the biosensors show four different levels of

FRET. First, there is a group not significantly different (p >

0.323) from Src-FRET527F, which includes Src-FRET527F

itself and Src-FRET-CD variants. The Src-FRET-CA and the

double-mutated Src-FRET-FRT and Src-FRET-FCD variants

form a group of biosensors with FRET significantly lower



Figure 4. Src-FRET Biosensor Effectively Responds to Treatments Activating and Inhibiting Src

(A) SYF cells and SYFs stably expressing Src-FRET biosensor (SrcFRET) or c-Src (Src) were incubated for 30min ± 150nMdasatinib, for 12 hr ± 100 ng/mL EGF or

for 2 hr ± 10 mM LPA. Cells were then lysed and analyzed for expression and phosphorylation of Src substrates paxillin and p130Cas. Representative blots from

three independent experiments are shown.

(B and C) SYF cells stably expressing SrcFRET-WT biosensor were seeded on fibronectin-coated flexible membrane, incubated for 24 hr, and then subjected to

20% static stretch for indicated times. (B) Cells were lysed and analyzed by western blotting against phosphorylated Y410 in the p130Cas (P-Y410) substrate

domain. Representative blot from three independent experiments is shown. (C) Cells were lysed and in native cell lysates the FRET was analyzed as a ratio of

FRET fluorescence intensity (lex 433 nm, lem 530 nm) and fluorescence intensity of mCFP (lex 433 nm, lem 480 nm). FRET ratio of unstretched cells (0 min) was

arbitrary set to 1. The data are shown as mean ± SD out of minimum three independent experiments performed in triplicate. p values indicate statistical sig-

nificance compared with unstretched cells (0 min) as calculated by one-way ANOVA and followed by Tukey’s post hoc test.
(p < 0.004) than Src-FRET527F. The biosensor variants with

activating mutations directly within SH3 domain exhibit an in-

termediate level of FRET decrease. The Src-FRET-RT exhibits

FRET levels close to, but significantly higher (p < 0.001) than,

that of the Src-FRET527F group. The mutations within the

nSrc-loop, the Src-FRET-nSrc variant, have the least effect

on compactness of Src structure as its FRET is significantly

higher than even that of the Src-FRET-RT (p < 0.001). In addi-

tion to FRET, the effect of the mutations on Src kinase activity

was evaluated using a kinetic kinase assay. The sensitivity of

the assay was not sufficient to confirm the four different levels

of the Src activity, as indicated by the FRET analysis. When

compared with kinase activity of Src-FRET527F, only Src-

FRET-CA has shown significantly higher kinase activity

(p = 0.009) and Src-FRET-WT together with Src-FRET-nSrc

exhibited significantly lower kinase activity (p < 0.001 and

p = 0.013, respectively). The kinase activities of individual

Src-FRET variants, however, exhibited, in an inverse manner,

similar trends to the FRET (Figures 3C and S1). This could

be in part because the variants with higher activity were on

average expressed less than Src-FRET-WT and thus could

be masked by the residual activity of endogenous Src family

kinases in the cell lysates.

Taken together, these data show that the biosensor can

effectively monitor even small changes in activity of Src
and that mutations affecting SH3-mediated intramolecular

interactions of Src also result in the opening of Src structure.

Src-FRET Biosensor Is Functionally Equivalent to Src
The initial testing of the biosensor has shown that the

biosensor expressed in HEK and U2OS cells can monitor

structural changes of Src following activation via mutation

of regulatory Y527 or using an SH2-SH3 competing peptide.

HEK and U2OS cells express a low but not negligible amount

of endogenous Src and thus are not optimal for testing func-

tional relevance of the biosensor for Src signaling. Therefore,

we stably expressed the Src-FRET biosensor in SYF fibro-

blasts (nulls for Src family kinases, Src, Yes, and Fyn; Kling-

hoffer et al., 1999) and analyzed the effect of Src-FRET

biosensor activation on phosphorylation of Src substrates

p130Cas and paxillin. The phosphorylation of both p130Cas

and paxillin was virtually absent in untransfected SYFs. In

contrast, expression of Src-FRET biosensor in SYFs resulted

in substantial phosphorylation of both p130Cas and paxillin.

This phosphorylation was significantly increased upon stimu-

lation of the cells with epidermal growth factor (EGF) or lyso-

phosphatidic acid (LPA) and, conversely, inhibited when

treated with Src kinase inhibitor dasatinib (Figure 4A). These

results indicate that Src-FRET biosensor effectively phos-

phorylates known Src substrates and responds both to
Cell Chemical Biology 26, 255–268, February 21, 2019 259



Figure 5. Src-FRET Biosensor Is Responsive to Activatory and Inhibitory Treatments in Cells

Src-FRET biosensor (FRET) and biosensor with activating Tyr527 to Phemutation (FRET527F) were stably expressed in SYF cells. SYFs expressing the FRET-WT

biosensor were incubated for 10 min with 10 mM LPA (serum starved, +LPA), 24 hr with 100 ng/mL EGF (serum starved, +EGF), 60 min with 500 mM sodium

orthovanadate (+Van), or for 60 min with Src kinase inhibitors: 100 nM dasatinib (+Das), 4 mM saracatinib (+Sar), 1 mM bosutinib (+Bos), 100 nM UM164 (+UM-

164), or 10 mM SKI-1 (+SKI-1). (A and C) Representative emission spectra. Relative fluorescence represents fluorescence intensity normalized to emission

maximum of mCFP. (B and D) Bar graph represents ratio of normalized mCit (530 nm) and mCFP (480 nm) emission. The data are shown as mean ± SD out of

minimum three independent experiments performed in triplicate. p values indicate statistical significance compared with FRET ratio from untreated cells (FRET)

as calculated by one-way ANOVA and followed by Tukey’s post hoc test.
physiological signals activating Src and to inhibition by Src

inhibitor.

Src Activation Dynamics upon Mechanical Stimulation
P130Cas, an adaptor protein and Src substrate, was shown to

function as a mechanosensor. Its substrate domain can be me-

chanically stretched, and this exposes tyrosine residues within

the domain for Src-mediated phosphorylation (Janostiak et al.,

2014b; Sawada et al., 2006). Interestingly, static mechanical

stretch of cells induces biphasic tyrosine phosphorylation of

p130Cas with maximum at 15 and 45 min after the stretch

(Janostiak et al., 2014a).However, the role ofSrc in tension-medi-

ated phosphorylation was not clearly addressed. We stretched

SYFs expressing Src-FRET biosensor and analyzed Src activity

in the cells by monitoring the total level of FRET and phosphory-

lation of p130Cas. We found that FRET of the biosensor is signif-

icantly decreased 15min and 45min after the stretch (Figures 4B

and 4C). The dynamics of Src activation upon static stretch thus

reflects the biphasic dynamics of p130Cas phosphorylation and

shows that mechanical stimulation of cells activates Src.
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The Effect of Inhibitors on Src Structure
Having established that the Src-FRET biosensor functions effec-

tively as Src in cells and responds to mechanical stimuli, we then

examined the effect of LPA, EGF, and compounds known to

inhibit Src on the FRET ratio of the Src-FRET biosensor in cells.

The treatment of SYFs expressing the Src-FRET biosensor with

both EGF and LPA resulted in significant decrease of FRET ratio,

indicating and confirming activation of the biosensor in the cells

upon EGF and LPA treatments (Figures 5A and 5B; compare with

Figure 4A). Surprisingly, treatment with dasatinib induced signif-

icant decrease of FRET, indicating open conformation of Src,

despite inactivating Src kinase activity (Figures 5 and S2). It

was previously shown for Hck and Src kinases that binding of

specific ligands targeting the ATP-binding pocket results in

increased accessibility of SH2 and SH3 domains to intermolec-

ular binding, which could be responsible for the observed dasa-

tinib-induced opening of Src structure (Leonard et al., 2014).

Therefore, we decided to analyze a panel of Src inhibitors for

the effect on compactness of the Src-FRET biosensor. All kinase

inhibitors tested effectively inhibited the Src kinase asmonitored



(legend on next page)
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by decreased phosphorylation of Src substrate p130Cas and

decreased phosphorylation of Src in the activation loop on

Tyr416. Along with dasatinib, bosutinib and UM-164 also signif-

icantly lowered (p < 0.05) the FRET ratio of the biosensor. In

contrast, treatment of the cells with saracatinib and SKI-1 had

no effect on FRET (Figures 5C and 5D). We also tested the effect

of sodium orthovanadate, which inhibits Src kinase activity by

preventing P-Tyr527 dephosphorylation (Ryder and Gordon,

1987), and found that it significantly increases the FRET ratio

of the biosensor (Figures 5C and 5D). This is consistent with

the increased Tyr527 phosphorylation and subsequent induction

of closed conformation of Src.

When analyzing the effect of inhibitors on the FRET ratio of

the Src-FRET biosensor we noticed a substantial difference in

pattern of Src-FRET biosensor localization in the cells. Strikingly,

the inhibitors that induced opened conformation of the Src-FRET

biosensor (dasatinib, UM-164, bosutinib) showed high enrich-

ment in focal adhesions resembling the localization of the 527F

activated Src (Figure 6; Fincham and Frame, 1998). In contrast,

treatment of cells with inhibitors not affecting the FRET ratio of

the Src-FRET biosensor (SKI-1, saracatinib) and with sodium or-

thovanadate did not visibly change the localization pattern of the

Src-FRET biosensor, which remained mostly cytoplasmic.

Taken together, the inhibitors analyzed exhibited two distinct

phenotypes of action on Src. The first group, represented by da-

satinib, bosutinib, and UM-164, induces opened conformation of

Src and enrichment of the Src-FRET biosensor in focal adhe-

sions, whereas saracatinib and SKI-1 do not affect Src confor-

mation and localization. Our results further indicate that opened

conformation of Src and not its kinase activity is required for its

targeting to focal adhesions.

Analysis of Src Activation Using FRET Imaging
The Src-FRET biosensor proved its potential in analyzing Src

activity upon Src mutagenesis and activation/inhibition of the

cells by chemical and mechanical cues. Because of its design

it can provide not only information about Src activity but also

about Src intracellular localization dynamics. Therefore, we

next focused on monitoring Src activation dynamics in cells.

To overcome the higher demand for the donor fluorophore stabil-

ity and brightness in long-term life imaging experiments, we

replaced mCFP in the Src-FRET construct for mTurquoise2

(Goedhart et al., 2012). When expressed in cells, the resulting

Src-FRET(T) construct monitored Src activation status after the

treatment with LPA or EGF in a similar manner to its mCFP coun-

terpart, although, when compared with maximum FRET of PC

(mTurquoise2-mCit), its dynamic range was somehow smaller

than that of the mCFP variant of the biosensor (Figure S3). The

Src-FRET(T) biosensor exhibited, however, much brighter and

more stable donor fluorescence, effectively enabling us to

monitor dynamics of Src activation status in live cells.

To analyze the dynamics of Src activation in focal adhesions,

U2OS cells were transiently co-transfected with the Src-FRET(T)
Figure 6. The Effect of Src Inhibitors on Src-FRET Biosensor Localizat

SYF cells stably expressing SrcFRET-WT biosensor (A), c-Src (B), or activated Src

orthovanadate (+Van), or for 60 min with Src kinase inhibitors: 100 nM dasatinib (

164), or 10 mM SKI-1 (+SKI-1). Cells were then fixed and stained for vinculin (foca

fluorescence in A or anti-Src antibody in B and C, green) and imaged by confoca
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biosensor and mCherry-FAT (focal adhesion targeting domain of

FAK) or mCherry-vinculin constructs, and FRET and mCherry

signals were analyzed live by total internal reflection fluores-

cence (TIRF) microscopy during later stages of cell spreading.

The focal adhesions were detected using the mCherry signal of

the mCherry-FAT or mCherry-vinculin fusion constructs. The

cell body was detected as the mCit signal of the Src-FRET(T)

biosensor. The FRET was analyzed by the sensitized emission

approach and quantified as nF/ICFP according to Xia and Liu

(2001). On average, we found that FRET in focal adhesions is

about 20% lower than in surrounding cytoplasm, showing highly

significant (p < 2x10�26) and localized activation of Src in focal

adhesions (Figure 7D). In fact, in the cell area illuminated by

the TIRF evanescent field, the active Src conformation was de-

tected almost exclusively in focal adhesions (Video S1). Analysis

of Src activation dynamics revealed that, during the initial phase

of focal adhesion formation, characterized by increasing inten-

sity signal of mCherry-FAT or mCherry-vinculin, the FRET is

high at the beginning but decreases progressively, reaching its

minimal values mostly before the mCherry signal reaches its

maximum intensity (Figures 7 and S4). The FRET remains low

throughout the mature stage of focal adhesion, characterized

by stable intensity of themCherry signal, and gradually increases

during focal adhesion disassembly (Figures 7B and 7C).

Even though Src is locally activated in focal adhesions, we did

not observe any enrichment of Src, detected as mCit signal, in

any stage of focal adhesion life cycle (Figures 7B and 7C). This

indicates high dynamics of Src in focal adhesions. Fluorescence

recovery after photobleaching (FRAP) analysis revealed that Src-

FRET(T) biosensor dynamics in focal adhesions is indeed very

high, with average half-time recovery 0.90 ± 0.57 s (Figure S5).

This is well in agreement with single-molecule analyses showing

1-s residency time of Src in focal adhesions (Machiyama

et al., 2015).

DISCUSSION

Understanding the precise regulation of Src in living cells is the

key to understanding Src-dependent signal transduction and

to development of effective therapeutic approaches targeting

Src. Aberrant Src activation leads to weakening of cell-cell and

cell-matrix contacts, increased expression of matrix metallopro-

teinases, cytoskeleton remodeling, and elevated adhesion turn-

over resulting in enhanced cell motility (Mitra and Schlaepfer,

2006; Guarino, 2010). Even though the role of Src kinase in

cellular locomotion has been broadly documented, the exact

mechanism and spatiotemporal dynamics of Src activation

within invasive and adhesive structures has not been sufficiently

elucidated.

To monitor Src activity in cells, several attempts have already

been made, including FRET-based substrate biosensors (Ting

et al., 2001; Wang et al., 2005), a biosensor based on a mono-

body targeting the SH3 domain of Src (Gulyani et al., 2011),
ion

(Src527F) (C) were directly stained or incubated for 60min with 500 mMsodium

+Das), 4 mM saracatinib (+Sar), 1 mM bosutinib (+Bos), 100 nM UM-164 (+UM-

l adhesions marker, red in A), F-actin (gray in A or red in B and C), or Src (mCit

l microscopy. Scale bar 10 mm.



Figure 7. Src Activity in Focal Adhesions

U2OS cells transiently co-expressing mTurquoise2-based Src-FRET(T) and mCherry-FAT were imaged live.

(A) Representative cell image showing focal adhesions (FAT, mCherry signal, red), Src activity map (FRET, nF/ICFP), and Src-FRET(T) localization (Src, mCit signal,

green). The yellow line across focal adhesion indicates the place of the first (left) kymograph analysis. Scale bar, 10 mm.

(B) Representative kymographs (out of 20) of FAT, Src-FRET(T) localization, and Src-FRET(T) activity dynamics in focal adhesions within 1,800-s time frame.

(C) Representative graph showing dynamics of mCherry-FAT (FAT), Src-FRET(T) (Src) localization, and Src-FRET(T) activity (FRET, nF/ICFP) dynamics in focal

adhesion. The data correspond to the first (left) kymograph in (B) and are normalized to maximum values.

(D) The bar graph shows average FRET (nF/ICFP) ± SEM in focal adhesions and random regions of plasma membrane (PM) of similar size as the focal adhesions.

The number in the bar graphs indicates the number of individual measurements. p value indicates statistical significance as calculated by one-way ANOVA.
and biarsenical dye staining of a tetracysteine motif introduced

into the SH2 domain (Irtegun et al., 2014). All approaches pro-

vided valuable information about Src activity in the cells. How-

ever, and unlike our biosensor, they do not provide combined

information about the activity and intracellular localization of

diverse subpopulations of Src molecules at one time. An

approach similar to ours was adopted to monitor the activation

of Src family kinase Lck (Paster et al., 2009; Stirnweiss et al.,

2013). The authors designed a FRET biosensor consisting of a

full backbone of Lck with enhanced yellow fluorescent protein in-

serted at the very C terminus and enhanced cyan fluorescent
protein inserted either between SH3 and SH2 domains (Paster

et al., 2009) or between the unique and SH3 domain (Stirnweiss

et al., 2013). Our Src-FRET biosensor uses the same insertion

site for the acceptor fluorophore (the very C terminus of Src)

but differs in the insertion site of the donor fluorophore. Insertion

into the linker between SH3 and SH2 domains could not be used

for Src, since the linker is critical to couple communication be-

tween SH3 and SH2 domains and mutation of this linker leads

to activation of Src (Young et al., 2001). Insertion between the

SH3 and unique domain is in our opinion less optimal than our

solution, as it is sterically more distant from the C terminus
Cell Chemical Biology 26, 255–268, February 21, 2019 263



than our insertion into the SH2 domain and would lead to less

efficient FRET. In agreement with these assumptions, in the

in vitro steady-state FRET measurements (ratio of relative

FRET and CFP fluorescence) our biosensor exhibits a higher dy-

namic range than that of Lck (Stirnweiss et al., 2013).

Src-Activating Mutations and Their Effect on
Compactness of Src Structure
Throughout the 40-year history of studying Src kinase,manymu-

tations activating Src were described. The crystallographic data

have come with clear evidence that mutations affecting SH2-

mediated intramolecular interactions lead to the opening of Src

structure (Cowan-Jacob et al., 2005). However, there was no

clear evidence on the effect of SH3-mediated intramolecular in-

teractions or activatory mutations in the kinase domain on Src

structure. Our data show that mutations inhibiting SH3-CD linker

interaction lead to the opening of the Src structure to a similar

extent to the Tyr527 to Phe mutation uncoupling the SH2-medi-

ated regulation. Mutations affecting the interaction of SH3

domain with the N-terminal lobe of the kinase domain also effec-

tively induced opening of Src structure but to a lesser extent.

Importantly, the effect of the mutations inhibiting the SH2- and

SH3-mediated intramolecular interactions is additive, indicating

a high degree of independence of these negative intramolecular

interactions in regulation of Src kinase. Surprisingly, the activa-

tory mutation within the kinase domain Glu381(376)/Gly opens

the Src structure to a level similar to the analyzed double mu-

tants. The Glu381(376) is located at the C terminus of aE helix

in the C lobe of the kinase domain and is not in contact with either

the SH2 or SH3 domain in the closed inactive conformation of

Src (Xu et al., 1997). Therefore, the effect of Glu381(376)/Gly

substitution on opening of the Src structure is indirect. To

conclude, the data suggest that activated conformation of the

kinase domain negatively affects intramolecular SH2 and SH3

binding to the kinase domain and forces the opened conforma-

tion of Src.

Differential Effect of Src Inhibitors on Src Structure
Src kinase inhibition has long been an important target for cancer

therapy (Rosel et al., 2013). The known small-molecule Src ki-

nase inhibitors are ATP-competitive inhibitors and, according

to their binding mode, are generally classified as type I or type

II inhibitors; type I bind active and type II bind inactive kinase

(Dar and Shokat, 2011). The classification of the inhibitors relies

mostly on the position of conserved DFG motif at the beginning

of activation segment. The ‘‘DFG-in’’ position, specific for type I

inhibitors, represents an active state of the kinase with aspartate

of the DFG motif oriented inward toward the active site. When

this aspartate is directed outward (DFG-out, type II inhibitors),

the phenylalanine of DFG is directed into the active site and

the kinase is in inactive conformation (Roskoski, 2016). Besides

the position of the DFG, the aC helix orientation is also associ-

ated with active (aC-in) and inactive (aC-out) state of the kinase

(Leonard et al., 2014).

The inhibitors analyzed exhibited two distinct phenotypes of

action on Src. The first group, represented by dasatinib, bosuti-

nib, and UM-164, induced opened conformation of Src and

enrichment of the Src-FRET biosensor in focal adhesions. This

phenotype closely resembled the phenotype 527F activated
264 Cell Chemical Biology 26, 255–268, February 21, 2019
Src, indicating that the phenotype is associated with active

rather than inactive conformation of Src. The second group, rep-

resented by saracatinib and SKI-1, had no effect on either

compactness of Src structure or Src-FRET biosensor localiza-

tion to focal adhesions. Dasatinib and bosutinib represent type

I Src inhibitors binding Src in DFG-in, aC-in conformation (Leo-

nard et al., 2014; Roskoski, 2016; Tong et al., 2017). UM-164

(DAS-DFGO2) and saracatinib are type II inhibitors (DFG-out)

that differ in their effect on the aC helix position, UM-164 binding

Src with aC-in and saracatinib with aC-out conformation (Ros-

koski, 2016; Tong et al., 2017). For SKI-1 we could not ascertain

its binding mode to Src in the literature. The common denomina-

tor of the effect of all three inhibitors promoting the opened struc-

ture of Src is induction of aC-in conformation. Similarly, it was

shown that inhibitors stabilizing aC-in active conformation of

the kinase domain greatly increase accessibility of the Src SH3

domain for intramolecular interactions, indicating a potential

opening of Src structure (Leonard et al., 2014).

Within the kinase inhibitors tested, dasatinib, UM-164, and bo-

sutinib significantly reduced phosphorylation of the regulatory

Tyr527. The dephosphorylation of Tyr527 releases the SH2-

mediated intramolecular regulatory interaction and should lead

to Src opening. This raises the question of whether the effect

of the inhibitors on the Src structure is direct or mediated by in-

hibition of Csk kinase, the master regulator of Src and, as previ-

ously shown, also effectively inhibited by dasatinib (Karaman

et al., 2008). The fact that only aC-in inhibitors (dasatinib, bosu-

tinib, andUM-164) induce Src structure openingwould appear to

be in line with their pronounced effect on Tyr527 dephosphory-

lation (Figure S2A). However, we noticed that dasatinib signifi-

cantly decreases FRET of not only the WT Src-FRET biosensor

but also of the activated Src-FRET527F biosensor, which is by

definition insensitive to Csk regulation. Conversely, SKI-1 sur-

prisingly increased FRET of the activated Src-FRET527F

biosensor, indicating closing of the Src structure (Figures S2B–

S2D).We conclude that the effect of the inhibitors on the opening

of the Src structure is primarily independent of Csk inhibition. We

hypothesize that the high increased dephosphorylation of

Tyr527 in cells treated with aC-in inhibitors, when compared

with saracatinib and SKI-1, could be in part a consequence of in-

hibitor-induced opening of the Src structure and subsequent

faster dephosphorylation of phospho-Tyr527 by tyrosine phos-

phatases. In addition, we hypothesize that SKI-1 inhibitor forces

closed conformation of the kinase domain and this subsequently

induces partial closing of the activated Src-FRET527F. Overall,

the data are consistent with the direct effect of inhibitors on ki-

nase domain conformation, which affects the global compact-

ness of the Src structure: namely, kinase domain in active

conformation characterized by aC helix-in orientation induces

global opening of Src. In agreement with this, activatorymutation

in the kinase domain (Glu381(376)/Gly) promotes Src structure

opening (Figure 3). Finally, our results show that the Src-FRET

biosensor could be used as a tool to distinguish between the

modes of binding/action of new inhibitors without the need for

resolving the structure of the Src-inhibitor complex. In this sense,

we can conclude that SKI-1 inhibitor binds Src in its inactive

conformation with aC-out orientation of the aC helix.

The Src-FRET biosensor unraveled two classes of Src inhibi-

tors differing in their effect on the Src structure and subcellular



localization. Conceivably, biological activity of inactivated Src ki-

nase would differ for inactivated Src with opened conformation,

with both SH2 and SH3 domains unrestricted for binding their

targets, and inactivated Src in closed conformation. Therefore,

the two classes of Src inhibitors would have different effects

on intracellular signaling and thus potentially diverse therapeutic

outcomes.

Src as a Potential Mechanosensor
The Src-FRET biosensor monitors Src activity through conforma-

tional changes, opening of the compact structure of inactive Src,

following Src activation. It is thus intriguing that mechanical stim-

ulation of cells leads to the opening of the Src structure. The dy-

namics of Src opening uponmechanical stretching of the cells fol-

lows the pattern of p130Cas phosphorylation. P130Cas was

shown to function as a primarymechanosensor; uponmechanical

stretch its substrate domain unfolds and exposes cryptic tyro-

sines that are subsequently phosphorylated by Src (Sawada

et al., 2006). The spatiotemporal resolution achieved in our cell-

stretching experiments did not allow us to distinguish whether

the Src opening precedes p130Cas phosphorylation or vice

versa. However, the cellular stretch-mediated opening of Src indi-

cates that Src could act as a primary mechanosensor, which is

directly mechanical activated by local forces. Interestingly, the

substrate-based Src biosensors revealed that local Src activation

in response to mechanical perturbation can be very fast, which is

in agreement with the concept of Src being a sensor of local me-

chanical tension (Wang et al., 2005; Na et al., 2008). In this

context, our experimental setup relies on average status of the

biosensor molecules in cell populations. Therefore, it could not

detect fast local mechanical tension-mediated activation of the

molecules but is rather dependent on accumulation of the acti-

vated molecules in time. To further ascertain the function of Src

as a mechanosensor, live cell FRET imaging with the Src-FRET

biosensor under controlled exertion of local mechanical forces

on the cells together with in vitro experiments showing on a mo-

lecular level the tension-mediated opening of Src structure and

the induction of its kinase activity are needed.

Src Role in Focal Adhesions
It has been well established that Src has mostly uniform distribu-

tion in cells, with a significant fraction localized on membrane,

and that activated Src is enriched in focal adhesions (Machiyama

et al., 2015). Src localization to focal adhesions requires intact

SH2 domain and is mediated by FAK (Klinghoffer et al., 1999;

Machiyama et al., 2015; Wu et al., 2016). This mechanism of

Src focal adhesion targeting implies a requirement for opened

conformation of Src, which we have confirmed with our

biosensor. Surprisingly, no enrichment of Src was observed in

any stage of the focal adhesion life cycle. This raises a question

about the mechanism of Src activation in focal adhesions. We

envision three potential mechanisms of Src structure opening

in focal adhesions. First, local dephosphorylation of tyrosine

527 would release the intramolecular SH2 binding and allow

for its intermolecular bindings (e.g., to phosphorylated FAK).

This would induce opened conformation of Src and activate

the kinase. Second, and analogous to our observation with

Sin-derived peptides, simultaneous binding of SH2 and SH3

domain to their target sites within focal adhesion proteins opens
Src and activates the kinase. Third, opened conformation of Src

is achieved by direct mechanical tension. We propose that the

opening of Src structure could be achieved by dynamicmechan-

ical tension in focal adhesions, generated by the molecular

clutch phenomenon (Mitchison and Kirschner, 1988), which is

transmitted to Src molecules, anchored on N terminus to plasma

membrane, through intermolecular SH2 domain binding. Ac-

cording to the molecular clutch theory, individual molecules of

mechanosensors in focal adhesions, either directly or indirectly

contacting the F-actin retrograde flow, are subject to very fast

fluctuations of increased tension when contacting the F-actin

flow and released tension when disengage from the flow. This

tension would release the SH3-mediated intramolecular interac-

tion and force the full activation of the kinase. Interestingly, we

found that Src is extremely dynamic in focal adhesions. This is

inconsistent with the model of Src targeting through simulta-

neous binding of SH2 and SH3 domains to focal adhesion pro-

teins, which would be expected to stabilize Src in focal adhe-

sions to a level similar to focal adhesion’s resident proteins

exhibiting focal adhesion half-time recovery time in mouse fibro-

blasts ranging from 12 s (p130Cas; Janostiak et al., 2014a) to

50 s (Talin; Stutchbury et al., 2017). On the contrary, Src exhibits

high dynamics and localized activation in focal adhesions

without detectable enrichment. This is in line with the hypothesis

of tension-mediated opening of Src.

The dynamics of Src activation in focal adhesions was previ-

ously analyzed using substrate-based FRET biosensors (Wu

et al., 2016). The data suggested that assembly of focal adhe-

sions and Src activation are practically concurrent and that focal

adhesion disassembly is preceded by another wave of Src acti-

vation. We do not see waves of Src activation in focal adhesions

but rather a steady activation level of Src throughout the mature,

stable phase of the focal adhesions life cycle and rapid activation

or gradual inhibition during focal adhesion assembly and disas-

sembly, respectively. Both biosensors differ in their modes of ac-

tion. Our biosensor relies on correlation between compactness

of Src structure and its activity, which we have confirmed under

all experimental setups tested. Nevertheless, we cannot rule out

a specific condition in live cells where opened conformation is

not strictly reflected by higher kinase activity. In contrast, the

substrate biosensors monitor the kinase activity through the

level of specific substrate phosphorylation. This, however, de-

pends on local combination of kinase and counteracting phos-

phatases activities. Putting both observations together, we pro-

pose the following model of Src’s role in the focal adhesions life

cycle. Src is locally and rapidly activated during focal adhesion

assembly and phosphorylates its substrates. Its activity remains

high during the mature stage of focal adhesion cycle but is coun-

teracted by phosphatases that stabilize the level of phosphoryla-

tion of the Src substrates in focal adhesions. The disassembly is

potentially initiated by decreased activity of phosphatases,

inducing hyperphosphorylation of Src targets and subsequent

disassembly of focal adhesions (Figure S6).

There is indirect evidence that increased Src-dependent phos-

phorylation destabilizes localization of proteins in focal adhesion

or even destabilizes the focal adhesions themselves (Figure S6).

Among other things, it was shown that (1) cells lacking the

tyrosine phosphatase Shp2 exhibited increased turnover of focal

adhesions (von Wichert et al., 2003); (2) increased tyrosine
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phosphorylation of paxillin is associated with more dynamic focal

adhesions and is absent from stable fibrillar adhesions (Zaidel-

Bar et al., 2007); and that (3) Src phosphorylation of ARHGAP42

on tyrosine 376 increases the dynamics of focal adhesions (Luo

et al., 2017). In addition, Src was shown to phosphorylate with

slow dynamics p130Cas of Tyr12 within the SH3 domain, inhibit-

ing its binding capacity and SH3-mediated anchoring of p130Cas

to focal adhesions (Branis et al., 2017; Gemperle et al., 2017). The

mutational analysis of Tyr12 further suggested that its phosphor-

ylation destabilizes focal adhesions and induces the migratory

phenotype of the cell (Janostiak et al., 2011). Besides phosphor-

ylation-dependent loss of binding to focal adhesions, Src phos-

phorylation-stimulated p130Cas ubiquitination and its subse-

quent degradation was shown as another mechanism regulating

focal adhesion’s dynamics (Teckchandani et al., 2014).

SIGNIFICANCE

In our study we have analyzed conformational changes of

Src following Src activation and the spatiotemporal dy-

namics of Src activity in cells. To better understand the

biology of Src proto-oncogene, we took advantage of the

known structural changes associated with Src activation

to design, construct, and functionally verify a genetically en-

coded FRET-based Src biosensor. Using the biosensor, we

found that activatory mutations in SH3 domain, CD linker,

or kinase domain induce the opening of Src structure simi-

larly to the oncogenic Tyr257 to Phe mutation. Further, we

discovered that Src inhibitors exhibit two distinct pheno-

types of action on Src. The first group of inhibitors, charac-

terized by inducing an aC helix-out conformation of the ki-

nase domain, has no effect on Src structure or localization.

The second group, inducing aC helix-in conformation, sur-

prisingly and counterintuitively leads to opened conforma-

tion of Src and its localization to focal adhesions. Finally,

we analyzed the dynamics of Src activity in focal adhesions

by FRET imaging. Based on these results, we propose a

model for the role of Src-dependent phosphorylation in focal

adhesions, according to which Src-dependent tyrosine

phosphorylation of focal adhesion proteins drives the as-

sembly phase of focal adhesions. It remains stable during

the maturation of focal adhesions due to counteracting ac-

tivity of tyrosine phosphatases. Hyperphosphorylation of

the Src targets in focal adhesions, potentially due to

decreased phosphatase activity, induces disassembly of

focal adhesions and is followed by Src inactivation. The

Src-FRET biosensor represents a unique tool to monitor

Src structure, activity, and localization both in vitro and in

cells and hence could help to identify mechanisms of action

of new Src targeting drugs as well as to investigate various

aspects of Src signaling in live cells.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines and Transfection
HEK293FT (human embryonic kidney, female), Phoenix-Eco (human embryonic kidney, female), SYF (mouse embryonic fibroblasts,

sex unspecified (Klinghoffer et al., 1999)), U2OS (human bone osteosarcoma, female) cell lines were cultured in full DMEM (Life

Technologies) with 4.5 g/l L-glucose, L-glutamine, and pyruvate, supplemented with 10% fetal bovine serum (Sigma Aldrich), 2%

antibiotic–antimycotic (Life Technologies), and 1%MEM non essential amino acids (Life Technologies). Cell transfections were car-

ried out using Lipofectamine� 2000, jet PRIME, or polyethylenimine according to manufacturer instructions. SYFs stably expressing

Src biosensor variants were prepared via retrovirus infection using the Src biosensor variants cloned in pMSCV puro vector and the

Phoenix retroviral packaging lineage followed by sorting of cell by FACS for YFP.

METHOD DETAILS

DNA Constructs
To generate Src-FRET biosensor, full length chicken Src cDNAwas PCRamplified from a source vector (Brabek et al., 2002) using the

forward primer (5’-GGATCCATGGGTAGTAGCAAGAGC) and the reverse primer (5’-GAATTCTAGGTTCTCTCCAGGCTGG), and

cloned in pYES2 vector. The AatII insertion site for donor fluorophore was created using QuikChange II mutagenesis kit (Stratagene),

using the forward (5’-CAAGATCCGCAAGCTGGACGTCAGCGGCGGCTTCTACATC) and reverse (5’-GATGTAGAAGCCGCCGCT

GACGTCCAGCTTGCGGATCTTG) primers. The insertion of AatII site resulted in insertion of valine between aminoacid 208 and

209 of chicken Src. The mCFP cDNA was PCR amplified from a source vector (gift from Professor Cerny; PrF UK, Czech Republic)

using the forward (5’-GACGTCGGAAGCGGAGGTAGTGGTGGAATGGTGAGCAAGGGCG) and reverse (5’-GACGTCACCTCCA

CTGCCGCTACCACTTCCGCCGAGAGTGATCCCG) primers, both included sequence coding for the linker peptides (underlined),

and cloned into AatII site in the Src cDNA. The mCit cDNA was PCR amplified from a source vector (gift from Professor Cerny) using

the forward primer (5’- GAATTCGGTGGCAGTGGAGGGATGGTGAGCAAGGGCG; underlined sequence coding for the linker pep-

tide) and reverse primer (5’-GAATTCCTACTTGTACAGCTCGTCCATGC), and cloned into EcoRI site in the Src cDNA. To generated

mutated versions of the Src-FRET biosensor, the resulted Src-FRET biosensor was first cloned into pBlueScript SK+ using BamHI/

NotI restriction sites and was subsequently mutagenize using QuikChange II mutagenesis kit (Stratagene). The primers used for the

mutagenesis were as follows: for Tyr527 to Phe (forward: 5’-CGACAGAGCCCCAGTTCCAGCCTGGAGAGAAC, reverse: 5’-

GTTCTCTCCAGGCTGGAACTGGGGCTCTGTCG), for RT loop mutagenesis (forward: 5’-TCCTGGATTGAAACGGACTTGTCCTTC,

reverse: 5’-CTCGTAGTCGTAGAGAGCCAC), for n-Src loop mutagenesis (forward: 5’-GAAGGTAACTGGTGGCTGGCTCATTC,

reverse: 5’-CGTGTTGTTGACAATCTGCAGGC), for CD linker mutagenesis (forward: 5’-GTCCGGCGACCAGACCCAGGGACTCG,

reverse: 5’-GTGGGGCAGACGTTGGTCAG), for kinase domain mutagenesis (forward: 5’-GTGGGGAGGATGAACTACGTGCACC,

reverse: 5’-ATAGGCCATGCCGGATGCAATC). The resulted Src-FRET biosensors variants were cloned to expression pIRESpuro3

and pMSCV-puro vectors using BamHI/NotI and BamHI/EcoRV restriction sites, respectively. The mTurquoise2 cDNA with linkers

and AatII cloning sites, corresponding to mCFP sequence in the Src-FRET biosensor, was prepared by DNA synthesis (GeneArt,

Life Technologies) and after digestion with AatII it was cloned to replace mCFP in the AatII site of Src-FRET constructs. For FRET

positive control constructs, both mCFP and mTurquoise2 were PCR amplified from corresponding Src-FRET constructs using the

same set of primers (forward: 5‘-GAATTCCACCATGGTGAGCAAGGGCG, reverse 5‘-GGATCCAGATCTGAGTCCGGACTTGTA

CAGCTCGTCCATGC) and cloned into EcoRI/BamHI sites of pIRESpuro3. The mCit was PCR amplified using the forward (5’-

GGATCCATGGTGAGCAAGGGCG) and reverse (5’- GCGGCCGCCTTGTACAGCTCGTCCATGC) primers and cloned into BamHI/

NotI sites next to the inserted mCFP or mTurquoise2.

To generate mCherry-FAT construct, FAT domain of mouse FAK PCR amplified from a source vector (Fonseca et al., 2004) using

the forward primer (5’- GGATCCATGGGTGTCAAGCTTCAGCC) and reverse (5’- AGATCTGTGTGGCCGTGTCTGC), and cloned in

frame to BglII site in pmCherry-C1 vector.

All the constructs were verified by sequencing.

Sin Peptides Purification
The plasmids coding for GST-Sin peptide variants, 92 amino acids long peptides with high affinity binding sites for SH3 and SH2

domain of Src, were kind gift from Dr. Alexandropoulos (Alexandropoulos and Baltimore, 1996). The GST-Sin peptide variants

were expressed in Escherichia coli BL21, purified using Glutathione Agarose (Thermo Scientific) and bound GST-Sin peptides

were eluted with 10 mM glutathione in 50 mM Tris, pH 8.0. The quality of purified peptides was assessed by SDS-PAGE and their

quantity was determined densitometrically from Coomassie blue-stained gels using a BSA standard. To determine the effect of

GST-Sin peptide variants on Src-FRET biosensor, 40 mg of individual GST-Sin peptides were mixed with native cell lysate of

HEK293 cells expressing Src-FRET, incubated for up to 40 minutes with vigorous shaking and the fluorescence spectra were re-

corded (see ‘‘FRET steady-state analysis‘‘).

Immunoblotting
Subconfluent cells were washed on ice with 1 x PBS and lysed, using RIPA buffer (0.15M NaCl; 50mM Tris-HCl, pH 7.4; 1% Nonidet

P-40; 0.1% SDS; 1% sodium deoxycholate; 5mM EDTA; 50mMNaF). Protein concentration of lysates were determined by using the
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DC Protein Assay (Bio-Rad). Protein lysates were diluted in Laemmli sample buffer (0.35M Tris-HCl, pH 6.8; 10%SDS, 40% glycerol;

0.012% bromophenol blue) with 1mM DTT. Protein samples were separated on 10% SDS-polyacrylamide gels and transferred onto

nitrocellulose membranes. The membranes were usually cut after the transfer to enable probing for up to 3 proteins of different mo-

lecular mass (e.g. 1-2 proteins of interest and a loading control). Membranes were then blocked in Tris-buffered saline, containing 5%

non-fat drymilk (or 4%bovine serum albumin depending on the antibody) for 1 h at room temperature to prevent non-specific activity.

After blocking, membranes were incubated overnight at 4�C with a primary antibody, washed properly with Tris-buffered saline with

0.1% Tween-20, and incubated for 1 h with a secondary antibody conjugated with horseradish peroxidase. After washing with TTBS,

membranes were developed by using the LAS 1000 Single System (Fujifilm).

Kinase Assay
Kinase activity of Src variants was measured using Omnia� Y Peptide 2 Kit (ThermoFisher Scientific). The assay is based on detec-

tion of fluorescence increase after kinase-specific substrate phosphorylation. Specifically, substrate peptide is attached to the che-

lation-enhanced fluorophore Sox. Upon phosphorylation of the peptide by the kinase, Mg2+ is chelated to form a bridge between the

Soxmoiety and the incorporated phosphate group on the tyrosine within the substrate peptide, which consequently causes increase

in fluorescence. Kinase assays were performed according to the manufacturer0s protocol. Briefly, cells were washed with PBS and

lysed in HEPES-Triton buffer (50mM HEPES, pH 7.4; 1% Triton X-100, 1mM DTT, 6mM MgCl2, 6mM MnCl2, protease inhibitors,

phosphatase inhibitors). Lysateswere clarified by centrifugation. Kinase reactions (in quadruplicates for each variant) was assembled

by adding cell lysate (5 mg per well in 386 well-plate), kinase reaction buffer, 0.2mM DTT, 1mM ATP and 10mM peptide substrate.

Using plate reader (Tecan 200Pro), reactions were incubated at 30�C and fluorescence intensity was measured (lex 360 ±

10 nm /lem 485 ± 20 nm) at 60 second intervals for 1 hour. The slope of fluorescence intensity increase was determined and normal-

ized to amount of Src construct in a sample (mCit signal, 500/530 nm).

Cell Stretching
Cell stretching experiments were carried out on 10 cm2 stretchable PDMS chambers (STREX Inc.). The substrates of chambers were

coated with 5 mg/ml fibronectin (Invitrogen). Cells were seeded on fibronectin-coated substrates and cultured overnight at 37�Cwith

5% CO2. Uniaxial static stretching was performed in the incubator under regular cell culture conditions, using a manual stretcher

(STREX Inc.). Cells were stretched for various time intervals (0 min, 5 min, 15 min, 20 min, 30 min, 45 min and 60 min) at an amplitude

of 20 % and then immediately lysed in Tris-buffered saline with 1% tritonX-100 with protease and phosphatase inhibitors (SERVA).

The lysis buffer has been used as a reference for FRETmeasurements. The lysate was split in two parts, onewas immediately used for

FRET measurement, second for immunoblot analysis after adding Laemmli sample buffer (0.35M Tris-HCl, pH 6.8; 10% SDS, 40%

glycerol; 0.012% bromophenol blue) with 1mM DTT.

FRET Steady-State Analysis
Cells expressing the biosensor variants were treated for 10 min with 10mM LPA (after overnight serum starvation), 24 hours with

100 ng/ml EGF (after overnight serum starvation), 60 min with either 500mM Sodium Orthovanadate, 100nM dasatinib (LC Labora-

tories), 4mM saracatinib (BioVision), 1mM bosutinib (LC Laboratories), 100nM UM-164 (Sigma), or 10mM SKI-1 (Abcam). After the

treatment cells were lysed in HEPES-Triton buffer (50mM HEPES, pH 7.4; 1% Triton X-100, 1mM DTT, 6mM MgCl2, 6mM MnCl2,

protease inhibitors, phosphatase inhibitors, 100mM ATP), and the FRET signal of each sample was determined using a Varioskan

Flash (Figure 2; Thermo Scientific) or Tecan 200Pro (all spectral scanning and direct FRET data except Figure 2; PTI, Edison, NJ)

spectral scanning fluorescence plate readers. To record FRET fluorescence spectra, the cell lysates were excited at an excitation

wavelength of mCFP (433 ± 5 nm Varioskan Flash, 433 nm ± 10 nm Tecan 200Pro) and the fluorescence emission spectra 460-

580 nmwas recorded (in 5 nm or 2 nm steps for Varioskan Flash and Tecan 200Pro, respectively). For FRET ratio determination, after

background subtraction, emission ratios of mCit (525 ± 12 nm Varioskan Flash, 530 ± 20 nm Tecan 200Pro) and mCFP (475 ± 12 nm

Varioskan Flash, 480 ± 20 nm Tecan 200Pro) were calculated. In samples with bosutinib, bosutinib autofluorescence was subtracted

by calculating the difference in fluorescence intensities between the cell lysates of bosutinib-treated cells expressing and not ex-

pressing Src-FRET biosensor. Further, mCit fluorescence (lex 500 ± 9 nm, lem 530 ± 20 nm) was determined for control of biosensor

variants expression in individual cell lines.

For FRET analysis in cell lysates after stretch, the fluorescence spectra could not be reliably recorded due to low amount of sample

material and, as a consequence, low fluorescence intensities in the spectral modemeasurements. Instead, FRET wasmeasured as a

ratio of FRET fluorescence intensity (lex 433 ± 9 nm, lem 530 ± 20 nm) and the fluorescence intensity of mCFP (lex 433 ± 9 nm, lem
480 ± 20 nm). In order to compare in-between independent experiments, the data were normalized with respect to the FRET ratio of

unstretched cells which was arbitrary set to 1. In all FRET steady-state measurements, the gating for each experimental cohort was

set to same value, which was computed from sample with the highest fluorescence intensity within the cohort.

Fluorescence Microscopy
Cell Immunostaining and Confocal Microscopy

Cells were seeded on coverslips coated with 10 mg/ml fibronectin (Invitrogen) and grown for 12 - 24 h. Subsequently, the cells were

fixed in 4%paraformaldehyde, permeabilized using 0.3%Triton X-100, washedwith PBS and blocked in 3%bovine serum albumin in

PBS. Samples were then sequentially incubated with primary antibodies for 3 h, secondary antibodies for 1 h, phalloidin for 15 min,
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and extensively washed with PBS between each step. The slides were mounted in Mowiol 4–88 (Millipore) containing 1,4-diazobi-

cyclo-[2.2.2]-octane (Sigma). The secondary antibodies were anti-rabbit-IgG Alexa Fluor 546 and anti-mouse-IgG Alexa Fluor 633

(Invitrogen). F-actin was probed with phalloidin conjugated with Alexa Fluor 405 (Dyomics) or Alexa Fluor 555 (Life Technologies).

Images were acquired using Leica TCS SP8 microscope system equipped with a Leica 633/ 1.45 NA oil objective.

FRET Sensitized Emission Analysis

U2OS cells were transiently co-transfected with the Src-FRET(T) biosensor and mCherry-FAT or mCherry-vinculin using polyethyle-

nimine transfection agents (Sigma). Prior imaging the cells were trypsinized and allowed to attach on 35mmdishes with glass bottom

coated with fibronectin (MatTek, MA) and imaged in a window 30-60 min after seeding. FRET experiments were performed using

Nikon Ti-E microscope with Nikon CFI HP Apo TIRF 100x Oil, NA 1.49. The microscope was equipped with two cameras, Andor

iXon Ultra DU897 (Andor Technologies, UK) for acquisition of images excited with 445 nm and 488 nm laser beams, and Hamamatsu

ORCA 4.0 V2 (Hamamatsu Photonics, Japan) for acquisition of images excitedwith 561 nm laser beam. Image splitter (DualViewDV2,

Photometrics, AZ) with filter cube splitting the beam at 505 nm was inserted in the light path preceding the Andor camera. Obtained

dual images were processed using ImageJ. FRET, corrected for spectral bleed-throughs and normalized to donor fluorescence, was

calculated as nF/ICFP according to (Xia and Liu, 2001) in ImageJ using PixFRET plug-in (Feige et al., 2005).

Fluorescence Recovery after Photobleaching (FRAP)

U2OS cells were transiently co-transfectedwith the Src-FRET(T) biosensor andmCherry-vinculin using polyethylenimine transfection

agents (Sigma). Prior imaging the cells were trypsinized and allowed to attach for 4 hours on 35mm dishes with glass bottom coated

with fibronectin (MatTek, MA). FRAP experiments were performed using Leica SP8 confocal microscope with a 633/1.45 NA oil im-

mersion objective. White light laser set to 512 nm was used to excite mCit and to 584 nm to excite mCherry. The focal adhesion was

detected according to mCherry-FAT signal and in the selected focal adhesion the mCit signal was bleached using a high energy

beam. The image acquisition started 5 s before bleaching and continued for approximately 30 s (one frame every 1.301 s). The re-

covery curves of the bleached regions were calculated from extracted image series using LAS X software (Leica), and the recovery

halftime values were calculated from the FRAP curves by nonlinear regression analysis as described in (Tolde et al., 2012).

QUANTIFICATION AND STATISTICAL ANALYSIS

All the data were presented as mean ± standard deviation (SD) or ± standard error (SEM) from at least three independent experi-

ments. The significance of differences was analyzed with one-way ANOVA followed by Tukey’s honest significant difference test us-

ing GraphPad Prism software (version 6.07, GraphPad Software Inc.). Statistical significance was defined as p < 0.05. FRAP data

fitting was performed in Excel using Solver add-in (Microsoft). FRET was calculated as nF/ICFP according to (Xia and Liu, 2001) in

ImageJ using PixFRET plug-in (Feige et al., 2005).
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