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Abstract 

During cell-to-cell communications, the interplay between physical and biochemical cues 

is essential for informational exchange and functional coordination, especially in multicellular 

organisms. However, it remains a challenge to visualize intercellular signaling dynamics in 

single live cells. Here, we report a photonic approach, based on laser micro-scissors and Förster 

resonance energy transfer (FRET) microscopy, to study intercellular signaling transmission. 

First, using our high-throughput screening platform, we developed a highly sensitive FRET-

based biosensor (SCAGE) for Src kinase, a key regulator of intercellular interactions and 

signaling cascades. Notably, SCAGE showed a more than 40-fold sensitivity enhancement than 

the original biosensor in live mammalian cells. Next, upon local severance of physical 

intercellular connections by femtosecond laser pulses, SCAGE enabled the visualization of a 

transient Src activation across neighboring cells. Lastly, we found that this observed transient Src 

activation following the loss of cell-cell contacts depends on the passive structural support of 

cytoskeleton but not on the active actomyosin contractility. Hence, by precisely introducing local 

physical perturbations and directly visualizing spatiotemporal transmission of ensuing signaling 

events, our integrated approach could be broadly applied to mimic and investigate the wounding 

process at single-cell resolutions. This integrated approach with highly sensitive FRET-based 

biosensors provides a unique system to advance our in-depth understanding of molecular 

mechanisms underlying the physical-biochemical basis of intercellular coupling and wounding 

processes.  

Page 3 of 31

ACS Paragon Plus Environment

ACS Photonics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Introduction 

Cell-to-cell communications are fundamentally pivotal to the differentiation, 

development, and physiology of metazoans
1-3

. Abnormal alterations of ubiquitous and diverse 

intercellular communications contribute to a wide variety of diseases
4-6

. For instance, by 

disrupting intercellular junctions, wounding causes the loss of cell-cell communications and 

induces tissue injuries. As a result, wound damages can lead to a high prevalence of chronic 

disease progression if without appropriate care and healing of wounds
7-8

. In order to accomplish 

effective exchange of information and proper coordination of functions and behaviors between 

cells, sophisticated repertoires of molecular signals need to be precisely controlled at the 

intercellular regions
1
. Cells exchange various information in different ways, including, but not 

limited to, biochemical and physical information. For example, direct transfer of molecular 

information, such as genetic materials and proteins, occurs between cells via the formation of 

gap junctions or membrane bridges over short distances, or the secretion of extracellular vesicles 

over long distances
9-10

. Tunneling nanotubes provide another long-distance route for intercellular 

exchange of cellular components and signaling molecules
11

. Gap junctions also mediate 

intercellular exchange of metabolites and ions
9
. Besides conveying biochemical information, 

cells have evolved a variety of communication mechanisms to transmit physical information, 

especially mechanical signals from extracellular environment and their neighbors
12

. For instance, 

generation and propagation of action potentials in neuronal cells involve mechanosensitive 

gating of ion channels and plasma membrane deformations, and both synaptic plasticity and 

dendritic spine plasticity are modulated by mechanical forces
13

. Extremely dynamic interfaces of 

immunological synapses formed between immune cells and antigen-presenting cells provide 
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architectures for cell-cell interactions, and generate mechanical forces to ensure normal 

physiological functions and effective intercellular communications
14

. 

A group of transmembrane proteins, called cell adhesion proteins, largely participates in 

different physical-biochemical coupling scenarios, such as force generation, mechanical 

signaling transduction and cellular/multi-cellular response
13-15

. Integrins and cadherins, among 

the most characterized mechanosensitive membrane receptors of three-dimensional adhesive 

network, regulate cell-cell and cell-extracellular-matrix adhesions as well as transduction of 

mechanical signals from extracellular matrices and from neighboring cells into downstream 

intracellular signaling cascades
15-16

. Studies suggest that the cell-cell adhesion network endows 

groups of cells with a number of collective functions and behaviors, such as tissue 

morphogenesis and regeneration, maintenance of tissue homeostasis and epithelial tissue 

cohesion
13, 15-17

. Cadherin-mediated cell-cell adhesions are commonly believed to be involved in 

these well-orchestrated cellular-level and tissue-level physiological processes. For example, the 

expression of cadherins is tightly regulated during embryonic development and adult tissue 

homeostasis and remodeling
16-18

. It also correlates with a variety of morphogenetic processes, 

such as cell sorting, cell rearrangements, and collective cell movements
19-22

. Cadherins form 

physical and functional linkages with different cytoplasmic filaments and serve as a scaffold to 

mediate mechanical and biochemical signaling transductions
23-27

. In fact, the downregulation or 

loss of cadherin function is often found to be associated with severe pathological situations, such 

as tumorigenesis, tumor progression, tumor invasion and metastasis
26, 28

. It is thus of vital 

importance to further elucidate the underlying mechanisms responsible for these physiological 

and pathological scenarios. 
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Decades of research have revealed multiple mechanisms that underlie the regulation of 

cadherin-mediated cell-cell contacts
20, 29-30

. In particular, a wide variety of tyrosine kinases are 

involved in mediating cadherin-based adhesions, including both receptor and non-receptor 

protein kinases
29-31

. Among those, Src family kinases (SFKs) were identified as critical 

regulators
17, 32

. In fact, SFKs have been shown to concentrate at adherens junctions and correlate 

with elevated phosphorylation levels of adhesion complex proteins
33

. However, there are 

discrepancies on how SFKs affect cadherin adhesions. For instance, during keratinocyte 

differentiation, inhibition of SFKs suppresses adhesion formation and strength
34

. On the 

contrary, activation of SFKs by the expression of Src oncogene suppresses cadherin adhesions 

through direct tyrosine phosphorylation on cadherin/catenin complexes and contributes to 

invasive and metastatic potential of cells
26, 28, 35-36

. Recently, multiple studies suggested that Src 

kinase, as the principal member of SFKs, modulates the interaction of epithelial cadherin (E-

cadherin) with the cytoskeleton, maintains the integrity of E-cadherin adhesion and supports 

apical junctional tension
37-39

. Meanwhile, with the power of tension sensor module derived from 

spider flagelliform silk, recent quantitative evidence indicates that E-cadherin not only serves as 

a mechanosensitive signaling hub through transmitting external mechanical forces, but also 

senses internal mechanics via enduring constitutive cytoskeleton-dependent tension
40-41

. 

Moreover, E-cadherin tension relaxation and β-catenin nuclear translocation through actomyosin 

remodeling requires Src-dependent focal adhesion kinase activation
42

. 

Despite these studies, what the dynamics of Src signaling are and how Src signaling is 

regulated across neighboring cells remain poorly understood, partly because of the technical 

limitations by conventional biochemical and imaging methods. It is hence of great need to 

develop novel approaches that can directly enable local physical perturbations and allow the 
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visualization of the dynamics and transmission of subsequent signaling events across adjacent 

cells, so as to better understand crosstalk and integration of different signaling cascades at cell-

cell contacts. Here, we addressed this need by integrating photonic tools with molecular 

engineering and imaging to study the intercellular signaling dynamics at single-cell resolutions 

during the wounding process among multi-cell connections. 

 A photonic technique, laser micro-scissors, enables us to ablate subcellular targets of 

single live cells with high spatiotemporal precision
43-45

, with surrounding regions of the laser 

focal spot remaining intact and cell viability unaffected. This approach has been applied in a 

variety of studies to introduce local physical perturbations on different cellular structures with 

high precision, such as mitochondria and cytoskeletons, and to investigate how cell structures 

and functions are coupled
46-49

.  

Molecular imaging approaches using Förster resonance energy transfer (FRET) 

microscopy have been broadly applied in cell biology
50

. Numerous genetically encoded 

biosensors employing fluorescent proteins (FPs) and FRET have been developed for the 

visualization and quantification of intracellular signaling events with high spatiotemporal 

resolutions in single live cells
51

. However, the empirical optimization processes have hampered 

the systematic development of highly sensitive and specific FRET-based biosensors. Directed 

evolution
52

 employing iterative cycles of mutagenesis to generate libraries and of selection to 

identify target mutants has become a powerful tool for protein engineering in cases where 

rational approaches are ineffective. Large libraries can be expressed in yeast or bacterial display 

systems
53-54

, which can be screened by the fluorescence-activated cell sorting (FACS) technology 

to identify desired proteins. 
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In this study, based on our high-throughput screening platform, we developed a highly 

sensitive FRET-based biosensor (named SCAGE) for monitoring the activity of Src kinase, 

which gives a more than 40-fold sensitivity enhancement than the original biosensor. We next 

sought to combine FRET microscopy and laser scissors technology to investigate how the 

dynamic activity of Src kinase is regulated between adjacent epithelial cells upon the laser-

induced wounding. With SCAGE, we successfully observed a transient Src activation across 

neighboring cells upon the femtosecond laser-induced disruption of cell-cell contacts, which was 

not detectable by the original parental Src biosensor
55

. Our results provide direct evidence that 

the transient Src activation across adjoining epithelial cells upon precise physical perturbations 

depends on the passive structural support of cytoskeleton but not on the active actomyosin 

contractility. 

Results 

High-throughput screening of substrate-binding affinity toward a library of c-Src SH2 

domains. We developed a yeast display system (Figure 1a) to improve the binding between the 

SH2 domain and the substrate peptide within the Src FRET-based biosensor. Briefly, a library of 

SH2 mutants was fused with a-agglutinin, an abundant yeast cell wall protein, and displayed 

outside of the yeast cell, thus allowing the displayed mutant library to be screened for binding 

activity
54

. This system allows a high-throughput screening and identification of optimal SH2 

variants and corresponding peptide sequences (Figure 1a and Figure S1). Successful yeast 

surface display of the recombinant cargo protein was confirmed by the staining of the V5 epitope 

tag at the C-terminus of the SH2 domain (Figure 1a and Figure S2a).  We then screened the 

buffer conditions and the phosphopeptide concentrations for the binding assay between the 

expressed SH2 domain and the phosphorylated substrate peptides. The results revealed that the 
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binding buffer containing 0.5% BSA led to consistent staining signals (Figure S2b and c), which 

was applied for the binding buffers used in the rest of manuscript. We next proceeded to optimize 

the substrate peptide conditions for yeast binding assays. An ideal substrate sequence in a FRET-

based biosensor should have two features: (1) the substrate sequence is favored by the target 

kinase for phosphorylation; (2) the substrate peptide upon phosphorylation has an optimal 

binding affinity toward the intramolecular SH2 domain (or its mutant) in the biosensor for FRET 

changes. It has been shown that EIYGEF and EIYEEF can serve as optimal substrate sequences 

for c-Src kinase in vitro
56

, and a different sequence after phosphorylation pYEEI is preferred for 

binding by wild-type Src SH2 domain (WT SH2)
57

. We hence compared these different 

phosphopeptides (pYGEF, pYEEF, and pYEEI) as well as the unphosphorylatable negative 

control (FEEI, with phosphorylated tyrosine residue replaced by phenylalanine residue), with 

respect to their binding toward WT SH2. We stained the yeast cells displaying WT SH2 using 

these peptides. The results indicate that both pYGEF and pYEEF can bind to WT SH2 

proportional to the peptide concentration, with pYEEF clearly demonstrating a stronger binding 

than the previously identified pYEEI
57

 (Figure S3a-c). We subsequently utilized pYEEF and 

pYGEF peptides as the Src favorable substrate sequences (0.2 µg/µl, pYGEF<pYEEI<pYEEF in 

binding toward WT SH2 as shown in Figure S3a-c) to conduct the binding assay against the 

yeast cells displaying either WT SH2 or its mutant library. The mutant library was generated by 

site-saturation mutagenesis
58

 on the cysteine site (C185) in WT SH2 which is critical for the 

binding toward phosphotyrosine peptides
59

. Compared to yeast cells uniformly expressing WT 

SH2, the yeast library displaying diversified mutants showed overall stronger binding toward 

both pYGEF and pYEEF peptides (Figure 1b and c). We further observed stronger binding of 

both WT SH2 and the mutant library toward pYEEF over pYGEF (Figure 1b and c). We 

Page 9 of 31

ACS Paragon Plus Environment

ACS Photonics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



thereafter enriched the yeast cells displaying SH2 mutants with strong binding toward 

phosphotyrosine peptides (pYEEF and pYGEF) by sorting and repopulating (Figure 1b and c). 

Among the sorted SH2 variants, C185D, C185R, C185T, C185V, and C185A mutations were 

identified by sequencing and verified by yeast staining to show high binding toward the 

phosphotyrosine peptides, with pYEEF displaying a significantly higher binding capacity than 

pYGEF toward each mutant (Figure 1d and Figure S4). Our results suggest that yeast display and 

random mutagenesis can allow the high-throughput screening and identification of efficient 

interaction pairs consisting of SH2 mutants and phosphotyrosine peptides. This approach is 

potentially applicable to the engineering and optimization of, in principle, any FRET-based 

biosensor capable of monitoring tyrosine kinase activities. 

Characterization of Src biosensors with identified mutations in live mammalian cells. We 

then constructed FRET-based Src biosensors comprising identified binding pairs of substrates 

and SH2 mutants, with the expectation that the substrate phosphorylation by Src kinase can 

cause a conformational change and a reduction of FRET efficiency due to the consequent 

separation of YPet from ECFP (Figure S5). We replaced EYFP in the original Src biosensor
55

 

with YPet because YPet has been verified to form a better FRET pair with ECFP in enhancing 

the sensitivities of biosensors
60

. We examined the sensitivities and specificities of these Src 

biosensors in mammalian cells and compared them with the parental biosensor
55

 used as the 

template for mutagenesis and directed evolution. In HeLa cells expressing different Src 

biosensors, epidermal growth factor (EGF) induced a large FRET response (~156%) of SCAGE 

(SH2 C185A and substrate EIYEEF, with C->A mutation in residue 185 of WT SH2 and G->E 

mutation in the substrate sequence, Figure 2a-c and Movie S1). Smaller FRET responses were 

observed in other groups, either the Ori group (original parental biosensor with WT SH2 and 
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substrate sequence EIYGEF, Figure 2a-c and Movie S2) or groups with a single mutation in the 

SH2 domain or substrate sequence (Figure 2b and c). We further incorporated additional 

mutations, identified by our earlier publication
61

 in improving the binding affinity of SH2 

domain toward phosphotyrosine peptides, into the SH2 domain of SCAGE and examined their 

effects. The results indicate that these two additional mutations (SH2 T180V and/or K203L) 

failed to further improve the biosensor sensitivities (Figure 2c). In fact, the CA/GE/TV/KL 

biosensor group (incorporating triple point mutations C185A, T180V, K203L in the SH2 domain 

with the substrate sequence EIYEEF) had a much smaller FRET response (~26.5%, Figure 2c), 

suggesting that overly high affinity between binding pairs within the biosensor may not enhance 

the biosensor sensitivity. We further examined the platelet-derived growth factor (PDGF)-

induced FRET responses of the Ori, SCAGE, CA (SH2 C185A and substrate EIYGEF, with C-

>A mutation only in residue 185 of WT SH2) and GE (WT SH2 and substrate EIYEEF, with G-

>E mutation only in the substrate sequence) biosensors in mouse embryonic fibroblasts (MEFs) 

(Figure S6). Again, the largest FRET response (~108%, Figure S6c) was observed in the SCAGE 

group, with 15%-20% ratio changes for the CA or GE only group and ~5.4% ratio change for the 

Ori group (Figure S6c). The biosensors in HeLa cells and MEFs had very distinct dynamics 

(Figure 2b and Figure S6b), with a clear transient time course in HeLa cells but a sustained 

activity in MEFs, as highlighted by SCAGE. In HeLa cells expressing SCAGE, the EGF-induced 

FRET response was substantially reduced after pretreatment with PP1, a selective Src family 

inhibitor (Figure 2c). Ratio change was also reduced markedly when SCAGE was introduced 

together with a kinase-dead c-Src (ntv-Src) into HeLa cells. To further determine the specificity 

of SCAGE, we reconstituted Src/Yes/Fyn triple-knockout (SYF -/-) MEFs with active-Src, wt-Src 

(wild-type c-Src), ntv-Src, wt-Fyn, wt-Yes or an empty vector. Only active-Src and wt-Src 
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restored the ECFP/FRET ratios (Figure 2d). These results suggest that our new SCAGE 

biosensor can specifically detect Src kinase activity with a high sensitivity. FRET response was 

absent in HeLa cells expressing the inactive CA/GE/YF (SH2 C185A and EIFEEF, Figure 2c) 

biosensor in which the substrate tyrosine is mutated to phenylalanine. Therefore, the biosensor 

response is dependent on the tyrosine phosphorylation of the substrate as we designed (Figure 

S5b). We further compared SCAGE with our previously developed Src biosensor (WME 

biosensor)
60

 which has a relatively high sensitivity but contains two tyrosine residues in the 

substrate. In HeLa cells, SCAGE showed a significantly higher sensitivity than WME biosensor 

(~156% v.s. ~75%, respectively, Figure S7). These results indicate that the interaction pairs 

identified from our high-throughput screening of libraries successfully enhanced the sensitivities 

of FRET-based biosensors. In vitro assays of purified biosensor proteins further supported this 

notion (Figure S8 and Figure S9). 

Observation of Src signaling transmission following the femtosecond laser-induced 

wounding. After thoroughly characterizing the specificity and sensitivity of our newly 

developed Src biosensor, we further decided to use SCAGE to study the dynamics of Src kinase 

activity during the intercellular signal transmission between neighboring epithelial cells with 

well-developed cell-cell adhesions. In order to do so, we applied SCAGE for FRET imaging in 

adult male Potorous tridactylus kidney (PtK2) epithelial cells which have prominent cell-cell 

junctions and their associated cytoskeletal structures. As the blow-up schematic drawing shown 

in Figure 3a, we employed femtosecond near-infrared laser scissors microscopy and selectively 

ablated cytoskeletal stress fibers along cell-cell junctions to physically induce the loss of cell-cell 

contacts and mimic the wounding process between adjacent cells with highly controllable 

precision. Meanwhile, together with SCAGE, we integrated FRET imaging with our laser 
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scissors to visualize the signal transmission and propagation across neighboring cells upon the 

laser-induced wounding (Figure 3a). Indeed, as shown in Figure 3b (red lines), we can precisely 

irradiate single actin filaments near cell-cell contact regions within the neighboring cells along 

the cell of interest, highlighted by an in vivo filamentous actin (F-actin) marker LifeAct-RFP
62

. 

The complete severing operation by the 740 nm scanning laser in Figure 3b took 10.7 seconds. 

Consequently, the irradiated neighboring cells quickly retracted and disassociated from the cell 

of interest in the center (Figure 3b), due to the loss of cell-cell junctions upon the laser ablation 

of multiple peripheral stress fibers. In response to the loss of cell-cell contacts, the cell of interest 

also underwent large-scale retraction and transient Src activation (Figure 3c-e and Movie S3). 

The observed Src activation reached the peak rapidly within 5 mins followed by a gradual 

decrease (Figure 3d). The calculated FRET response of the SCAGE group upon the laser-

induced wounding is ~13.7% (Figure 3e and f). Such FRET responses were absent with the 

disabled CA/GE/RV/YF biosensor (Figure 3f), suggesting that the intramolecular interaction 

between the binding partners within the biosensor is necessary for the detection of FRET signals. 

The absence of Src activation in cells residing next to others but not forming stable and physical 

cell-cell contacts (Figure 3f, Cutting Control) suggests that the observed Src activation requires 

physical cell-cell contacts, but not the release and diffusion of chemical constituents between 

neighboring cells. The response from the Ori biosensor was very minor and almost undetectable, 

clearly highlighting the power and necessity of the new SCAGE Src biosensor in revealing this 

signal transmission between neighboring cells (Figure S10). 

Regulation of Src signaling activation upon the laser-induced wounding. Cytoskeletal 

support and contractile forces are of vital importance in regulating cell-cell adhesions junctions. 

Physical and functional links between contractile actomyosin bundles and adhesion complexes 
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are widely believed to be the main molecular basis for junctional integrity and functionality
15, 17, 

37, 63
. In order to better understand the mechanistic regulation of the observed Src transmission 

upon the laser-induced physical disruption of cell-cell contacts, we decided to investigate the 

roles of actin cytoskeleton and its related actomyosin-based contractility during the wounding 

process. We pretreated PtK2 cells with cytochalasin D (CytoD, an inhibitor of actin 

polymerization) for 30 mins to disrupt the actin cytoskeletal structures, or ML-7 (a myosin light 

chain kinase inhibitor) for 60 mins to suppress the active actomyosin contractility. Results of 

inhibition assays indicate that the transient Src activation upon the laser-induced wounding was 

completely eliminated with pretreatment by CytoD but not by ML-7 (Figure 3f), although ML-7 

clearly suppressed the activity of focal adhesion kinase in PtK2 cells (Figure S11 and Movie S4). 

We also noticed that ML-7 pretreatment did not affect the Src signaling dynamics (data not 

shown). Taken together, these results demonstrate that the observed transient Src signaling 

transmission across neighboring cells following the loss of cell-cell contacts depends on the 

passive structural support of actin cytoskeleton but not on the active actomyosin contractility.  
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Discussion 

We developed a high-throughput screening method (Figure S1) that allows the systematic 

development of FRET-based biosensors (Figure S5a). The result is a highly sensitive Src 

biosensor (SCAGE), which provides a more than 40-fold sensitivity enhancement in live 

mammalian cells comparing to the parental biosensor template before the directed-evolution-

based improvement
55

 (Figure 2c). This new Src biosensor is also more sensitive than our 

previously developed Src biosensor based on a rational design with two tyrosine residues in the 

substrate motif
60

 (Figure S7). Employing this evolution-optimized biosensor and laser scissors, 

we further demonstrated that the activation of Src kinase rapidly occurs as a signal transmission 

between neighboring cells upon the femtosecond laser-induced physical disruption of cell-cell 

contacts (Figure 3c and d). This transient activation is dependent on the passive structural 

support of actin cytoskeleton, but not on the active actomyosin contractility (Figure 3f). As such, 

our high throughput screening method can be applied to systematically develop highly sensitive 

FRET-based biosensors, which together with our integrated photonic approach can lead to the 

revelation of how cells perceive physical perturbations from neighboring cells and trigger 

biochemical responses, especially from a single-cell perspective. 

The development of intramolecular FRET-based biosensors generally suffers from low-

throughput optimizations in trial-and-error fashions. Our high-throughput screening method 

provides a new way for developing sensitive FRET-based biosensors in a systematic fashion. 

This high-throughput screening platform based on yeast display and directed evolution has a 

number of following advantages. First, upon induction, the yeast display system can correctly 

express the protein cargo motifs on the yeast surface, readily accessible by specific binding 

partners to be screened (Figure S2a). In fact, negative control peptide FEEI showed no 
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significant binding to WT SH2 displayed on the yeast surface even at a high concentration 

(Figure S3d). Second, this method allows for effective screening and identification of various 

interaction pairs with better binding affinities, including but not limited to substrate peptides and 

SH2 domain variants. This method can hence be readily extended to develop, in principle, any 

FRET-based biosensor for real-time monitoring post-translational modification dynamics 

(mostly for an enzyme). A potential limitation of our approach is that the yeast, a lower 

eukaryotic organism, may exhibit different codon usage and give different post-translational 

modification functions as comparing to mammalian cells. Thus, the binding pairs identified may 

not directly translate into optimal responses of biosensors in mammalian cells. This may explain 

why our CD/GE biosensor containing the strongest phospho-substrate binding domain, SH2 

C185D, showed significantly lower sensitivity than SCAGE in mammalian cells (Figure 2c). In 

the future, high-throughput screening approaches based on the full-length biosensor sequences 

and higher eukaryotic organisms may be needed to further improve the efficiency of biosensor 

development.  

On the other hand, during the biosensor characterization, both our CD/GE biosensor and 

CA/GE/TV/KL biosensor had remarkably smaller FRET responses compared with the CA/GE 

biosensor. Since both C185D and the triple (CA/TV/KL) mutant of SH2 domain have higher 

affinities than the C185A SH2 mutant, merely pursuing stronger binding affinities between 

binding pairs within the Src biosensors may not necessarily lead to higher sensitivities of 

biosensors. This is possibly because the CD or triple mutant SH2 domain has a high affinity in 

binding to weakly phosphorylated substrates under even low Src kinase activities, causing a high 

basal level of biosensor signals and hence reducing the dynamic range or sensitivity of the 

biosensors. Indeed, the biosensor containing the triple-mutant SH2 domain showed significantly 

Page 16 of 31

ACS Paragon Plus Environment

ACS Photonics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



higher basal FRET ratio level before growth factor stimulation and had smaller FRET responses 

upon the stimulation. Furthermore, biosensors with super-binder SH2 mutants may also bind to 

non-specific phosphotyrosine-containing peptides, which may lead to unexpected response and 

effect of the biosensors. Of note, the triple-mutant SH2 domain (T180V, C185A, K203L) has 

been reported before to be detrimental to cells due to its unphysiologically strong binding affinity 

against phosphorylated tyrosine peptides
61

, which is consistent with our observation that HeLa 

cells expressing the CA/GE/TV/KL biosensor were poorly viable in culture.  

The biosensor characterization in mammalian cells revealed very distinct dynamics and 

responses of SCAGE. More specifically, the characterization in mammalian cells revealed that 

SCAGE showed a transient FRET response upon EGF stimulation in HeLa cells (Figure 2b), but 

a markedly sustained FRET response upon PDGF stimulation in MEFs (Figure S6b). It is 

possible that EGF and PDGF receptors involve distinct regulations, such as downregulation of 

kinase activation and endocytic trafficking of receptor tyrosine kinases
64-67

. For instance, EGFR 

in HeLa cells, but not PDGFR in MEFs, may undergo fast ubiquitination, degradation or 

internalization, which could contribute to the transient nature of EGFR signaling. Hence, the 

high-sensitivity Src biosensor may be applied to reveal the dynamic differences between EGF 

and PDGF-mediated signaling transductions and shed new lights on the molecular mechanisms 

underlying their distinct regulations. 

Our study on cell-cell contacts using laser scissors, FRET microscopy, and the high-

sensitivity Src biosensor (Figure 3a) showed a rapid Src signaling transmission between 

neighboring cells upon the laser-induced physical disruption of cell-cell contacts mimicking the 

wounding process. One major advantage of our integrated photonic system over conventional 

wounding methods is that we employ the laser scissors to precisely introduce physical 
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perturbations on subcellular structures of actin fibers between neighboring cells so as to mimic 

wounding processes in a precisely controlled manner and simultaneously monitor molecular 

signaling dynamics at the single-cell level. In addition to visualizing the transient Src activation 

upon the separation of neighboring cells, we noticed an accompanying retraction occurring on 

the cell of interest (Movie S3). In fact, the initial Src activation upon laser ablation was 

accompanied by a cell retraction before a graduate decrease of Src activities for the cell of 

interest to re-adapt to its surroundings and re-establish its cellular mechanical stability, while 

distinct F-actin accumulation happened especially near the original cell-cell junction sites 

(Figure 3b and Movie S3). This dynamic activation of Src kinase is associated with actin 

reorganization and mechanical re-adaption during the period when the cell loses its adhesive 

contacts with its neighbors. Interestingly, the inhibition assays revealed that this fast and 

transient Src signaling event depends on the passive cytoskeletal structure but not on the active 

actomyosin contractility system. These results further highlight that subtle signaling dynamics 

can become observable with our novel biophotonic approaches and also suggest the physical 

perturbations on cells introduced by laser pulses may deliver a profound physical impact which 

can be transmitted afar and across to neighboring cells via the passive structural support without 

the aid of actomyosin contractility.  

In summary, integrated with the micro-manipulation photonic system with high precision, 

our newly developed Src biosensor, SCAGE, reveals how cells react biochemically to photonic-

driven physical perturbations from neighboring cells. The combination of the photonic and 

imaging approaches, laser micro-scissors and FRET microscopy, establishes a generally 

applicable and unique platform to allow local physical perturbations with high precision in 

mimicking the wounding process, and to simultaneously monitor the spatiotemporal transmission 
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of consequent signaling events across neighboring cells. This novel approach will largely 

complement the conventional biochemical and imaging methods and shed new light on cellular 

crosstalk and integration of physical and biochemical signals in single live cells, such as 

molecular mechanisms underlying wounding processes.  
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FIGURE LEGENDS 

Figure 1. The optimal c-Src SH2 domain variants and tyrosine kinase substrates identified 

by high-throughput screening. (a) The SH2 domains from c-Src kinase were displayed on the 

yeast cell surface as a fusion protein carrying the V5 epitope tag at the C-terminus. (I): The V5 

epitope tag allows the staining of expressed protein cargoes by the primary antibody and the 

biotinylated secondary antibody, which can then be labeled by streptavidin-R-phycoerythrin 

(SA-PE) conjugate. (II): Wild-type (WT) and variant SH2 domain mutants bind to the 

biotinylated phosphotyrosine-containing substrate peptides, which can then be labeled by SA-PE 

conjugate. (b-d) Identifying the optimal SH2 domain mutants and the corresponding substrate 

peptides, with peptides EIpYGEF in (b), EIpYEEF in (c), and EIpYEEF together with SH2 

domain mutants as indicated in (d). “Non-ind.”, “Ind.” and “Lib.”  represent  non-induced yeast 

group, induced yeast group and yeast library group, respectively, stained with phosphorylated 

peptide EIpYGEF or EIpYEEF. C185A, C185D, C185R, C185T and C185V are different 

mutations in residue 185 of wild-type c-Src SH2 domain. 

Figure 2. Characterization of FRET-based Src biosensors in living mammalian cells. (a) 

The time-lapse FRET imaging in HeLa cells expressing different Src FRET-based biosensors 

(SCAGE or Ori) stimulated with 50 ng/mL EGF (arrow at 0 min). The color scale at the bottom 

shows the range of ECFP/FRET emission ratio, with cool and warm colors representing low and 

high ratios, respectively. Scale bars, 5 µm. (b) The time courses of the normalized ECFP/FRET 

emission ratio of the Ori (black solid circles, n = 6), CA (open diamonds, n = 7), GE (open 

squares, n = 8), and SCAGE biosensors (red solid circles, n = 5) in HeLa cells before and after 

50 ng/mL EGF stimulation. The ECFP/FRET emission ratios were normalized against the 

averaged values before EGF stimulation. The error bars represent S.E.M. (the standard error of 
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the mean) and average data are presented as mean ± S.E.M. (c) The responses of different Src 

FRET-based biosensors in HeLa cells stimulated with 50 ng/mL EGF. The CA/GE/YF group is 

the inactive control, the SCAGE & ntv-Src group is the SCAGE biosensor group together with 

the kinase-dead c-Src (ntv-Src), and the SCAGE w/ PP1 Pretreat group is the SCAGE biosensor 

group pretreated with 10 µM PP1 for 1 hr (n = 53, 18, 28, 30, 17, 13, 10, 12, 52, 15, 17, 12, 36, 

19 and 113 cells for Ori, CD, CA, GE, CD/GE, CR/GE, CT/GE, CV/GE, SCAGE, CA/GE/TV, 

CA/GE/KL, CA/GE/TV/KL, CA/GE/YF, SCAGE & ntv-Src and SCAGE w/ PP1 Pretreat 

groups, respectively). (d) The ECFP/FRET emission ratios of the SCAGE biosensor in 

Src/Yes/Fyn triple-knockout (SYF -/-) mouse embryonic fibroblasts (MEFs) co-transfected with 

various Src family kinases and mutants. SYF -/- MEFs were reconstituted with active-Src (n = 

46), wt-Src (n = 44), ntv-Src (n = 24), wt-Fyn (n = 90), wt-Yes (n = 107) and an empty vector (n 

= 81). (c-d) In scatter plots, the red lines indicate the mean values, the error bars represent 

S.E.M. and average data are presented as mean ± S.E.M. *** (P < 0.001), ** (P < 0.01) and 

“n.s.” (P > 0.05) are from Kruskal-Wallis test followed by Dunn’s multiple comparison test. 

Figure 3. Regulation of the transient Src activation following the laser-induced wounding. 

(a) The system setup diagram of the laser scissors integrated with an inverted fluorescence 

microscope for FRET imaging. (b) The time-lapse images of PtK2 cells expressing a filamentous 

actin (F-actin) marker (LifeAct-TagRFP) upon the laser-induced disruption of cell-cell contacts. 

RFP-channel F-actin images (upper panel) and phase-contrast images (lower panel) of PtK2 cells 

at the indicated time points before and after laser ablation are shown. The red lines indicate the 

position of laser ablation. Scale bars, 5 µm. (c) The time-lapse FRET images of the SCAGE Src 

biosensor in the representative PtK2 cell before and after the laser-induced disruption of cell-cell 

contacts. The color scale at the left shows the range of ECFP/FRET emission ratio, with cool and 
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warm colors representing low and high ratios, respectively. Scale bars, 5 µm. (d) The time 

course of the normalized ECFP/FRET emission ratio of the SCAGE biosensor in the 

representative PtK2 cell before and after laser ablation. The ECFP/FRET emission ratios were 

normalized against the averaged values before laser ablation. (e) The ECFP/FRET emission 

ratios of the SCAGE biosensor in PtK2 cells (n = 28) before and after laser ablation. *** (P < 

0.001) is from the unpaired two-tailed Mann-Whitney test. (f) The ECFP/FRET emission ratio 

changes of Src biosensors as indicated in PtK2 cells before and after laser ablation (n = 28, 6, 11, 

14, and 14 cells for SCAGE, CA/GE/RV/YF, cutting control, SCAGE with CytoD Pretreat and 

SCAGE with ML-7 Pretreat groups, respectively). 1 µM cytochalasin D (CytoD) and 10 µM 

ML-7 were applied to inhibit actin polymerization and actomyosin contractility, respectively. 

PtK2 cells were pretreated with CytoD for 30 mins or with ML-7 for 60 mins. ** (P < 0.01), *** 

(P < 0.001) and “n.s.” (P > 0.05) are from Kruskal-Wallis test followed by Dunn’s multiple 

comparison test. (e-f) In scatter plots, the red lines indicate the mean values, the error bars 

represent S.E.M. (the standard error of the mean) and average data are presented as mean ± 

S.E.M.  
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Brief synopsis of the TOC graphic: 

A novel approach integrating laser micro-scissors, Förster resonance energy transfer (FRET) 

microscopy, and a highly sensitive FRET-based Src biosensor (SCAGE) developed based on our 

high-throughput screening platform enables to reveal a transient Src activation across 

neighboring cells upon the physical perturbations, which were introduced by femtosecond near-

infrared 740 nm laser pulses to precisely sever the physical cell-cell contacts and mimic the 

wounding process at the single-cell level. This observed transient Src activation following the 

loss of cell-cell contacts depends on passive cytoskeletal structural support but not active 

actomyosin contractility. We demonstrate that our integrated photonic system as a broadly 

applicable approach will advance the in-depth understanding of the principles which govern the 

biochemical transmission of physical and mechanical cues underlying various physiological and 

disease processes. 
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Fig. 1
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Fig. 2
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Fig. 3
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