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Abstract

Since the development of green fluorescent protein (GFP) and other fluorescent proteins (FPs) with
distinct colors, genetically-encoded probes and biosensors have been widely applied to visualize the
molecular localization and activities in live cells. In particular, biosensors based on fluorescence
resonance energy transfer (FRET) have significantly advanced our understanding of the dynamic
molecular hierarchy at subcellular levels. These biosensors have also been extensively applied in
recent years to study how cells perceive the mechanical environment and transmit it into intracellular
molecular signals (i.e. mechanotransduction). In this review, we will first provide a brief introduction
of the recent development of FPs. Different FRET biosensors based on FPs will then be described.
The last part of the review will be dedicated to the introduction of examples applying FRET
biosensors to visualize mechanotransduction in live cells. In summary, the integration of FRET
technology and the different cutting-edge mechanical stimulation systems can provide powerful tools
to allow the elucidation of the mechanisms regulating mechanobiology at cellular and molecular
levels in normal and pathophysiological conditions.

[. Introduction

The development of genetic technology has allowed the sequencing of human genome and
those of other species. However, genome sequences lack the spatial and temporal information
for the target molecules. It becomes clear that imaging technologies should play a central role
in this aspect to obtain the spatiotemporal characteristics of different molecules, particularly
in cells and organisms. The development of molecular probes has become increasingly
powerful in molecular imaging, along with the developmental progress in microscopic
technologies. The development of fluorescent-antibodies in 1940s provided the first
breakthrough in visualizing the cellular proteins. The imaging of deoxyribonucleic acids
(DNAs) and ribonucleic acids (RNAS) also became available in 1980s with the development
of in situ hybridization techniques. However, these techniques require the cells to be killed,
which may cause the alteration of the information. During the 1980s, cell-permeable
fluorescent dyes were developed to monitor the intracellular signals in live cells including pH
and Ca2*.81 However, the kinds of molecules which can be monitored are limited. Furthermore,
itis very difficult to control the localization of these small molecule dyes and hence to monitor
the localized molecular signals at subcellular compartments continuously in live cells. Hence,
there was a great need to develop a general and convenient approach which can allow the
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labeling and monitoring of different molecules in live cells. The cloning and expression of
green fluorescent protein (GFP) timely served this need.

While GFP has allowed a variety of revolutionary discoveries, the limitation of this GFP-
tagging approach is that only the position of the molecules can be traced. To monitor the
molecular activities or interactions in live cells, fluorescence resonance energy transfer (FRET)
becomes particularly appealing. In this article, we will focus on the introduction of FRET
technologies, in particular of those based on GFP and its derivatives. We will then discuss the
application of these FRET biosensors in visualizing signaling cascades in mechanobiology,
i.e. how cells perceive mechanical cues and transmit them into biochemical/molecular signals.

ll. Fluorescent proteins (FPs) and fluorescence resonance energy transfer

(FRET)

FRET technology, in particular in combination with FPs, has been increasingly applied to
detect intracellular molecular interactions and activities in live cells with high spatiotemporal
resolutions. In this section, the development of different kinds of FPs will be introduced. The
FRET principle and FP-based FRET biosensors will then be described.

II.1 Green fluorescent protein (GFP) and FPs with different colors

GFP is an accompanying protein for a bioluminescent protein aequorin in Aequorea jellyfish.
When jellyfish are provoked, calcium can be released to bind aequorin and cause blue
fluorescence emission. This blue emission can stimulate GFP to result in bright green
fluorescence. Shimomura first purified GFP in 1960s and noticed that GFP appears slightly
greenish under sunlight while it emits bright green light under UV light.”” About 30 years later,
Prasher successfully sequenced the gene encoding GFP when he was in the Woods Hole Marine
Biological Laboratory.58 The idea is to fuse the gene of GFP with that of a target molecule so
that the resultant recombinant protein can emit fluorescence while mimicking the traffic of the
target molecule. As such, one can, in principle, visualize and track the dynamic localization of
any interesting molecules in different kinds of live cells (Fig. 1). Indeed, Chalfie and others
demonstrated that the expression of GFP gene alone is sufficient to produce fluorescence in
organisms other than jellyfish,8:27 verifying that GFP can mature and generate fluorescence
independent of aequorin or other co-factors and hence can serve as a fluorescent marker for
various molecules.

GFP forms a “can’ structure consisting of 11 p-barrel strands. Therefore, the chromophore of
GFP is very well protected and hence stable at physiological environment of living organisms.
The wild-type GFP, however, has two different populations: the major one is excitable at 395
nm with an emission at 508 nm and the minor one excitable at 475 nm with an emission at 503
nm.22 Roger Tsien first revealed that the three amino acids, Ser®-Tyrb6-Gly67, will undergo
conformational changes, cyclization and dehydration between Ser®® and Gly8, and oxidation
of Tyrb6 to form a mature chromophore.82 About 85% of the chromophores are in neutral form
whereas 15% of them are anions.82 The neutral chromophores are responsible for the major
population with 395 nm excitation wavelength whereas the anionic ones are excitable at 475
nm.

A mutation of Ser®® to the bulky Thr has prompted a neighboring Glu222 to remain neutral
such that the polar groups surrounding the chromophore can promote its anionic form. This
mutation has led to the development of enhanced GFP (EGFP) and Emerald, which mature
efficiently at 37 °C and are the most popular GFP versions used in cell biology.11:62:82 Several
FPs with different colors were further developed based on GFP. By introducing a Y66H
mutation in the chromophore, a blue shifted fluorescent protein (FP), BFP, can be generated
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together with other mutations beneficial for quantum yield and photostability.22:23:62 BFP is
typically inferior in its brightness and photostability. Recent development of BFP derivatives,
Azurite and EBFP2, may however offer significantly improved characteristics in these aspects.
342 A 'Y66W mutation in the chromophore, on the other hand, can produce a cyan FP (CFP)
and its enhanced version ECFP.22:23 A variety of CFP derivatives have since been developed
in the hope of improving the brightness. Among them, mTFP1 and Cerulean are of particular
interest to cell biologists.2:9 Although both CFP derivatives are significantly improved in their
general fluorescence characteristics comparing to ECFP, Cerulean appears to be less
photostable.”® By engineering an aromatic ring proximal to the anionic chromophore, the
mutations of T203Y and S65T led to the development of yellow FP (YFP).59:82 Early versions
of YFP suffered from low photostability.”> Recently improved versions, namely Citrine and
Venus, provide excellent photostability and brightness.21:52 A new YFP developed via a
quantitative evolutionary strategy, YPet, offers outstanding brightness and can serve as a
superior acceptor for a CFP derivative during fluorescence resonance energy transfer (FRET)
experiments.>7:61 The last example of FP that we want to introduce is the T2091 mutation which
can prevent the ionization of the chromophore. This mutation of T2091 on the wild-type GFP
resulted in Sapphire and Turbo Sappire (T-Sapphire).13:22 Both FPs can be excited by UV light
and undergo a large Stokes shift to emit green fluorescence.82:98

However, mutagenesis efforts on GFP and its derivatives failed to generate FPs with
fluorescence emission ranging from orange to far red. A bright FP with red emission was
discovered from Discosoma, namely DsRed.#! Despite its outstanding brightness and
photostability, DsRed unfortunately tends to form tetramers.® This tetramerization tendency
of DsRed has significantly limited the general application of DsRed for live cell imaging. After
numerous attempts, a real breakthrough came when Campbell and Tsien developed the
monomeric RFP (mRFP1) with 33 mutations on the parental DsRed.® Tsien’s laboratory has
further applied directed evolution and iterative somatic hyper-mutation on mRFP1 to develop
other monomeric FPs with their emission extending from deep yellow to far red, including
mHoneydew, mBanana, mOrange, mTangerine, mStrawberry, mCherry, mRaspberry, mPlum
and mGrape.’3:83:88 Several other FPs with orange or red color were also developed
independently from other species, including monomeric mKO,3! monomeric TagRFP,*3 and
monomeric mKate.”® Together with the FPs derived from GFP, these FPs with distinct colors
allow the simultaneous visualization of multiple signaling molecules in a single live cell (Fig.
2). Most recently, an infrared FP has also been developed in Tsien’s lab from a
bacteriophytochrome of Deinococcus radiodurans.’® This is a revolutionary step in FP
development since the wavelength of the infrared FP can allow the deep penetration of tissues,
thus having paved the way for the whole-animal optical imaging. This infrared FP can also
serve as a FRET acceptor for red FPs to allow more choices in FRET pairs.

2.2 FP-based FRET biosensors—FRET occurs when two fluorophores are in proximity,
with the emission spectrum of the donor overlapping the excitation spectrum of the acceptor.
9,10 The efficiency of FRET is mainly dependent on three factors: (1) the overlap area between
the emission spectrum of the donor and the excitation spectrum of the acceptor (Fig. 3A), with
a larger area allowing a more efficient energy transfer; (2) the distance between the donor and
acceptor. The FRET efficiency is inversely proportional to the 6th power of the distance
between donor and acceptor. Hence, a slight modification of this distance can significantly
affect the FRET signals. Typically, sufficient FRET between FPs occurs only when this
distance is within 10 nm (Fig. 3B); and (3) the relative orientation between the donor and
acceptor dipoles (Fig. 3B). Indeed, FRET is particularly sensitive to the relative orientation
between donor and acceptor since a dramatic effect on FRET can be observed by changing the
orientation while maintaining the distance of chromophores.29:>4 Because FRET can provide
such a high resolution in detecting distance/orientation, it has been widely applied to design
biosensors for the measurement of signals with high precision.5
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Different kinds of biosensors have been developed utilizing FRET technology. For example,
nucleotide-based biosensors have been applied to detect GTPases and ATPases.24:91
Hybridized biosensors consisting of a polypeptide and a protein domain recognizing an active
target molecule have also been successfully designed and applied for the detection of the small
GTPases RhoA and Cdc42.25:56:64 However, for live cell imaging, genetically-encoded FRET
biosensors are particularly appealing because these biosensors can be conveniently introduced
into cells and targeted at subcellular compartments to continuously monitor the local molecular
signals. EBFP and EGFP were originally chosen as the FRET pair for biosensor development.
40,70 While EGFP has decent fluorescent properties, EBFP is in general dim and less
photostable. At the current stage, ECFP and EYFP, including the variants of EYFP such as
Venus and Citrine, are the most popular FRET pair.21:28:47,52,93 ECFP and YPet has also been
shown to serve as a high-efficiency FRET pair for a variety of biosensors.61 However, the
brightness of ECFP is still a limiting factor for cell imaging. Recently, new variants for EBFP
and ECFP have been developed, including Azurite,*2 EBFP2,53 Cerulean,5% and mTFP1.2 All
these newly developed FP variants displayed significantly enhanced fluorescent properties,
such as brightness and photostability. Future experiments are needed to provide more
substantial evidence on how these new FPs can improve the FRET biosensors, particularly in
terms of their dynamic ranges.

Typically, apair of FRET FPs serving as a donor and an acceptor can be fused with two different
target molecules to monitor the interaction of these target molecules. The interaction and
separation of the target molecules can alter the distance between the donor and acceptor, thus
affecting the FRET efficiency. As such, the FRET efficiency between the donor and acceptor
can serve as an indicator of the interaction of the two target molecules. Indeed, this approach
has been applied to monitor the activities of cCAMP94:9 and G-proteins.29 However, there are
two main limitations for this approach: (1) the endogenous counterparts of the target molecules
may interfere with the interactions of FP-fused target molecules; (2) The acceptor/donor ratio
at different subcellular locations may not be the same, which prevents a simple calculation of
the acceptor/donor ratio to monitor the FRET efficiency. Usually more complicated analysis
approaches are needed to assess the FRET signals.%?

It becomes increasingly popular that single-molecule FRET biosensors are developed to
monitor intracellular signals. A typical single-molecule FRET biosensor consists of a donor
and an acceptor FP, concatenated in between or flanking two intramolecular domains capable
of interacting with each other. For example, a FRET-based biosensor capable of detecting Src
kinase activation has been developed consisting of an N-terminal ECFP, a SH2 domain derived
from Src kinase, a flexible linker, a substrate peptide derived from p130cas and specifically
sensitive to Src phosphorylation, and a C-terminal Citrine (EYFP).%° When the Src kinase is
in its resting state, the ECFP and Citrine (EYFP) are positioned in proximity as a consequence
of; (1) the tendency of the wild type ECFP and Citrine to form anti-parallel dimers; (2) the
flexible linker; and (3) the juxtaposition of N- and C-terminals of the SH2 domain. Therefore,
astrong FRET can occur and the excitation of ECYP at 433 nm leads to the emission of EYFP
at 527 nm. When Src kinase is activated, it phosphorylates the designed substrate peptide,
which displays a high affinity and binds to the bottom pocket of the SH2 domain. This action
will lead to the separation of the Citrine from the ECFP and decrease the FRET efficiency
between these two fluorescent proteins. The excitation of ECFP at 433 nm then results in the
emission from ECFP at 476 nm as shown in Fig. 4A. Hence, the emission ratio of ECFP/EYFP
with the excitation of ECFP should serve as a reliable indicator of the status of Src activation.
However, ECFP and Citrine tend to form weak anti-parallel dimers,92 which may result in
intermolecular FRET between different copies of biosensors. To eliminate this unintended
FRET, A206K mutations have been introduced into ECFP and Citrine to generate monomeric
mECFP and mCitrine.%6 In HeLa cells, this monomeric version of the biosensor under-went a
significant FRET change upon Src activation triggered by EGF, which was reversible following
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EGF washout (Fig. 4B).%0 As such, Src activity can be continuously monitored in live cells.
With the same strategy, a wide range of single-molecule biosensors based on FPs have been
developed to successfully monitor different kinds of intracellular signals, e.g. Ca2*:46=48,53—
95,70,80 proteases,23:38:39:45 cAMP,12 phosphor-lipids,* membrane receptor integrins,1:16:33
Guanine exchange factor Wasp,37:72 small GTPases Ras and Rap1,%® RhoA,65,93 Rac1,28:
35 Cdc42,28:56 and tyrosine/serine/threonine kinases.17,36:71,79,86,90,100,101

At the current stage, most of the FRET imaging only allows the visualization of one active
molecular event in a single live cell. To visualize multiple molecular events in a simultaneous
fashion, biosensors should be either physically separated or with distinct colors. Physically
separated biosensors with similar colors have been successfully applied to detect a fast cAMP
accumulation in the nucleus but a slow PKA activation upon the activation of B2-adrenergic
receptors.12 A similar approach has also allowed the quantification of a delay between the PIP3
accumulation at the plasma membrane and the Akt activation in the nucleus.# Recently, FPs
with different excitation and emission wavelengths have been developed through directed
evolutionary strategies.”3:"* These new FPs can allow the simultaneous visualization of
multiple signaling events in the same live cells without physical limitation. Indeed, integrating
two pairs of FPs for FRET biosensors (pair 1: a GFP mutant mAmetrine as the donor and an
orange FP tdTomato as the acceptor; pair 2: a cyan FP mTFP1 as the donor and a yellow FP
mCitrine as the acceptor), the onset of apoptosis can be visualized by monitoring the caspase
activities.! In another case, by combining a new FRET pair, an orange mKO and a far red
mCherry, with the standard cyan and yellow FPs, multiple signaling events, including the
activities of protein kinase la and protein kinase C, and the calcium-dependent interaction
between connexin and the plasma membrane can be simultaneously monitored in live cells.
66 These new approaches of integrating multiple FRET biosensors with distinct colors allow
the visualization of molecular hierarchy and networks in a single live cell.

lll. The application of FRET biosensors in mechanobiology

In the past decade, a large number of studies have been published on the effects of mechanical
forces on various cell functions. The key question that remains to be answered is how
mechanical forces are transduced into biochemical signals in a living cell. FRET biosensors
can provide powerful tools in this aspect by offering the spatiotemporal visualization of
signaling maps in live cells. In this section, we will describe the application of FRET biosensors
in monitoring the molecular signaling transduction in live cells.

[11.1 The detection of mechanotransduction in response to global stimuli

It was conceived that membrane receptors may play crucial roles in sensing the mechanical
cues. Therefore, a FRET sensor has been developed to monitor the activation of a G protein-
coupled receptor (GPCR), the human B, bradykinin receptor, by fusing it with ECFP and
EYFP. The results revealed that shear stress resulted from a laminar flow can rapidly activate
B, bradykinin in bovine aortic endothelial cells (BAECs), which can be inhibited by B,-
selective antagonist.” It is therefore possible that this membrane B, bradykinin GPCR may
sense the shear stress and trigger downstream signaling pathways. A downstream signaling
pathway in relation to NF«kB has also been studied similarly utilizing FRET. NF«B is an
important molecule involved in endothelial inflammatory responses. A separated pair of ECFP-
fused relA and EYFP-fused IxBa has been developed to monitor the interaction of relA and
IxBa, an upstream molecule binding to NF«kB and controlling the activation of NF«B. The
results indicate that shear stress can induce the dissociation of relA and 1xBa, as evidenced by
the decrease of FRET between ECFP-relA and EYFP-1kBa.18 Other signaling pathways in
response to mechanical stimulation examined by FRET include the Rho small GTPase family
members. Two independent approaches have been employed to visualize the activity of the
Racl GTPase in response to shear stress. In one study, the biosensor consists of the EGFP-
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fused Rac and Alexa568-p21-binding domain of PAK1 (PBD) which is capable of binding to
the activated Rac. As such, the FRET between EGFP and Alexa568 can be monitored to
measure the Rac activation.3® With this biosensor, active Rac was observed to accumulate at
the cell leading edge along the flow direction when BAECs were subjected to a laminar flow.
84 In another study, the Rac activity was inhibited in the cellular regions facing the flow, as
detected by a Rac FRET biosensor utilizing ECFP and Venus.?” As such, there is a polarity of
Rac activity generated in cells subjected to the directional laminar flow. Therefore, both studies
suggest a polarized distribution of active Rac under laminar flows. Similarly, a polarized
distribution of active Cdc42, another small GTPase, was observed by the FRET signals between
a EGFP-Cdc42 and an Alexa568-PBD, which binds to active Cdc42.8% Recently, a calcium
FRET biosensor has been developed utilizing the ECFP and YYPet pair.61 This biosensor has
allowed the visualization of a calcium oscillation in human mesenchymal stem cells (HMSCs).
34 Interestingly, this oscillation was significantly inhibited when HMSCs were cultured on soft
substrates. Further experiments revealed that RhoA small GTPase is essential, but not sufficient
in mediating this mechanical stiffness-regulated calcium oscillation.3* These results suggest
that FRET biosensors can be very powerful in visualizing the spatiotemporal activation map
of various signaling molecules and elucidating the related molecular hierarchy, particularly at
subcellular levels.

[11.2 The detection of mechanotransduction in response to local stimuli

A membrane-tethered Src biosensor has further been developed to reside at the inner surface
of the plasma membrane and monitor the membrane Src activity continuously.32 After a
retrovirus version of this membrane-targeted Src biosensor was introduced into a human
umbilical vein endothelial cell (HUVEC), a fibronectin-coated bead can be guided by a laser-
tweezer to deposit on top of this cell surface and be coupled to cytoskeleton via the ligation
between fibronectin and integrins32 (Fig. 5A). This laser-tweezer system can further apply
traction force on the fibronectin-coated bead to mechanically perturb the cell at the local region.
Upon the stimulation, a rapid distal Src activation and a slower activation wave of Src
originated at the bead site and propagated in the opposite direction of the mechanical force can
be observed® (Fig. 5B). These results provided the evidence on how biochemical/molecular
signals at the plasma membrane can be generated and transmitted in response to mechanical
stimulation. However, it is still not clear whether mechanotransduction is unique or similar
when compared with soluble factor induced signaling. This is not a trivial issue since at the
present time it remains elusive how forces are different from chemical cues in controlling vital
cellular functions. Over the last decade, several mechanotransduction models have been
proposed.50:87 Of these models, one prevailing model states that mechanotransduction initiates
at the cell surface, followed by cascades of signaling in the cytoplasm, similar to the signaling
induced by soluble growth factors. Previously published reports are limited in timescale to test
these models and to differentiate mechanotransduction from soluble factor-induced signal
transduction. Combining the stress propagation mapping approach that we have developed
with simultaneous measurements of biochemical activities, we have developed a useful method
to map mechanochemical transduction in a living cell.>1 We used a FRET-based cytosolic Src
biosensor utilizing ECFP and YPet% and quantified changes of Src activities in a living cell
as a local surface stress was applied via integrin receptors using an Arg-Gly-Asp coated
magnetic bead.26 The stress induced rapid (<0.3 s) activation of Src at remote cytoplasmic sites
(>50 um), which is at least 40 times faster than that induced by soluble epidermal growth factor
(EGF)®0 (Fig. 6A). This rapid, long-distant Src activation was dependent on stress magnitudes
(Fig. 6B), integrin activation, substrate stiffness, and prestress.9 Nanometer scale cytoskeletal
deformation analyses revealed that the strong activation sites of Src by stress co-localized with
large deformation sites of microtubules (Fig. 7). Large microtubule deformation sites, in turn,
co-localized with sites of large deformation of endosomal membranes® onto which Src
proteins anchor.19:30 Importantly, the size of the concentrated Src activation sites in Fig. 7 is
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~0.5-0.8 um in diameter, which is similar to the size of an endosome in a living cell. Disrupting
microtubules with colchicine prevented stress-induced Src activation. Therefore, our results
suggest that microtubules are essential structures for imparting deformation to Src-bound
endosomes to activate cytoplasmic Src by directly changing their conformation. The Src
activation at remote sites is too rapid to be explained by ion channel opening, diffusion, and/
or translocation mechanisms. Therefore there appears to be major differences between force-
induced Src activation and EGF-induced Src activation. A possible explanation of our data is
the focal adhesion dependent, tensed actin bundle-mediated stress wave propagation along the
cytoskeleton that can reach anywhere in the cytoplasm within 1 ms.89 More work is needed to
examine if these findings can be extended to other cell types and to other molecules in the
cytoplasm and in the nucleus.

IV. Conclusion and perspectives

It becomes increasingly clear that mechanical cues and environment play critical roles in
regulating cellular physiology. For example, it has been shown that ECs subjected to disturbed
flows, but not to laminar flows, tend to have a high and sustained permeability which facilitates
the formation of atherosclerosis.*4>8 Mesenchymal stem cells also tend to differentiate into
osteoblasts or neuronal cells when cultured on stiff or soft substrates, respectively.14 While
tremendous progress has been made during the past decades, it still remains unclear on how
cells perceive the external mechanical cues and transmit them into biological/molecular signals
to regulate the cellular functions. In many cases, technological development becomes a
bottleneck in providing tools to address biological questions with the needed resolution in time
and space. The development of FRET technology has provided the possibility of visualizing
molecular activity in live cells with high spatiotemporal resolution. While the development of
FRET biosensors has been exploding recently, the current scale of research activities in
introducing and applying these biosensors for the study of mechanobiology is still limited. One
limiting factor is that the dynamic range of most FRET biosensors available is still inferior,
which have hindered their broad application for general biomedical studies. With the
development of new technologies in high-throughput screening and computational modeling,
more and more FRET biosensors with high dynamic ranges should become available in the
near future. Consequently, it is expected that the integration of FRET and mechanobiology
will become a main-stream practice in the research field of mechanotransduction and
mechanobiology to advance our systematic and in-depth understanding on how cells perceive
mechanical cues and coordinate signaling cascades accordingly to determine patho-
physiological consequences.

Insight, innovation, integration

Mechanical forces play crucial roles in regulating cellular functions. However, it remains
elusive on how cells perceive these mechanical cues and transduce them into biochemical
signals. With the development of genetically-encoded biosensors based on fluorescence
resonance energy transfer (FRET), it is possible to quantify the live-cell molecular activities
in real time at subcellular levels when cells are subjected to mechanical stimulation. This
article reviews the research on the integration of cutting-edge FRET biosensors and
mechanobiology, with a special emphasis on the innovative imaging techniques in live cells.
The integration of FRET and mechanobiology should advance our systematic and insightful
understanding on how cells sense and adapt to different mechanical environments to yield
concerted biological responses in a living organism.
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Fig. 1.

Upper panel: a schematic drawing of a recombinant gene containing cDNA of a target molecule
fused to that of GFP. Lower panel: the protein production of the recombinant gene in the upper
panel allows the observation of the recombinant protein with excitation and emission
wavelengths of GFP at 488 and 510 nm, respectively.
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Fig. 2.
The top panel shows the purified FPs under white light and the bottom panel demonstrates the
fluorescence of these FPs. Image courtesy of R. Y. Tsien.83
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Fig. 3.

(A) The excitation and emission spectra of a typical FRET pair: CFP as the donor and YFP as
the acceptor. The broken lines represent the excitation spectra and the solid lines represent the
emission spectra of CFP and YFP. The spectra curves of CFP and YFP are color-coded with
cyan and yellow, respectively. The shaded red area represents the overlap between the CFP
emission and the YFP excitation. (B) The cartoon shows that the FRET efficiency between a
typical FRET pair, ECFP as the donor and EYFP as the acceptor, is mainly dependent on the
distance and the relative orientation between the donor and acceptor.
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Fig. 4.

(A) A cartoon scheme depicting the activation mechanism of the Src biosensor. When Src
kinase is inactive, ECFP and Citrine are positioned proximal to each other and have strong
FRET. The excitation of the biosensor at 433 nm results in the emission from Citrine at 527
nm. When Src kinase is activated to phosphorylate the substrate peptide in the biosensor, the
biosensor will undergo a conformational change and separate Citrine from ECFP, thus resulting
in the decrease of FRET. The excitation of the biosensor at 433 nm then leads to the emission
from ECFP at 476 nm. Hence, the FRET efficiency or ECFP/Citrine emission ratio of the
biosensor represents the activation status of Src kinase. (B) HelLa cells transfected with the
monomerized Src biosensor were stimulated with EGF (50 ng mI™1), washed with serum-free
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medium (washout). “—EGF” and “+EGF” represent the images before and after EGF
stimulation. Color images represent the ECFP/Citrine emission ratio images of the monomeric
Src biosensor in HeL a cells in response to EGF or washout. The color scale bar on the left
corresponds to the level of ECFP/Citrine emission ratio, with cold colors indicating low Src
activity and hot colors indicating high Src activity. These images are adapted from Wang et
al., 2005.%0
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(A) A cartoon scheme depicting the procedure of the laser-tweezer-traction experiment. A laser
light is guided by an objective lens to focus o.-centered to exert force on a fibronectin-coated
bead, which is adhered on a HUVEC and coupled to the cytoskeleton through integrin-ligation.
(B) FRET response of a cell with clear directional wave propagation away from the site of
mechanical stimulation introduced by laser-tweezers. The color bar on the left indicates ECFP/
Citrine emission ratios, with cold color representing low ratios and hot color representing high
ratios. The pink arrow represents the site of force application and the force direction. The white
arrows point to the front edge of activated Src wave. This figure is adapted from Wang et al.,
2005.%0
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(A) Stress-induced Src activation is rapid and EGF-induced Src activation is slow. Here is the
time course of normalized CFP/YFP emission ratio, an index of Src activation in response to
mechanical or soluble growth factor EGF stimulation. A local stress was applied to integrins
using a 4-um RGD-coated magnetic bead (17.5 Pa for 3 s step function). Src is activated at
~100 ms after stress but is not activated until ~12—20 s after EGF.50 n = 12 cells for +o (stress),
n = 8 cells for +EGF (40 ng mI™1). Error bars represent SEM. (B) Src activation is stress-
magnitude dependent. Note that the stress threshold for Src activation appears to be ~1.8 Pa
and the Src activation response is nonlinear. n = 12 cells for stress of 17.5 Pa; 4 for 8.8 Pa; 4
for 3.5 Pa; 4 for 1.8 Pa; 3 for 0.7 Pa. Error bars represent SEM. This figure is reproduced from

Na et al.59 with permission.
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Fig. 7.

Rapid (<300 ms) and strong Src activation (red/yellow spots) co-localizes with regions of large
microtubule deformation (white arrows). A local stress was applied to integrins using a 4-um
magnetic bead (17.5 Pa for 3 s step) and Src activation was measured by CFP-YFP Src FRET.
Then an oscillatory stress (17.5 Paat 0.3 Hz) was applied for~10 s and microtubule deformation
was quantified by tracking mCherry tubulin displacements induced by stress. For clarity,
microtubule displacements <15 nm were omitted. Blue circle, bead—cell contact area (~6
um?); blue arrow, bead movement direction; N = nucleus. The focal plane was ~1.5 um above
the cell base. Three other cells showed similar behaviors. 80% of strong Src activation co-
localizes with regions of large microtubule deformation (>15 nm). In contrast, only ~10% of
strong Src activation co-localizes with regions of large F-actin deformation.>® Reproduced
from ref. 89 with permission.
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