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Abstract

The Src/FAK complex is involved in many signaling pathways and plays crucial roles in cell
adhesion/migration. It becomes clear that the subcellular localization of Src and FAK is crucial for
their activities and functions. In this article, we first overview the molecular mechanisms and
functions of Src and FAK involved in cell adhesion/migration. We then introduce the development
of genetically encoded biosensors based on fluorescence resonance energy transfer (FRET) to
visualize the activities of Src and FAK in live cells with high spatiotemporal resolutions. Different
kinds of signal peptides targeting subcellular compartments are also discussed. FRET-based
biosensors fused with these targeting signals peptides are further introduced to provide an
overview on how these targeting signals can facilitate the localization of biosensors to
continuously monitor the local activity of Src and FAK at subcellular compartments. In summary,
genetically-encoded FRET biosensors integrated with subcellular compartment-targeting signals
can provide powerful tools for the visualization of subcellular Src and FAK activities in live cells
and advance our in-depth understanding of Src/FAK functions at different subcellular
compartments.
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INTRODUCTION

Non-receptor tyrosine kinases Src and FAK play important roles in cell differentiation,
adhesion, migration and invasion8:374549 The gene encoding the mutated and active form of
Src, v-Src, was isolated as the first oncogene from the Rous sarcoma virus’ The cellular
homologue, c-Src, was identified in 1978 as the first proto-oncogene and its product protein
is the first tyrosine kinase.13:31.36 Focal adhesion kinase (FAK) was later discovered as one
of the Src substrates at focal adhesions, the contact sites of a cell on extracellular matrix
(ECM).33 The structure and function of Src and FAK, the interaction of Src/FAK and their
clinical implications have been extensively reviewed.*%:8:37.49 |nterested readers are
encouraged to pursue the details from these articles. In this review, we will specifically
focus on the imaging study of Src/FAK enzymatic activities in live cells.
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Src contains SH4, a SH3, a SH2, a tyrosine kinase domain, and a regulatory C-terminal
tail.*9 In its resting, Src exists as a closed conformation mainly through the intramolecular
binding between the phosphorylated C-terminal Tyr527 and SH2 domain. This closed
conformation is also facilitated by the interaction between SH3 domain and the linker
region.?6 When the closed conformation is disrupted, the kinase domain of Src can be
exposed to phosphorylate its substrates. Therefore, Src activation mechanism includes the
de-phosphorylation of Tyr527 by phosphatases, and the competitive bindings of
phosphorylated tyrosines or proline-rich domains from other molecules with the Src SH2 or
SH3 domain, respectively.>® For example, the auto-phosphorylated Tyr397 of FAK can
recruit and bind to SH2 domain of Src, causing the activation of Src. Similar scenario exists
for the FAK activation mechanism. FAK contains N-terminal FERM (protein 4.1, ezrin,
radixin and moesin homology) domain, kinase domain, and C-terminal focal adhesion
targeting (FAT) domain.38 When FAK is inactive, the N-terminal FERM domain directly
binds to and masks the kinase domain. At the same time, the FERM domain also sequesters
the linker region containing the major auto-phosphorylation site Tyr397.32 When this auto-
inhibited conformation of FAK is destabilized, Tyr397 can be phosphorylated, creating a
binding site for the SH2 domain of Src. Src can be subsequently recruited to phosphorylate
Tyr516 and Tyr517 in the kinase domain of FAK, causing the further activation of FAK.
Thus, Src and FAK work closely to form a molecular complex, which regulates numerous
signaling pathways, in particular, in cell adhesion/migration.38

It becomes clear that the functions of Src and FAK are largely affected by their subcellular
locations.3849 Indeed, Src can be attracted to the plasma membrane via its N-terminal
myristoylation signal and polybasic amino acids to become functional.*® FAK also contains
the focal adhesion targeting domain in its C-terminus, which can interact with integrin-
binding proteins, e.g. paxillin and talin, to lead FAK toward the membrane regions.38 As
such, Src and FAK can be activated at the plasma membrane in response to various
stimulations, e.g. the integrin clustering and growth factors. Genetically encoded biosensors
based on fluorescence resonance energy transfer (FRET) have been designed to detect the
FRET changes induced by the molecular interactions upon Src/FAK activation, allowing the
visualization of the Src/FAK activities in live cells. These biosensors can be further targeted
to the plasma membrane where the Src/FAK complex functions to continuously monitor the
Src/FAK activities in these local sites with high spatiotemporal resolution.

In this review, we will introduce the Src/FAK signaling pathways in regulating the focal
adhesion and cytoskeleton dynamics during cell migration. We will then discuss recent
advances in the development of Src/FAK biosensors based on FRET. Specific targeting
motifs for subcellular localization will also be summarized. Finally, we will introduce recent
studies visualizing the Src/FAK activities at different microdomains of plasma membrane by
FRET biosensors with specific compartment-targeting signals.

Src/FAK SIGNALING IN CELL MIGRATION

Cell migration is a cyclic process consisting of cell polarization, protrusion and adhesion
formation at the leading edge, and retraction at the rear.*® This highly integrated process
requires the coordinated regulation of focal adhesion (FA) dynamics and cytoskeleton
reorganization, which are largely controlled by Src/FAK signaling pathways. For example,
Src and FAK can be rapidly phosphorylated upon cell adhesion to participate in the FAs
formation.21:33.49 Other studies showed that fibroblasts deficient in FAK26 or expressing
kinase-defective Src1® displayed increased sizes in FAs and decreased speeds in migration.
These evidences suggest that the Src/FAK complex is involved in both FA assembly and
disassembly. The Src/FAK complex has also been shown to regulate the reorganization of
cytoskeleton.3849 The FAK-mediated stabilization of local microtubules can result in cell
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polarization,*2 which is a crucial step for the directional migration.46 The Src/FAK complex
can also regulate actin reorganizations through Rho GTPases.3 Therefore, the Src/FAK
complex plays crucial roles in cell adhesion/migration by regulation of FA dynamics and
cytoskeleton reorganization.

Focal Adhesion Dynamics

Focal adhesion is composed of structural and regulatory protein complexes coupling the
membrane receptor integrins and extracellular matrix (ECM), providing an anchor on which
the cell can push or pull over ECM.19 It becomes clear that the integrin signaling involves a
complex and robust molecular network.39:38 The Src/FAK complex is part of this network
and can serve as a positive regulator for the FA assembly by recruiting related signaling
molecules. FAK can localize at FAs via its C-terminal FAT domain, which can bind
integrin-associated adaptor proteins, paxillin and talin.19 Integrin clustering upon cell
adhesion causes FAK autophosphorylation at Tyr397, creating a binding site for the SH2-
domain of Src.24 The recruited Src and the subsequent formation of Src/FAK complex can
cause the activation of the type | phosphatidylinositol phosphate kinase y (PIPKIy) to
increase the production of phosphatidylinolsitol-(4,5)-biphosphate (P1P5).12 PIP, can
function as binding sites for focal adhesion molecules such as a-actinin, vinculin, and
talin,10 to promote the FA assembly. Thus, the Src/FAK complex can facilitate the
formation of FA by modulating lipid composition of the plasma membrane and creating
docking sites to recruit FA proteins.

The FAs near the leading edge are disassembled as new FAs assemble nearby in the
migration direction. The disassembly of FAs at the rear and the retraction of the trailing
edge of the cell can facilitate the complete of the migration cycle and enable the cell
translocation. It becomes clear that the Src/FAK complex also plays important roles in these
FA turnovers via various routes. The Src/FAK complex can recruit Grb2 into FAs and the
subsequent ERK activation can displace FAK from paxillin, causing the disassembly of
focal adhesion complexes. The autophosphorylation of FAK at Tyr397 can recruit Src,
which in turn phosphorylates Tyr925 in the FAT domain of FAK. This phosphorylated
Tyr925 creates the binding site for the SH2 domain of Grb2. Because the binding site of
Grb2 in the FAK FAT domain partially overlaps with that of paxillin, FAK can be
decoupled from paxillin and hence from focal adhesions.28 The recruited Grb2 can also lead
to the activation of Ras and Erk2, which causes the phosphorylation at serine 910 in the FAT
domain of FAK. This Ser910 phosphorylation can further facilitate the dissociation of FAK
from paxillin and cause the focal adhesion disassembly.2® In addition, the Src/FAK complex
can influence the focal adhesion disassembly through proteolysis. Calpain is a protease
which cleaves talin and FAK. Calpain can be up-regulated by the Src/FAK-mediated Erk2
activityl4 as well as local Ca2* flux20 to cause the disassembly of focal adhesions. Matrix
metalloproteases (MMPSs), which can be regulated by Ras/ERK2 signaling, can also cleave
the binding between focal adhesions and ECM to facilitate the FA disassembly.1! Therefore,
the Src/FAK complex can mediate the focal adhesion turnover via the ERK activation.38

Besides the ERK signaling pathway, the Src/FAK complex can facilitate FA turnover by
affecting the linkage between FA and actin cytoskeleton. a-Actinin is an actin-associated
protein which can bind to vinculin and zyxin, thus crosslinking actin stress fiber to the focal
adhesion. The Src/FAK complex can phosphorylate a-actinin at tyrosine 12, which
subsequently reduces the binding afinity of a-actinin toward actin.2” This reduced linkage
between focal adhesions and actin cytoskeleton can facilitate the focal adhesion turnover. As
such, the Src/FAK complex can promote the disassembly of focal adhesion coordinating
multiple molecular signaling pathways.
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Cytoskeleton Reorganization

It has been shown that integrins can cause the FAK activation which affects the stabilization
of the dynamic microtubules via RhoA and its effector mDia.*2 This local microtubule
stabilization in the leading edge can facilitate the cell polarization by mediating asymmetric
distribution of adhesion molecules and membrane components, which is required for the
directional migration. Thus, FAK facilitates cell polarization through microtubule
stabilization during cell migration.

The reorganization of actin filaments is also crucial for cell protrusion, which consists of
two different types of actin organizations: lamellipodia and filopodia. Lamellipodia is
composed of branched actin filaments whereas filopodia is a structure of fine, parallel actin
bundles.23 The Src/FAK complex can regulate actin remodeling during cell migration
through Rho small GTPases. For example, the Src/FAK complex is involved in the
formation of lamellipodia through Rac1 signaling.38 The adapter protein p130CAS can bind
to the proline-rich domain of FAK via its SH3 domain and be phosphorylated by Src kinase.
The phosphorylated p130CAS can create a binding site for the SH2 domain of Crk. Crk can
then recruit DOCK180, a Rac guanine exchange factor (GEF), which subsequently activates
Racl. The phosphorylated Tyr397 of FAK can also recruit the SH2 domain of PI3K. The
local accumulation of PIP3 caused by the PI3K activity can recruit another Rac GEF Vav2,
which provides the second pathway for Rac1 activation.38 Activated Rac1 can then promote
the formation of lamellipodia through the activation of WAVE and Arp2/3 proteins. Thus,
the Src/FAK-mediated Racl activation can induce the lamellipodia protrusion in the leading
edge, which is crucial for cell migration. Filopodia, a fine actin bundle structure in the
leading edge, can sense and explore the extracellular environment of a migrating cell to
guide cell migration. FAK can influence Cdc42 and its effecter N-WASP to promote the
formation of filopodia.>® In fact, FAK can phosphorylate N-WASP at tyrosine 256, which
can influence the subcellular localization of N-WASP to regulate filopodia. Therefore, the
Src/FAK complex can regulate actin reorganization during cell migration through Rho
GTPases.

LIVE CELL IMAGING OF THE Src/FAK SIGNALING BY FRET

Live cell imaging can provide tremendously more insights than traditional biochemical
assays, 122 which usually require the cells to be killed.>3 The discovery of green
fluorescence protein (GFP) and recent advances in fluorescence proteins (FPs) enabled
visualizing of the distribution of a protein as well as tracking of its locations in live
cells.34:58 Genetically-encoded bio-sensors based on FPs and fluorescence resonance energy
transfer (FRET) can further allow the visualization and quantification of the molecular
activity at subcellular levels with high spatiotemporal resolution. Fluorescence proteins for
the FRET pair of biosensors can be chosen when the emission wavelength of a donor FP
overlaps with the excitation wavelength of an acceptor FP. If these FRET pair FPs are in
proximal with appropriate orientation, fluorescence resonance energy can be transferred to
the acceptor when the donor is excited. Substrate-based kinase FRET biosensors can be
developed accordingly by connecting a specific substrate peptide and its binding domain
between a donor and an acceptor FP. When the target kinase is active in cells, it can
phosphorylate the specific substrate in the biosensor, and the phosphorylated substrate can
then bind to the intramolecular binding domain, e.g. SH2 domain. This intramolecular
interaction can cause the conformation change of the bio-sensor, which results in the FRET
change (Fig. 1). Thus, the molecular activity of the target kinase can be visualized in live
cells by monitoring the FRET change. In this section, we will discuss the development of
FRET biosensors for the visualization of Src and FAK activities in live cells.
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Src FRET Biosensors

A FRET-based Src biosensor was initially developed using the strategy of substrate-based
kinase biosensors described above.50 When the active Src phosphorylates the tyrosine of the
substrate, the phosphotyrosine binds to the SH2 domain in the biosensor, causing the FRET
change between a FRET pair FPs, enhanced cyan fluorescence protein (ECFP) and enhanced
yellow fluorescence protein (EYFP). This Src biosensor showed around 30% of FRET
changes in vitro when subjected to kinase assay in the presence of Src. However, the
substrate of the biosensor, selected from in vitro library screening, also responded to EGFR,
Abl and Lck.50 Because the specific FRET response is one of the essential features for the
successful biosensor, the second version of Src biosensor was subsequently developed to
improve the specificity.52 This Src bio-sensor has the substrate peptide derived from a Src
substrate p130CAS, which can be specifically phosphorylated by Src. In addition, the
intermolecular FRET, which can be caused by the dimerization tendency of FPs, was
eliminated by the mutation of Ala206Lys in FPs. This improved biosensor displayed a high
sensitivity and specificity toward Src kinase, and allowed the successful visualization of a
wave propagation of Src activation upon mechanical stimulation induced by a laser-tweezer-
traction of a bead seeded on top of human umbilical vein endothelial cell (HUVECs).552
Recently, ECFP and YPet were shown to serve as an improved FRET pair to allow a
significantly enhanced dynamic range for various FRET biosensors, including the Src FRET
biosensor.# This third version of Src biosensor with enhanced sensitivity can allow the
detection of subtle, but physiologically crucial signals.*! For example, this Src biosensor has
allowed the visualization of a transient Src activation in bovine aortic endothelial cells
(BAECs) upon vascular endothelial growth factor (VEGF) stimulation.*! With this bio-
sensor, a rapid activation of Src upon mechanical stretch was also observed to have a speed
40 times faster than chemical stimulation.3°

FAK FRET Biosensors

Several FAK biosensors based on FRET were recently developed. One of the FAK
biosensors consists of a donor FP and an acceptor FP separately fused to FAK and a double-
SH2 domain, respectively.® This system is designed to report the intermolecular FRET
increase upon the interaction between the autophosphorylated Tyr397 and SH2 domains.
However, this intermolecular FRET system has some limitations compared to intramolecular
FRET system. First, it is difficult to determine whether the FRET signals are engendered
from the binding of the double-SH2 domain to the phosphorylated Tyr397 or other tyrosine
sites in FAK. In addition, the acceptor/donor ratio at various subcellular locations is not
uniform due to the different expression and localization of donors and acceptors. Thus, this
approach requires more sophisticated mathematical tools to quantify the signals than a
simple donor/acceptor ratio in live cells. Another two FAK biosensors were developed to
detect the intramolecular FRET upon the conformational change of FAK.%43 It has been
shown that, in the auto-inhibited state of FAK, the N-terminal FERM domain binds to the
kinase domain to block the phosphorylation of the active loop of FAK. This closed
conformation can be open when FAK is activated.32 Accordingly, ECFP was fused at the N-
terminus of FAK and EYFP inserted at the linker region between the FERM and the kinase
domain of FAK to develop these FAK biosensors. Therefore, the conformational change of
FAK, representing FAK activation, can cause the FRET change of these biosensors. Despite
their similar design strategies, the FRET responses of these two biosensors upon FAK
activation were opposite to each other: increasing in one case*3 while decreasing in the
other,? suggesting a complex FRET mechanism of these reporters. The inserted FP at the
linker regions may also partially expose the kinase domain, causing an elevated enzymatic
activity of the biosensors comparing to the endogenous FAK.2 Also, the expression of this
full-length FAK-containing bio-sensors may lead to the perturbation of the endogenous
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downstream signaling pathways, possibly by introducing extra enzymatic activities of FAK
in host cells.

Recently, a substrate-based FAK FRET bhiosensor has been developed. This FAK biosensor
is composed of a specific substrate and Src SH2 domain between an enhanced FRET pair
ECFP and YPet. The substrate sequence is derived from the linker region encompassing
Tyr397 of FAK. When Tyr397 in the substrate of the biosensor is phosphorylated by the
active FAK (trans-activation), the phosphorylated substrate can then bind to the
intramolecular SH2 domain, causing a conformation change and a decrease in FRET. This
FAK biosensor has a design strategy similar to the Src FRET biosensor, with the only
difference on the substrate peptide. In vitro kinase assay showed no FRET change of this
FAK biosensor by addition of the active Src, indicating the specificity of the biosensor
toward FAK, but not Src. In addition, the over-expression of this FAK biosensor did not
affect the phosphorylation of ERK, suggesting the biosensor did not affect endogenous
downstream signaling pathways (Seong et al., manuscript under review).

SUBCELLULAR VISUALIZATION OF THE Src/FAK SIGNALING

It is clear that the Src/FAK complex is involved in numerous crucial signaling pathways. To
precisely control these various signaling events, the tight spatiotemporal regulation of the
Src/FAK activity is important. In particular, proper subcellular localization is crucial
because molecular interactions are largely dependent on the subcellular environment due to
different sets and concentrations of molecular intermediates at different subcellular regions.
Both Src and FAK can interact with membrane proteins such as integrins and growth factor
receptors, it is hence expected that the activities of Src and FAK are largely determined by
their localization at the plasma membrane. However, the plasma membrane is not uniform in
structure and has different microdomains, e.g. lipid rafts, which are rich in cholesterol,
sphingomyelin, and saturated fatty acids, and known to function as segregated signaling
platforms. Therefore, the subcellular targeting of the Src or FAK biosensor is essential to
visualize and study the activities of Src and FAK with high precision in space and time. In
this section, we will discuss several targeting signals, and examples of their application in
the subcellular targeting of FRET-based biosensors.

Protein Targeting Signals

Cells contain separate compartments including nucleus, mitochondria, endoplasmic
reticulum (ER), and plasma membrane. Unlike diffusive dyes, e.g. Fura-2, one of the
advantages of genetically encoded FRET biosensors is that they can be engineered to
localize at the specific subcellular position and report the local activity of the target
molecules. Many protein targeting signals have been discovered, e.g. nuclear localization
signal (NLS),17 nuclear export signal (NES),5 the endoplasmic reticulum (ER)2° and
plasma membrane targeting signals!847 (Table 1). These short peptide sequences are
identified from the endogenous proteins that are localized at the specific subcellular
compartments. The fusion of these specific tags to the engineered proteins, such as FRET-
based biosensors, can enable the targeting of the engineered proteins to the desired
subcellular locations in a live cell. For example, a FRET-based Ca?* biosensor was targeted
into the ER, a major calcium store, to confirm the Ca?* oscillation in human mesenchymal
stem cells.2% The subcellular activity of INK was also studied by a FRET-based JNK
biosensor targeted to nucleus, mitochondria, and plasma membrane.1” The FRET biosensor
detecting the activity of membrane type 1 matrix metalloproteinase (MT1-MMP) was
tethered outside of the plasma membrane using the targeting sequence adopted from the
transmembrane domain of the platelet-derived growth factor (PDGF) receptor 4.40 Thus, this
biosensor can successfully visualize the MT1-MMP activity dissolving the extracellular
matrix in response to epidermal growth factor (EGF). Therefore, FRET-based biosensors
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with specific targeting signals can be a powerful tool to study the molecular signaling events
in live cells with high spatiotemporal precisions.

Targeting Signals to Microdomains of the Plasma Membrane

It has been shown that lipid modifications, e.g. acylation and prenylation, are sufficient to
target a protein into different microdomains of plasma membrane.>” The FRET biosensor
with these specific targeting signals can allow the live cell imaging of molecular activity in
or outside of lipid rafts, whose size is beyond the resolution of the microscope. For example,
the local activities of Src and Akt at lipid rafts of the plasma membrane were recently
visualized to be different from those at the general membrane regions.18:47 The targeting
signal for lipid rafts (Lyn-tag) contains the acylation substrate derived from Lyn kinase (Fig.
2). The N-terminal glycine and cysteine sites at this acylation sequence can be myristoylated
and palmitoylated so that the tagged protein modified with these long saturated fatty acids
can be incorporated into the lipid raft microdomains of the plasma membrane. Non-raft
targeting signal (KRas-tag) was adopted from KRas which has C-terminal polybasic amino
acids and a cysteine site for prenylation modification. The tagged protein with this long
unsaturated fatty acids and positively charged amino acids can be attracted to the general
membrane regions of the plasma membrane, but not partitioned into lipid rafts. As such, the
Lyn- or KRas-tag can be added in the N- or C-terminus of the FRET-based biosensor,
respectively, to localize the biosensor at different microdomains of the plasma membrane.
These differentially localized Lyn- and KRas-tagged biosensors at the plasma membrane can
be confirmed by modeling their movement in the cell geometry by two-dimensional
diffusion simulation based on the finite element methods.3%48 Utilizing the images obtained
by the fluorescent recovery after photobleach (FRAP) experiments, the finite element
simulation and analysis have revealed that the Lyn-tagged biosensors are tightly attached to
the membrane, with a slower motion than that of the KRas-tagged biosensors. The KRas-
tagged biosensors appeared to be associated to the membrane with less stable binding state.
The cytosolic biosensors, on the other hand, moved in 3D compartments between the
nucleus and cytoplasm, which cannot be accurately described by a 2D diffusion model.3°
These results confirmed that the Lyn- and KRas-tags can position the biosensors at different
subcellular locations at the plasma membrane.

Differential Src/FAK Activations at Different Microdomains of the Plasma Membrane

The Src activity at different microdomains of plasma membrane was studied utilizing the
specific Src biosensor with Lyn- and KRas-tags described above.4” The Src biosensors
tethered at different microdomains showed different FRET responses upon stimulations with
pervanadate or growth factors: the FRET change of KRas-tagged Src biosensor was much
faster and stronger than that of Lyn-tagged Src biosensor (Fig. 3). These results suggest that
the Src activation outside of lipid rafts is faster and stronger than that within lipid rafts. In
fact, Src has only a myristoylation motif whereas Lyn and Fyn, other Src family kinase
members localized at lipid rafts, have the sites for both myristoylation and palmitoylation.
Hence, this study supports the notion that a single acylation signal may not be sufficient to
target the proteins inside lipid rafts. However, a small fraction of Src population can still be
partitioned in lipid rafts, as evidenced by the observation of FRET response of the Lyn-
tagged Src bio-sensor although it was much slower and weaker than that of the KRas-tagged
Src biosensor. Computational analysis further revealed that growth factors can induce a Src
activation at lipid rafts at clustered regions proximal to the cell periphery, possibly
representing localized Src activation near the focal adhesion sites.3® It is possible that these
different Src populations in and outside of lipid rafts can be involved in different
downstream signaling events. Indeed, it has been shown that v-Src at lipid rafts regulates the
PI3K/Akt signaling pathway, whereas Src at non-raft regions is involved in the MAPK/ERK
signaling pathway.15 Therefore, lipid rafts function as segregated platforms of Src signaling
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pathways, allowing a fast and strong Src activation at non-raft regions and a slow and weak
Src activation at lipid rafts.

The FAK activity at different microdomains of plasma membrane was recently studied with
the FRET-based FAK biosensors with Lyn- and KRas-tags (Seong et al., manuscript under
review). The FRET response of Lyn-FAK biosensor upon adhesion or PDGF stimulation
was much stronger than that of KRas-FAK biosensor, suggesting that FAK activation might
mainly occur at lipid rafts. This suggests a strong link between focal adhesions and lipid
rafts. In fact, it has been previously shown that FAK can translocate to lipid rafts upon cell
adhesion.2 The elimination of the raft-protein caveolin blocked the FAK phosphorylation
upon integrin activation.>* The depletion of cholesterol and hence the disruption of rafts by
methyl-A cyclodextrin (MBCD) also down-regulated FAK functions.* These studies
indicate that, although Src and FAK work closely as a molecular complex, they may be
differentially localized at the plasma membrane: Src functions mainly outside lipid rafts, and
only a minor fraction of Src co-localizes with FAK at lipid rafts. These studies also indicate
that the integration of the FRET-based biosensors and specific targeting signals, i.e.
acylation and prenylation, can provide power tools to study the activity of the Src/FAK
complex at the subcellular compartments of the plasma membrane.

CONCLUSION AND PERSPECTIVES

In this review, we discussed the signaling pathways of the Src/FAK complex involved in
cell adhesion/migration and the progress in the development of FRET-based biosensors to
detect their subcellular activities. Recent studies utilizing specific Src/FAK FRET
biosensors revealed the differential Src/FAK activities at different microdomains of the
plasma membrane. It appears that Src has two distinct populations in and outside lipid rafts.
It would be interesting to know further how different Src populations are tightly regulated to
localize at different microdomains of the plasma membrane and to affect downstream
pathophysiological consequences. In contrast to Src, FAK activity was mainly observed in
lipid rafts of the plasma membrane. Since FAK is one of the major players in focal
adhesions, it would be interesting to further delineate the relationship between lipid rafts and
focal adhesions. These studies also showed that the subcellular targeting of the FRET
biosensor provides a useful tool to visualize the local activity of proteins of interest in live
cells. Therefore, utilizing this powerful method, more signaling pathways at the subcellular
compartments can be studied in live cells. It is envisioned that FRET biosensors with further
improved sensitivity and specificity will be developed. Biosensors with distinct colors will
also become available in the future to allow the simultaneous visualization of multiple
signals in the same live cell. All these should allow our in-depth understanding of the
complex molecular signaling events in live cells.
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FIGURE 1.

General design of a tyrosine kinase biosensor based on FRET. A typical kinase biosensor
based on FRET is composed of a specific substrate peptide and its binding domain between
a donor and an acceptor FPs. When the specific substrate in the biosensor is phosphorylated
by active kinase, it can bind to the nearby binding domain, e.g. SH2 domain. This
intramolecular interaction can cause the conformation change of the biosensor, which results
in the FRET change.
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FIGURE 2.

Targeting of FRET biosensors into microdomains of plasma membrane. The targeting signal
into lipid rafts (Lyn-tag) contains the acylation substrate derived from Lyn kinase. N-
terminal glycine and cysteine can be myristoylated and palmitoylated. The tagged protein
modified with these long saturated fatty acids can be incorporated into the lipid-raft
microdomains of the plasma membrane. Non-raft targeting signal (KRas-tag) was adopted
from KRas which has polybasic amino acids and a C-terminal cysteine site for prenylation
modification. The tagged protein with this long unsaturated fatty acids and positively
charged amino acids can be attracted to the general membrane regions of the plasma
membrane, but not into lipid rafts.
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FIGURE 3.

Differential Src activity in and outside of lipid rafts upon the PDGF stimulation. Mouse
embryonic fibroblasts (MEFs) were transfected with Src biosensors containing microdomain
targeting signals and stimulated with 10 ng/mL of PDGF. The ECFP/FRET images of Src
biosensors before and after the PDGF stimulation are displayed. The color bars represent the
ECFP/FRET ratio values.
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TABLE 1

The sequences of various subcellular targeting signals.
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Target site Amino acids sequences Location References
Nucleus localization signal PKKKRKVEDA C-terminal  [17]
Nucleus export signal LPPLERLTL C-terminal  [51]
Endoplasmic reticulum MLLPVLLLGLLGAAAD N-terminal  [29]
KDEL C-terminal

Mitochondria MAIQLRSLFPLALPGMLALLGWWWFFSRKK N-terminal ~ [17]

Outer plasma membrane AVGQDTQEVIVVPHSLPFKVVVISAILALVVLTISLIILIMLWEKKPR  C-terminal  [40]

Lipid rafts inside plasma membrane ~ MGCIKSKRKDNLNDDE N-terminal ~ [18,47]
Non-Lipid rafts inside plasma KKKKKKSKTKCVIM C-terminal  [18,47]

membrane
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