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Abstract

Fluorescence-based, genetically encodable biosensors are widely used tools for real-time analysis
of different biological process. Over the last few decades the number of available genetically
encodable biosensors and the types of processes they can monitor has increased rapidly. In this
review we aim to introduce the reader to general principles and best practices in biosensor
development and highlight some of the ways in which biosensors can be used to illuminate
outstanding questions of biological function. Specifically, we will focus on sensors developed for
monitoring Kinase activity and use them to illustrate some common considerations for biosensor
design. We will describe several uses to which kinase and second-messenger biosensors have been
put, and conclude with considerations for the use of biosensors once they are developed. Overall,
as fluorescence-based biosensors continue to diversify and improve we expect them to continue to
be widely used as reliable and fruitful tools for gaining deeper insights into cellular and
organismal function.

Introduction

From the first use of fluorescently-tagged antibodies to image fixed cells through the
present, scientists have wanted to “see” and thus better understand various molecular
systems inside the cell. One tool that has gained traction for real-time analysis of these
systems is the fluorescence-based, genetically encodable biosensor.

Early optical sensors included small molecules that bound to analytes, such as fura2 to
calcium (Williams et al., 1985). Expanding the scope of biosensors to detect targets that are
not easily bound by small molecules, a cAMP probe was developed in 1985 based on the
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dissociation of the catalytic and regulatory subunits of protein kinase A (PKA) when the
kinase is activated (Adams et al., 1985). The two subunits were purified separately, tagged
with the fluorophores rhodamine and fluorescein, and finally reintroduced to cells by
microinjection. The dissociation of the subunits when cAMP was present caused a change in
energy transfer between the two fluorophores, enabling visualization of where and when
cAMP was produced for the first time. However, the probe was labor-intensive to produce
and cumbersome to introduce into cells.

The advent of GFP and other fluorescent proteins solved both of these difficulties at once,
and has inspired subsequent decades of optical probe design. Fluorescent proteins have
proven to be a good tool for measuring in-cell activity because they are genetically
encodable, bright, and available in many colors, enabling monitoring more than one target.
Their genetic encodability is especially desirable in order to take advantage of the cell's own
protein-synthesis machinery, introduce fluorophores with minimal disruption to the cell, and
target probes to subcellular regions of interest. Furthermore, fluorescent proteins, having
evolved in a cellular environment and been extensively engineered for use in mammalian
cells, are compatible with cellular pHs, redox properties, and other characteristics.

After early development of genetically encoded reporters for calcium (Miyawaki et al.,
1997) and cAMP (Zaccolo et al., 2000), a wide range of biosensors has been developed for
monitoring different cellular events. Sensors for changes in pH and redox state;
accumulation of second messengers; and activation of enzymes like kinases and
phosphatases have all been reported. Kinases are a key signaling class, mediating
information flow between external and internal environments or between subcellular
compartments. Because of the broad reach of each activated kinase and the complex
signaling cascades that lead to its activation, many kinases are key nodes in cell signaling
networks.

This review aims to introduce the reader to biosensor development and application, focusing
on those developed for kinases and their upstream second messengers. In the effort to
understand signaling as it occurs in vivo, non-destructive technologies for monitoring
signaling over time are required; biosensors are uniquely positioned to fill this need. In
recent years, kinase activity reporters have been used to address a variety of systems-level
questions in terminally differentiated cells and the animals from which they are derived.

In their conception and optimization, in-cell fluorescent biosensors have a great deal in
common with development of small-molecule probes. Like such probes, genetically
encodable biosensors are used for studies of basic biology and also to investigate the
activities of many different disease-relevant signaling pathways. Such tools are effort-
intensive in terms of conception, development and optimization; however, the resulting
benefit of these tools especially in furthering our understanding of signaling biology
outweigh the costs associated with the design process. Like any good technological product,
probes are subject to quality control and are often modified based on user feedback. Thus,
we introduce the “pipeline” of biosensor development and application (see figure 1). We
will begin by addressing some common considerations and frequently-used blueprints for
biosensor design, then survey several uses to which kinase and second-messenger biosensors
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have been put. We will conclude with considerations for the use of biosensors once they are
developed, and the outlook of the field as a whole.

Biosensors: the pipeline

Genetically encodable probes

Sensing

The general blueprint for a kinase/second messenger biosensor includes a sensing unit that
senses the change of interest, and a reporting unit to indicate the sensing unit's state. To
visualize a signaling event of interest, the designer of a sensor often need to identify, or
engineer, a molecular switch where a change in conformation occurs in response to
signaling. The reporting unit typically contains one or more fluorescent proteins. A wide
variety of genetically encodable kinase activity biosensors and second messenger indicators
have been developed along these lines (summarized in table 1).

One approach to generating a molecular switch is to regard the cell as a molecular toolkit—
the approach used in developing the first PKA-based sensor for cAMP. The switch can be a
protein or protein fragment that changes its conformation upon binding to a second
messenger molecule; or it may change conformation after being enzymatically modified by
the signaling enzyme of interest. Probes designed along these lines include a FRET-based
sensor for the conformational change of NFAT after dephosphorylation by calcineurin
(Newman et al., 2008) and a split-luciferase sensor for activity-related conformational
changes in Abl kinase (Zhou et al., 2009).

If no suitable change occurs within one protein, the designer may repurpose domains from
several proteins to develop an engineered switch. In the case of a kinase activity reporter, for
example, a common blueprint involves the consensus substrate sequence, separated by a
linker from a phospho amino acid binding domain that binds to that sequence when it is
phosphorylated. The phospho amino-acid binding domain (often designated PAABD in
schematic diagrams) is usually adapted from a conserved domain such as the 14,3,3
proteins; forkhead-associated (FHA) domain; two-tryptophan (WW) domain; or Src
homology (SH2) domain. Sensors for activity of PKA (Zhang et al., 2001), Erk (Harvey et
al., 2008), and a wide variety of other kinases use this scheme.

Switches derived from two endogenous proteins may also be left separate, in order to form a
bimolecular sensor. The bimolecular sensor class is quite large and includes many sensors
designed on an ad-hoc basis for studies to determine when and where two proteins of
interest interact, including heteromeric binding of receptors for peptide hormones
(Almabouada et al., 2013), various neurotransmitters (Borroto-Escuela et al., 2012),
SNARES (Degtyar et al., 2013) and immune signaling molecules (Hashimoto-Tane et al.,
2010). In addition to providing information about the location and timing of protein
interactions, bimolecular sensors can be used to determine what portions of the proteins are
required for interaction (Borroto-Escuela et al., 2012) or to characterize the dissociation
kinetics of the two proteins (Song et al., 2012).
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Occasionally, to solve problems such as very high basal FRET, sensors initially designed in
a single-polypeptide unimolecular format have been broken into bimolecular sensors by
removing the linker to generate two separate proteins (Herbst et al., 2011). This
modification can yield sensors with greater dynamic range, owing to better separation of
FRET partners in the “off” state, but it can also introduce difficulties in data interpretation.
In bimolecular versions of a probe, the donor/acceptor stoichiometry is not fixed, which can
affect the signal (Jares-Erijmen and Jovin, 2003). This added variable requires the
experimenter either to ascertain that the two subunits are expressed at equal levels or to use
one of several correction algorithms that correct for nonhomogeneous subcellular
distribution or uneven labeling before calculating FRET (Hachet-Haas et al, 2006; Deplazes
et al, 2012). It has also been observed that bimolecular versions are much more sensitive to
off-target binding. For example, a bimolecular version of the calcium sensor Cameleon was
based on calcium induced binding between calmodulin and the calmodulin-binding domain
of myosin light chain kinase (MLCK). The bimolecular version of Cameleon was suggested
to have a higher tendency to bind to endogenous components (Miyawaki, 2003). Even the
unimolecular version was influenced by binding of endogenous components, showing very
low optical activity when endogenous calmodulin was abundant. This problem led to an
effort to rationally re-engineer calmodulin and calmodulin binding peptides that bind to one
another and to calcium, but clash sterically with endogenous calmodulin, based on a “bump
and hole” modification of binding surfaces (Palmer et al., 2006).

If a desired switch cannot be assembled from naturally-occurring proteins or domains, it is
possible to engineer a switch or part of a switch such as a binding domain. For example, in
the absence of a strong and specific binding protein for phosphorylated 1kBa, which is
usually degraded following phosphorylation, one group used SELEX, a technique for
directed evolution from a starting RNA library, to obtain a peptide that bound specifically to
phospho-1kBa (Olson et al., 2008). This binding domain was tested in the context of an
engineered molecular switch for an activity reporter for IKK (inhibitor of NF-xB kinase)
and was found to be functional in vitro.

The conformational change of the switch can be engineered using different designs. For
instance, a switch could be engineered using the design of a pseudo-ligand, which ideally
binds only when the true ligand is absent. For example, an Akt-based probe for the presence
of 3’ phosphoinositides used the pleckstrin homology (PH) domain from Akt, fused with a
basic peptide pseudo-ligand that bound to the PH domain with low affinity. When
phosphoinositides are present, the pseudo-ligand is displaced, changing the switch
conformation (Ananthanarayanan et al, 2007). Based on a similar pseudoligand design,
some switches are engineered to be a hybrid of genetically encoded and synthetic domains.
“Snifit” is a transmembrane probe composed of a glutamate receptor with two “self-
labeling” peptide tags added to the extracellular terminus. These peptides can be covalently
labeled with fluorescent dyes bearing moieties that react specifically with cognate groups on
the peptides (Gautier et al., 2008). In the case of Snifit, one synthetic fluorophore and
another synthetic florophore conjugated with a glutamate mimic as the pseudoligand are
added to label cells expressing Snifit such that FRET occurs between two fluorophores in
the absence of glutamate. The pseudoligand, however, is displaced by endogenous
glutamate, resulting in reduced FRET when glutamate is present in the extracellular space
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(Brun et al., 2012). Other synthetic strategies for kinase activity visualization have been
reviewed by Rothman et al (2005).

Once a molecular switch is selected, it must be placed within a sensor so that its binding or
conformational change produces a change in optical properties. A number of design
principles exist, ranging from simple intensity changes to ratiometric methods (see figure 2).
Reporting domains may consist of one fluorescent protein, two peptides that combine to
reconstitute a fluorescent or luminescent protein, or two fluorescent proteins.

Single fluorescent protein-based biosensors typically use a fluorescent protein with its
protective beta-barrel broken, engineered so that the conformational change of the
embedded molecular switch is transduced to also change the fluorescent protein's
conformation and allow fluorescence to recover. This strategy has been used to create
sensors for calcium, including GCAMP (Nakai et al., 2001). In one case, it has been used to
indicate tyrosine phosphorylation (Kawai et al, 2004).

Bimolecular fragment complementation-based probes, feature two complementary
fragments of a fluorescent protein, able to fluoresce only if they are brought into proximity,
or two fragments of luciferase that reconstitute a functional luciferase when brought into
proximity. These probes have been used for analysis of protein/protein interactions and
kinase activity (Herbst et al., 2011); between the two, luciferase fragment complementation
is more favorable for tracking reversible processes because fluorescent protein
complementation is irreversible (Rebois et al., 2008).

Sensors using two fluorescent proteins typically rely on fluorescence resonance energy
transfer (FRET). FRET is the non-radiative transfer of energy from one fluorophore to
another via dipole-dipole interactions, resulting in reduced fluorescence from the shorter-
wavelength and higher-energy “donor” fluorophore and increased emission from the longer-
wavelength and lower-energy “acceptor.” Because FRET is highly distance and orientation
dependent, with a sharp decrease in efficiency at nanometer-scale distances much shorter
than the diffraction limit of light, it is a useful biophysical property for sensing proximity on
a scale too small to be visualized as co-localization.

Flanking a molecular switch with a fluorescent protein pair competent for FRET enables
monitoring of the conformation of the switch by the changes in FRET. One popular measure
is FRET intensity ratio, a ratio of acceptor emission to donor emission after excitation at the
donor wavelength. In addition to intensity, FRET can be measured by donor fluorescence
lifetime (Padilla-Parra et al, 2012) or fluorescence anisotropy (Piston and Rizzo, 2008);
these techniques, along with advantages and disadvantages of each, have been reviewed at
length in the reviews listed above, as well as by Day and Davidson, 2012; Periasamy et al.,
2008; and Sun et al., 2013.
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Biosensor quality control and optimization

A successful probe needs to be both sensitive to and specific for the species of signaling
molecule under study. Specificity for the kinase of interest needs to be verified, and the
sensitivity and dynamic range of the probe generally require empirical optimization.

Once a probe is developed, and shows a satisfactory change in optical properties in response
to the signal of interest, it is important to confirm that the optical change is specific to that
signal. For probes based on kinase substrates, generating a quality control to rule out
artifactual changes can be as easy as mutating the phosphorylated residue of the sensor to
ensure that signal changes are abolished (Herbst et al., 2011). Another approach, which
ensures that phosphorylation stems from the kinase of interest, is to stimulate cells
expressing the kinase biosensor in the presence of an inhibitor specific to the kinase to
ascertain that no spurious signal is observed (Eisler et al., 2012). The optical change may
also be compared with traditional biochemical techniques like western blotting if phospho-
and total protein antibodies are available for the target kinase or its substrates (Newman et
al., 2008).

Many phosphorylations are carried out by a large family of related kinases with subtly
different selectivity and activity; therefore, another consideration in a probe's specificity is
whether it is isozyme-selective. Kajimoto et al. (2010) specialized a preexisting protein
kinase C (PKC) sensor (Violin et al., 2003) based on a consensus PKC phosphorylation site,
using sequences from PKC§ substrates. When the new probe was expressed alongside a
panel of FP-tagged PKC isoforms, it responded specifically to PKC3. An alternate approach
to enhancing isozyme specificity is to add a selectivity-enhancing module to the sensor
backbone; for example, Fosbrink et al. (2010) generated a probe selective for INK over
Erk1/2 by adding a docking domain to the shared substrate sequence. This type of
optimization enables investigation of differences between closely related but differentially
regulated kinases.

Once specificity has been established, a probe's sensitivity can be characterized using in
vitro assays. For example, a dose-response curve showing optical changes in response to
increasing analyte concentrations can be used to determine both dynamic range of the probe,
in terms of response amplitude, and the concentration range of analyte that can be sensed
accurately (Tantama et al., 2012). In some cases, this in-vitro step is bypassed in the
development of kinase sensors because of the relative difficulty of purifying kinases in their
active form; instead, the magnitude of response to a known strong stimulant of the kinase is
measured. For probes with a low dynamic range or small FRET change, only very large
changes in kinase or phosphatase activity can be detected. Because responses to strong
stimuli in cultured cells usually far exceed responses to physiological stimuli in vivo, such
probes require optimization in order to detect subtler changes. Optimization can be carried
out on a semi-rational basis by tuning various factors that affect the FRET efficiency,
including orientation of and distance between the two fluorophores.

Because effective energy transfer depends on alignment at an optimal orientation of the two
fluorophores, minor changes during the optimization of biosensors can lead to unpredictable
changes in dynamic range. One common strategy for biosensor optimization is to switch
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between spectrally similar fluorescent proteins in order to alter the orientation of the donor
and acceptor fluorophores. For example, introduction of circularly permuted Venus, whose
N and C termini are at different positions relative to the central fluorophore, can be a useful
strategy to increase the dynamic range of probes (Nagai et al., 2004; Allen et al., 2006).

Distance between the fluorophores can be modulated by changes to the length of a peptide
linker in a unimolecular sensor, often yielding changes in dynamic range. The linkers of
unimolecular sensors have been the target of extensive optimization efforts. Several groups
have worked to optimize a generic backbone using a flexible linker, which allows the
fluorescent protein pair to sample many different orientations and limits signal induced
changes to those dependent on distance. Although the process of adjusting linker length for
optimal FRET efficiency takes time, once a suitable linker is found, it may be used for
different substrate/recognition domain pairs. Komatsu et al. (2011) developed a backbone
with a flexible 116 amino acid linker that improved the dynamic range for a number of
kinase and GTPase sensors and was used to rapidly develop several new kinase sensors.
Ibraheem et al. (2011) used a library approach to optimize linker length, comparing basal
and maximally-stimulated states in replica-plated bacterial colonies. This approach allowed
rapid assessment of dynamic range in a large number of variants of the probe. An alternate
approach, especially useful for probes with highly structured components, is to rationally
design rigid linkers to optimize fluorophore distance (Lissandron et al., 2005).

However, distance dependency of FRET may not always be easily deconvolved from
orientation dependency. For example, while developing a unimolecular sensor for glutamate
based on the conformational change of a glutamate-binding protein, one group observed a
four-fold change in dynamic range between versions that differed in length by only one
amino acid (Hires et al., 2008). They ascribed this change to the sensitivity of energy
transfer to minute differences in orientation and distance, which were enhanced by the
rigidity of the peptide in between the fluorescent proteins.

Publication to report on the development of a sensor is rarely the final word in its
optimization (see figure 1). Even after a sensor has been introduced, updated versions are
frequently released. The groups or individuals who developed a probe often continue to
improve it, while users also adapt probes for their needs. In many cases, dynamic range
remains relatively small, with continued optimization a desirable and ongoing process
(Marvin et al, 2013; Depry et al., 2011; Kajimoto et al., 2010). Adaptations to prior probes
include changing optical readouts, for example converting a probe optimized for ratiometric
FRET for FLIM imaging, (Oliveira and Yasuda, 2013), and reducing sensitivity to pH and
other off-target variables. Thus, optimization is most effective with specific applications in
mind.

Sensor expression in primary culture and live animals

The payoff for the lengthy work of biosensor development is the ability to use the finished
product to address a wide range of questions in many cell types. The fundamental question
sensors uniquely answer is how various kinases function in a cellular context; although
antibodies may be available to give insight into phosphorylation state, they can provide only
snapshots of kinase activity. Biosensor approaches offer enhanced spatiotemporal resolution.
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Often the first generation of a sensor is used to inquire into how the kinase of interest
behaves in a cell line. The use of sensors to better understand such signaling has been
reviewed extensively (Sipieter et al, 2013; Miyawaki, 2003; Mehta et al., 2011). Briefly put,
a novel sensor can be used to explore the role of a kinase in cell activities, to study how
absence or overexpression of interactors affects activity of the kinase, the location of kinase
activation, and circuit analysis of interacting pathways, among other questions.

There are many cell-type-specific processes that are known to involve the activity of one or
more kinases, but wherein the exact function of the kinase in question is incompletely
described. In order to get that missing information in a more physiologically relevant
context, primary cells and live animals are used. We will describe in detail how sensors have
provided valuable information about cardiac and neuronal cell biology, then examine the
emerging field of transgenic, biosensor-expressing animals.

Compartmentalized Kinase Signaling in Cardiomyocytes

Cardiac contraction is a physiological process of paramount importance, and is therefore
regulated by diverse signaling pathways, many of which feature kinases in critical roles.
PKA is one such kinase and is a key mediator in adrenergic signaling; stimulation of p1 or
2 adrenergic receptors activates G proteins. Gag activates adenylyl cyclases, which produce
CAMP that in turn stimulates PKA. PKA can tune cardiomyocyte contraction frequency via
phosphorylation of its substrates at the sarcoplasmic reticulum, which include the SERCA
regulator phospholamban and the calcium-binding adaptor protein troponin. The activation
of PKA is tempered by phosphodiesterases, which limit cAMP, and some of which are
activated by PKA,; and A kinase anchoring proteins (AKAPSs), which anchor PKA
holoenzymes to specific subcellular locations.

The PKA reporter AKAR has been used, often in conjunction with cAMP reporters, to better
understand adrenergic signaling in cardiomyocytes. This line of inquiry began with
investigation into spatial regulation of CAMP in neonatal cardiac myocytes (Zaccolo and
Pozzan, 2002), and has examined various forms of compartmentalization. For example, the
differences between 1 and 2 adrenergic receptors (ARSs) in stimulating PKA activity are of
great interest. Tracking cCAMP activity in response to extremely localized delivery of a BAR
agonist with isoform-specific inhibitors, Nikolaev et al. (2010) showed that f1AR-induced
cAMP signals are more diffuse whereas p2AR-induced cAMP signals are spatially confined
and localized exclusively to the deep transverse tubules. In a mouse model of myocardial
infarction, however, B2AR becomes distributed more diffusely over the cell surface, and
produces a more diffusible cCAMP wave. Related work showed that different doses of
isoproterenol led to substantially different PKA dynamics as measured by AKAR (De
Arcangelis et al., 2010). The increased reaction of PKA to a higher concentration of
isoproterenol was traced to greater CAMP diffusibility, dependent on a dose-dependent
release of PDE4 from B1ARs. Likewise using local cAMP dynamics as a clue to PDE
location and activity, Sin et al. (2011) showed binding between PDE4 and a scaffolding
protein that was induced by PKA phosphorylation, suggesting a negative feedback loop that
keeps PKA activity within physiological range. Another check on B1AR-induced cAMP
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signaling is provided by AKAP79/150, which regulates B1AR recycling, and genetic
deletion of which causes abnormal cAMP signaling and contraction (Li et al., 2013).

Anchored AKAR can be used to answer questions about smaller micro-environments of
PKA activity; for example, a sarcoplasmic-reticulum-targeted AKAR was developed by
fusing the probe to a phospholamban transmembrane sequence. This enabled the reporter to
detect only the PKA activity that phospholamban and other SR membrane proteins are
exposed to, rather than all PKA activity anywhere in the cell (Liu et al., 2011). This
targeting innovation allowed the group to show conclusively that PKA activity is coupled to
excitation and contraction. The same probe was used by Chakir et al. (2011) to investigate
the response of cardiomyocytes to cardiac resynchronization therapy, a treatment for
dissynchronous heart failure that was successful but whose mechanisms were poorly
understood. In a model of heart failure, they showed that reduced PKA activity at the
sarcomere, a slower calcium transient, and the resulting reduction in sarcomere shortening
could be explained by biasing of the B2AR signaling pathway toward Ga, proteins. After
resynchronization, which reversed each of these abnormalities, B2AR signaling was biased
toward Gas, restoring the ability of cCAMP to accumulate after f2AR signaling, and
reconnecting B2AR signaling to the sarcomere. In this system particularly, the disease state
was not characterized by a change in protein levels, but rather a change in how proteins
connected; a rewiring of components, rather than replacement, affected whether a signal
originating from the plasma membrane could reach the sarcoplasmic reticulum. These
circumstances made spatiotemporal probing especially useful.

Biosensors for other kinases have also been used to explore these kinases’ role in
cardiomyocytes. For example, CaMKII is a calcium-dependent kinase regulated both by
calmodulin binding and by autophosphorylation. CamKII was known to be activated
downstream of B-adrenergic receptors, but its relationship to adrenergic-induced PKA
activity was once murky (Grimm and Brown, 2009). The FRET sensor Camui, based on the
sequence of CamKII, monitors opening of the “hinge” of the kinase in response to both of
these alterations (Takao et al., 2005). Erickson et al. (2011) used this sensor to show that
CamKIl, like PKA, is more active in paced than quiescent cardiomyocytes; versions of the
probe with mutated autophosphorylation and calmodulin-binding sites were used to dissect
the mechanism of CamKII response to several neurohormonal stimuli. The probe was also
shown to localize to t-tubules, indicating that CamKII likely undergoes spatial regulation
similar to that of PKA.

Optical probes have contributed greatly to our understanding of both second messengers and
specific kinases in B-adrenergic signaling in cardiomyocytes, and simultaneously to general
rules for kinase activity, such as kinase tethering, scaffolds and compensatory pathways.
However, much remains to be learned; in particular, in this oscillatory system, it would be
useful to be able to visualize how phosphatase activity reverses kinase activity and resets the
cell to resting state.

Compartmentalized Signaling in Neurons

Neurons are another complex primary cell type in which biosensors have enhanced our
understanding of cell biology and signaling. The field of neuroscience is in the midst of an
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imaging revolution, harnessing the power of optics to visualize with high resolution dynamic
processes in living organisms and to characterize morphological and functional responses to
exquisitely targeted optogenetic stimuli (Kwon and Sabatini, 2011).

Differentiated neurons have extraordinarily complicated signaling architectures, with many
levels of compartmentalization, from large divisions such as dendrite/axon/soma, to
macrocompartments such as synaptic spines, to microcompartments such as those found in
the neighborhood of receptors at the synapse. Each of these signaling environments
maintains a unique identity and contributes to the cell's capacity for input, summing,
coincidence detection, and many other computations without which cognition would be
impossible. _On a cellular level, biosensor probes are useful in understanding how these
computations occur, which kinases participate in spatially-restricted signaling, and what
functional sub-compartments are involved in mediating inputs.

Neuron macrocompartments- dendrites and spines

On a macro scale, neurons are compartmentalized into axon, soma and dendrites, in a
polarization event that occurs spontaneously in vitro. Real-time kinase and second
messenger indicators have been crucial in understanding how one immature neurite is
selected to become an axon while the rest mature into dendrites. An elegant study combining
imaging and pharmacological manipulations of differentiating neurons showed that axon
formation is dependent on a rise in cCAMP and PKA activity, while dendrite differentiation is
accompanied by a rise in cGMP; it was further shown that both cAMP from the developing
axon and cGMP from the dendrites could feed back to inhibit cAMP production in the rest
of the cell, giving a means for one and only one axon to form (Shelly et al., 2010). A
followup study by the same group identified semaphorin3a as a positive regulator of
dendrite differentiation that raises cGMP and reduces cAMP levels (Shelly et al., 2011).

Dendritic or synaptic spines, small protrusions from the dendrite at which excitatory
synapses form often have substantially different signaling environments than the dendritic
shaft from which they extend (Yasuda, 2012). Kinases are often regulated differentially in
these different environments. For example, CamKIl modulation of AMPA receptors and
NMDA receptors contributes to long-term potentiation of synapses (reviewed at length by
Lisman et al., 2012). Lee et al. (2009) showed using Camui that CamKI| is activated only in
individual spines where photolabile glutamate was uncaged, and that activation level is
proportional to the growth of the spine. On the other hand, combining postsynaptic
depolarization with the glutamate stimulation caused activity to spread into the dendrite, but
only minimally into neighboring spines, highlighting the independent regulation of these
compartments.

A number of studies using biosensors for proteins responsive to calcium indicate that spines
have signaling capacity independent from the neuron as a whole. Wu et al. (2012)
demonstrated that Alzheimer's related protein amyloid beta stimulates calcineurin most
rapidly in spines. Using a bimolecular sensor comprising RFP-tagged calcineurin A and
GFP-tagged calmodulin, supplemented with immunofluorescence FRET studies, the group
further showed that amyloid-beta-induced calcineurin activity caused spine shrinkage and
reduction of F-actin and GIuR1 at the spine. Another calcium-sensitive enzyme, the protease
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calpain, with its activity monitored with a semi-synthetic probe made up of the protease's
cleavage sequence flanked by small-molecule fluorophores, is also preferentially activated
in spines (Zadran et al., 2010). In this case, however, BDNF and EGF induce spine-localized
cytoskeletal rearrangements, encouraging spine growth.

Neuron microcompartments- AKAP signalosome

Scaffolding proteins enable formation of signaling complexes by clustering components of a
pathway in one location to facilitate interaction. Such complexes organize signal molecules
into signaling nanodomains, also known as signalosomes. In neurons, one of the most
extensively studied microdomains have been centered around AKAPs. In neurons as in
cardiomyocytes, PKA and cAMP sensors have been instrumental in understanding how
AKAPs can modulate PKA activity by clustering signaling molecules into “nanodomains.”

For example, the PKA scaffold AKAP79/150 binds to a variety of ionotropic channels,
coupling PKA activity compartmentalization to receptor sensitivity. Overexpression of
AKAP79/150 reduces the cAMP response to calcium influx in neurons, reducing PKA
activity (Willoughby et al., 2010). Among the functions of the scaffold shown using AKAR
and related probes are retention of PKA near M-type receptors (Bal et al), retention of
adenylyl cyclases near AMPA receptors (Efendiev et al., 2010) and retention of adenylyl
cyclase near the calcium channel trpvl (Efendiev et al., 2013). The trpv1 channel is of
particular interest because AKAP79/150 binding is required for its phosphorylation by PKA
and PKC. A FRET study using a bimolecular sensor for AKAP/trpv1 binding showed that
calcium influx, following receptor stimulation, reduces binding in a negative feedback loop
(Chaudhury et al., 2011). Meanwhile, AKAP79 also binds to calcineurin, opposing channel
opening in some channel species (Oliveria et al., 2012). This counterbalance underlines
again the exquisite balance of kinase and phosphatase activity in regulating signaling.

Transgenic biosensor animals

While most of the experiments described above were carried out in transiently transfected
primary cell cultures, studies of PKA in neurons have recently become available in a whole-
brain context in live, behaving animals. One study used a fly line inducibly expressing
AKAR, which was imaged via two-photon FLIM, to understand why the mutants rutabaga
and dunce have defects in aversive learning (Gervasi et al., 2010). The authors found that
rutabaga, a calcium-sensitive adenylyl cyclase, is a coincidence detector for octopaminergic
and dopaminergic stimuli that are both below threshold levels, facilitating associative
learning; mutations in rut slowed the accumulation of PKA activity. On the other hand,
mutations to dunce, a phosphodiesterase, caused a slightly higher PKA response than the
wild-type; the phosphodiesterase plays a role in restriction of dopamine-responsive PKA
activity to specific brain regions.

This is a good example of the potential of kinase and phosphatase studies in vivo to further
our understanding of the connections between subcellular signaling circuits and behavioral
output. For translational purposes, mammalian systems such as mouse are appealing targets
for similar in vivo studies. However, there are a number of challenges for in vivo kinase
studies, particularly in living mice. Because of the propensity of tissue to scatter light,
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special imaging techniques may be needed for effective kinase activity visualization in vivo.
Many studies use two-photon fluorescence imaging on surgically exposed tissues. Two-
photon imaging, which uses two long-wavelength beams to excite only within a focal spot,
offers better tissue penetration and reduced photobleaching compared to shorter wavelength
illumination.

Expression level is a constant challenge in the development of biosensor-expressing
animals. Sensors can be silenced or recombined out of the genome (Yamaguchi et al., 2011),
and they sometimes appear unpredictably in only a few tissues. For example, in a double-
transgenic mouse line carrying two halves of a bimolecular reporter, both driven by the same
ostensibly ubiquitous reporter, one was expressed reasonably brightly in a number of tissue
types, whereas the second appeared only in testes (Audet et al., 2010). When expression is
too low, effective FRET studies cannot be carried out because of extremely low signal-to-
noise ratios. Overexpression, however, may cause embryonic lethality or perturbation of the
signaling system beyond physiological relevance (Hara et al., 2004). Although transgenic
calcium-sensing mice, including some that express FRET-based sensors such as Cameleon
(Hara et al, 2004), have existed for some time, mice expressing kinase sensors have only
recently became available.

A recent effort using cytoplasmic mRNA injection yielded mice ubiquitously expressing
AKAR, EKAR and nucleus-targeted EKAR (Kamioka et al., 2012). These were used for
several proof-of-principle studies, including comparative analysis of PKA and Erk responses
to laser ablation of epidermal tissues. The authors propose that these mice may be useful for
studying pharmacodynamics in vivo.

The same mouse lines have also proven useful, albeit in a tissue-culture explant system, for
studying relationships between signaling circuits. Gut explants from AKAR and EKAR
mice were used to study the relationships between pro-migration and anti-migration
signaling circuits in organ-cultured enteric nervous system progenitor cells (Goto et al.,
2013). By watching the relationship between location and kinase or GTPase activity in real
time in a network of neural progenitor cells advancing along the gut, the authors determined
that Rac1 and Cdc42 activity were highest toward the leading edge, both within and between
cells, whereas PKA activity was lower in the migrating cells and higher in the stationary
network cells. The authors were also able to show that some kinases, such as JNK, that were
purportedly required for migration, do not seem to affect its velocity or direction.

Blending activity-based biosensing with two-photon techniques for chronic invivo neuron
imaging, Mower et al. (2013) showed that CamKII, mentioned above for its role in spine
signaling in dissociated cultures, also plays a key role in spine and synapse maintenance in
living brains. In ferrets expressing Camui delivered by viral vector, they determined that
irrespective of starting spine size, dendritic spines with low basal CamKI|I activity were
more likely to be lost after sensory deprivation than spines with higher starting CamKIl.

As studies with just a few key kinases make clear, kinase activity reporters can be an
extraordinarily useful tool for understanding the target enzyme and its adaptors, modulators
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and cofactors. As new probes are developed, and existing probes optimized for primary
culture and in-vivo imaging, we anticipate similarly diverse findings in many pathways.
Progress is underway at many points in the pipeline, from target selection through
optimization to live-animal applications.

For the purposes of optimization, structural studies of extant probes will be important to
advance our understanding of sensor technology and settle questions about how probes
function. For example, a recent small-angle X-ray scattering (SAXS) study with the calcium
sensor TN-XXL showed that distance played a greater role than orientation in the FRET
efficiency of the calcium-free form of the sensor (Geiger et al., 2012). Further insight into
what specific conformational changes lead to the greatest FRET change will be beneficial
for future probe design; another recent study used SAXS assessment of the distance between
fluorescent proteins in a probe's off-state and on-state to predict the maximal expected
FRET change (Mertens et al., 2012). Such information will enable rational design and
modification of future probes.

Novel strategies present an avenue for multiplex visualization of several enzymes at a time.
For example, three-fluorescent-protein FRET (reviewed by Depry et al., 2013) enables
simultaneous visualization of two FRET-based biosensors. Likewise, multicolor bimolecular
fluorescence complementation (Waadt et al., 2008) may allow characterization of complexes
that regulate kinase signaling.

Some of these genetically encoded biosensors have been used in compound screens in a 96-
well format (Allen et al., 2006). Further enhancement of the dynamic range could facilitate
this important application in cellular context to complement FRET-based inhibitor screens
using synthetic sensors outside of the cellular context (e.g., Gratz et al., 2011). Another
application of the genetically encoded sensors where we expect to see further advancement
is inhibitor candidate validation (e.g., Timm et al., 2011), including validation of inhibitors’
isoform specificity (Tsalkova et al., 2012), and analysis of pharmacokinetics in invitro or in
vivo models (Nobis et al., 2013).

Recent progress in live-animal visualization of kinase activity is encouraging, but more
remains to be done. The reduction in signal-to-noise ratio and dynamic range observed in
many in vivo systems may necessitate probe optimization and modification, for example,
red-shifting of sensors (Lohse et al., 2012). It is important to keep in mind that
improvements in one parameter may come at the cost of others, and that different versions
of a sensor may be best suited to different applications. We look to recent advances in live
animal studies with genetically encoded calcium indicators (reviewed by Palmer et al.,
2011) as a model for the way forward with kinase sensors. In particular, iterative
optimization has proven successful for genetically encoded calcium indicators, where often
an early version shows very weak response in live animals, but subsequent versions work
much better.

Advances in in vivo imaging technology, used in combination with improved probes, will
further expand the reach of kinase and phosphatase sensors. In vivo imaging that can be
carried out over developmental time-courses, using lower illumination; in intact tissues,
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using higher-penetrance illumination techniques; and in freely behaving animals, using
flexible optical devices, will be key to our understanding of signaling in the context of
systems that are difficult to model in vitro. Emerging technologies for genome editing such
as TALEN and CRISPR systems (Bedell et al 2012; Ran et al., 2013) should facilitate the
introduction of these biosensors into various systems, further expanding the scope of their
applications.

In conclusion, fluorescence-based biosensors have come a long way, and continue to shine a
light on cellular activity. We anticipate a fruitful future for these tools, yielding many more
lessons in kinase signaling regulation.
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B. Development
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Figure 1.
The pipeline for kinase activity reporter development. (A) Design. The majority of two-

fluorescent-protein reporter blueprints position the fluorescent protein pair around a
molecular switch, either endogenous or engineered. (B) Development is typically an
iterative process. (C) Initial characterization of a reporter usually involves measuring its
response to a known stimulus of the signal of interest; here, “a” represents an earlier version
of a sensor with lower dynamic range, whereas “b” represents activity of an optimized
version. (D) Optimization of a reporter may involve changing the fluorescent proteins,
linker, or length/identity of the specific protein components that recognize the signal. After
such optimization, new versions of a probe are compared to earlier versions. (E) Application
of a probe, in cell lines (typically to investigate kinase activity and spatiotemporal
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regulation, or crosstalk with other pathways); primary cells (in order to explore kinase
involvement in cell-type-specific behaviors); and live animals (to explore the Involvement
of a kinase in specific processes or pathologies in vivo) can be both an end goal of probe
development, and a spur to further optimization.
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Examples of Sensing Units Examples of Reporting Units
Change in conformation Fluorescence intensity change
( ~< I
Binding event (bimolecular strategy) Bimolecular fluorescence complementation
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Binding event (unimolecular strategy) Fluorescence resonance energy transfer

= -

Pseudoligand displacement

e

Figure 2.
Visualizing a protein's conformational change using an engineered polypeptide sequence.

(A) Sensing unit: a molecular switch, usually based on endogenous sequence of a kinase or
its substrate. On/off “switch” may occur endogenously, as in a conformational change or a
binding event; or be engineered as in a unimolecular adaptation of a binding event or a
pseudoligand displacement probe.” (B) The reporter unit generates optical readout, either by
single-color fluorescence change, or by a change in resonance energy transfer.
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List of genetically encoded kinase biosensors for kinase activation (by conformational change) or activity (by

substrate phosphorylation).

Target

Sensor name

References

Activation probes

Akt AKtAR Gao et al., 2008, Komatsu et al. 2011
GFP-PKB-RFP Calleja et al, 2007
ReAktion Ananthanarayan et al, 2007
B-Raf Prin-BRaf Terai & Matsuda, 2006
C-Raf Prin-CRaf Terai & Matsuda, 2005
Death associated protein kinase 1 (DAPK1) Piljic et al., 2011
CamKII Camui Takao et al., 2005, Piljic et al., 2007, Kwok et al., 2008
Erk Miu2 Fujioka et al., 2006
P21-activated kinase 1 (PAK1) Pakabi Parrini et al., 2009
Activity probes
Protein kinase A AKAR Zhang et al., 2001... Komatsu et al., 2011
Abl kinase Zhou et al., 2009
Akt Aktus Sasaki et al., 2003
Akind Yoshizaki et al, 2007
BKAR Kunkel et al, 2005
AMPK AMPKAR Tsou et al., 2011

Aurora B kinase

Aurora B sensor

Chuetal., 2011

ATM kinase Atomic Johnson et al, 2007
Protein kinase C CKAR Violin et al., 2003, Komatsu et al., 2011, Wu-Zhang et al., 2012
Cyclin-dependent kinase 1 Gavet & Pines, 2010
Cyclin-dependent kinase 2 Spencer et al., 2013
Protein kinase D DKAR Fuchs et al., 2009, Eisler et al., 2012
EGFR Ting et al, 2001,
Erk Erkus Sato et al, 2007
EKAR Harvey et al. 2008, Komatsu et al., 2011
REV Xuetal., 2013
Focal adhesion kinase (FAK) Seong et al., 2011
Inhibitor of kappa B kinase (IKK) Olson et al., 2008
Insulin receptor Phocus Sato et al., 2004
Sinphos Kawai et al., 2004
c-Jun N-terminal kinase (JNK) JNKAR Fosbrink et al., 2010, Komatsu et al., 2011
MAPK- activated protein kinase 2 (MK2) GMB Neininger et al., 2001
Microtubule affinity regulating kinase (MARK) Timm et al., 2010
Myosin light-chain kinase (MLCK) exMLCK Geguchadze et al., 2004
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Target

Sensor name

References

Phosphoinositide-dependent kinase 1 (PDK1)

GFP-PDK1-RFP

Calleja et al., 2007

Polo-like kinase 1 Plk sensor Macurek et al., 2008
RSK Eevee-RSK Komatsu et al., 2011
S6K Eevee-S6K Komatsu et al., 2011

Stress-activated protein kinase kinase kinase

SAP3K activity reporter

Tomida et al., 2009

Src

Src biosensor

Ting et al, 2001,, Wang et al, 2005, Ouyang et al., 2008
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