
Available online at www.sciencedirect.com

ScienceDirect
Illuminating the kinome: Visualizing real-time kinase
activity in biological systems using genetically
encoded fluorescent protein-based biosensors
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Abstract
Genetically encoded fluorescent protein-based kinase bio-
sensors are a central tool for illumination of the kinome. The
adaptability and versatility of biosensors have allowed for
spatiotemporal observation of real-time kinase activity in living
cells and organisms. In this review, we highlight various types
of kinase biosensors, along with their burgeoning applications
in complex biological systems. Specifically, we focus on kinase
activity reporters used in neuronal systems and whole animal
settings. Genetically encoded kinase biosensors are key for
elucidation of the spatiotemporal regulation of protein kinases,
with broader applications beyond the Petri dish.

Addresses
1 Department of Pharmacology, University of California San Diego,
9500 Gilman Drive, La Jolla, CA, 92093, USA
2 Department of Bioengineering, University of California San Diego,
9500 Gilman Drive, La Jolla, CA, 92093, USA
3 Department of Chemistry and Biochemistry, University of California
San Diego, 9500 Gilman Drive, La Jolla, CA, 92093, USA

Corresponding author: Zhang, Jin (jzhang32@ucsd.edu)
Current Opinion in Chemical Biology 2020, 54:63–69

This review comes from a themed issue on Omics

Edited by Raymond Moellering

For a complete overview see the Issue and the Editorial

https://doi.org/10.1016/j.cbpa.2019.11.005

1367-5931/© 2019 Elsevier Ltd. All rights reserved.

Keywords
Genetically encoded biosensor, Kinase activity reporters, Kinome.
Introduction
Since the kinome was first annotated in 2002 [1], our
understanding of human kinases has expanded. We now
know that over 500 kinases encoded in the human
genome phosphorylate at least one third of the prote-

ome and mediate nearly all aspects of cellular function
[2]. Proteomic strategies have provided detailed anno-
tation of kinases and their molecular targets [3,4], and
phosphorylation-specific antibodies allow detection of
phosphorylation events in cells and tissues. However,
these approaches provide only a “snapshot” of kinase
www.sciencedirect.com
activity, which could miss intricate spatial and temporal
regulation involved in signal propagation. Kinase
signaling is highly dynamic, requiring tools that can
adequately interrogate complex living biological systems
[3,4]. Therefore, other in situ approaches are required for

probing kinome activity in living cells and organisms
within real time.

One such approach involves making use of genetically
encoded fluorescent protein-based biosensors, which
allow for the real-time readout of kinase and phospha-
tase activity in a living cell or organism. Biosensors are
most commonly based on an adaptive molecular
“switch” that allows for one biosensor design to be used
for many kinases [5,6]. Using molecular switches spe-
cifically for a kinase of interest enables a single-cell view

of kinase activity in complicated systems. Furthermore,
biosensors lend themselves to live-cell applications that
can be used to study transient and dynamic signaling
events. Improvements in biosensor sensitivity lead to
observations of subtle biological events that are other-
wise overlooked. In this review, we briefly highlight the
most recent advances in biosensor designs using fluo-
rescent proteins, focusing on select applications for
monitoring the kinome in neurobiological settings and
whole animals.
Genetically encoded fluorescent protein-
based biosensors
Design of FRET-based kinase activity reporters
Many biosensors use Förster resonance energy transfer
(FRET) as a readout of kinase activation or activity by

modulating the FRET that occurs between two fluo-
rescent proteins (termed a FRET pair) where the FRET
donor has emission wavelengths overlapping the FRET
acceptor excitation wavelengths. When the FRET pair is
within close proximity (<10 nm), the donor nonradia-
tively transfers energy to the acceptor moiety through
their dipoleedipole interactions, resulting in FRET [5].
Most biosensors for kinases are activity reporters
(KARs), where a kinase-specific substrate domain and a
phosphoamino acid binding domain (PAABD) are
flanked by the FRET pair (Figure 1A). Phosphorylation

of the kinase-specific substrate induces PAABD
binding resulting in a conformational change of the
biosensor and change in the FRET efficiency. By
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Figure 1

Design of genetically encoded kinase activity reporters for PKA (AKAR). (a) The design of FRET-based AKAR. The FRET pair cyan fluorescent
protein (CFP) and yellow fluorescent protein (YFP) flank the phosphoamino acid binding domain, forkhead associated domain 1 (FHA1), and a PKA-
specific substrate, with the threonine subject to phosphorylation highlighted. Upon PKA phosphorylation of the biosensor, a phosphatase-reversible
conformational change is induced that alters the FRET efficiency. (b) Design of homoFRET AKAR. Two identical fluorescent proteins, YFP, flank the
sensing component of AKAR, with polarized excitation and emission. Upon PKA phosphorylation and biosensor conformational change, YFP emission
becomes de-polarized, which is used as the readout of PKA activity. (c) Design of excitation-ratiometric AKAR (ExRai AKAR), where circularly permutated
EGFP (cpEGFP) is between the PKA substrate and FHA1 domains. PKA phosphorylation or phosphatase activity induce conformational changes in
ExRai AKAR, resulting in switching of the excitation wavelength of cpEGFP from ~400 nm when the biosensor is unphosphorylated to ~480 nm when the
biosensor is phosphorylated. (d) Design of separation of phases-based activity reporter of kinase (SPARK) for PKA (PKA-SPARK). The PKA-specific
substrate is tethered to GFP and a hexameric coiled-coil domain, whereas the FHA1 domain is attached to a tetrameric coiled-coil. Upon PKA phos-
phorylation, FHA1 binds to the phosphorylated PKA substrate, resulting in phase-separated liquid droplets, which can be reversed by phosphatase
activity.
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changing the PAABD, fluorescent proteins, and peptide
linkers between sensing components, improvements
can be made to increase the dynamic range and sensi-

tivity of KARs [6e8]. FRET-based biosensors, such as
those for protein kinase A (PKA) [6,8e11], protein
kinase C (PKC) [12], AMP activated protein kinase
(AMPK) [13e15], mechanistic target of rapamycin
complex I (mTORC1) [16], protein kinase B/Akt
[8,17e19], epidermal growth factor receptor (EGFR)
[20e22], Src [22,23], focal adhesion kinase (FAK)
[24,25], and others [26] have been invaluable tools for
illuminating the kinome.
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While imaging kinase activity within single cells in vitro
can be accomplished with a variety of different imaging
modalities [26], imaging endogenous kinase activities

within physiologically relevant conditions, such as in
tissues and whole animals, is more challenging because
of light scattering and phototoxicity apart from other
issues [27,28]. To overcome these limitations, two-
photon fluorescence lifetime imaging microscopy (2p-
FLIM) has become a standard technique for visualiza-
tion of kinase activity [29,30]. As the donor and acceptor
molecules move closer or further away from each other
leading to changes in FRET, the lifetime of the donor
www.sciencedirect.com
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fluorescence decreases or increases accordingly; this is
used as a readout for kinase activity. Incorporation of
two-photon modality into KARs allows for imaging in
tissue slices or whole animals [31]. Optimization of
biosensors for 2p-FLIM through the incorporation of
donors with enhanced brightness, photostability, and
mono-exponential fluorescence decay [31] enables
sensing of kinase activities in subcellular compartments

in a native signaling state within tissues and living or-
ganisms. Overall, FRET-based approaches are the
workhorse of KAR design, and adaptations to their
design allow for applications beyond the Petri dish.

Multiplexed imaging of the kinome
Kinases do not operate in a vacuum, instead they work in
complex networks coordinating upstream and down-
stream effectors, and crosstalk from other pathways,
requiring multiplexing of biosensors for measurement of
more than one kinase activity in the single cell. FRET-
based sensors with cyan and yellow or green and red
fluorescent protein FRET pairs occupy most of the
spectrum of visible light, preventing the imaging of

other kinases or signaling molecules. Therefore, to
observe more than one or two kinase activities within a
single cell, other techniques must be deployed.

Multiplexed imaging of kinase activity is possible
through modifications to traditional FRET-based KARs.
For instance, the use of homotransfer FRET (homo-
FRET) allows for multiplexed imaging of the kinome. In
homoFRET, the donor and acceptor fluorophores are
spectrally identical (Figure 1B), and fluorescence po-
larization microscopy is used to measure changes in

FRET efficiency [32]. Another approach involves
incorporation of near-infrared (NIR) fluorescent protein
FRET pairs into KARs [33,34]. In NIR-KARs, two NIR
fluorescent proteins, typically with excitation and
emission wavelengths between 600 and 700 nm, are
incorporated into a FRET-based KAR. This design
allows for red-shifted NIR-KARs to be used alongside
cyan-yellow KARs or other opto-genetic tools for
perturbation of cellular activities [33]. Thus, FRET-
based KARs can be used for multiplexed imaging of
kinase activity.

Design of single-fluorophore-based kinase activity
reporters
Single-fluorophore biosensors utilize only a single fluo-
rescent protein and inherently enable multiplexed im-
aging. In a single-fluorophore kinase biosensor, a
circularly permutated fluorescent protein (cpFP) [35] is
flanked by a kinase substrate peptide and PAABD.
Phosphorylation by the kinase of interest results in a
conformational change altering the fluorescence in-
tensity of the fluorophore. We recently used this
www.sciencedirect.com
approach to develop single-fluorophore excitation-
ratiometric (ExRai) KARs for Akt, PKC, and PKA [36]
based on cpEGFP [35,37]. ExRai KARs were found to
have two excitation peaks at ~400 nm and w480 nm,
whereby phosphorylation of the kinase substrate domain
induces a conformational change within the KAR which
shifts the excitation wavelength (Figure 1C). We found
that ExRai KARs allow for imaging of kinase activity

with greater sensitivity and dynamic range compared to
FRET-based KARs [36]. Additionally, we developed
intensity-based single-fluorophore KARs for PKA and
PKC, where conformational changes in the biosensor
induced by kinase or phosphatase activity decrease or
increase the fluorescence intensity of the fluorescent
protein. For optimal multiplexing, we took advantage of
dimerization-dependent fluorescent proteins [38] to
design red single-color KARs for extracellular regulated
kinase (ERK) and PKA. Using a combination of these
biosensors, imaging of up to six intracellular species

within a single cell is possible [36], illuminating the
highly complex signaling that occurs within a single cell
in response to extracellular perturbations.

Kinase activity as reported by phase separation
Apart from changes in fluorescence intensities or FRET
signals, KARs that report kinase activity via phase sep-
aration have been made (Figure 1D). Phase separation-
based KARs employ multivalent homo-oligomeric coiled
coil peptides fused to either fluorescent protein-tagged
kinase-specific substrates or PAABDs. Upon phosphor-
ylation by the kinase of interest, the PAABD binds to
the phosphorylated substrate. This results in reversible
oligomerization of the coiled coils and phase separation

as visualized by the formation of fluorescent puncta
throughout the cytoplasm of the cell [39]. Phase
separation-based KARs for PKA and ERK, termed sep-
aration of phases-based activity reporter of kinase
(SPARK), enable both in cell and in vivo imaging of real-
time kinase activity [39] with the possibility to combine
with other KARs for multiplexed imaging of kinase ac-
tivities within a single cell or organism.

Kinase activation reporter design
Apart from probing kinase activity, the kinase itself can
be monitored for activation, accomplished through the
use of kinase activation reporters. Kinase activation re-

porters similarly use FRET, but instead of a kinase-
specific substrate, the FRET pair flanks the kinase
itself. Conformational changes in the kinase result in
changes in FRET efficiency, corresponding to kinase
activation or inactivation, and have been developed for
Akt [40], AMPK [41], aurora kinase A [42], and calcium-
calmodulin kinase II [43]. These probes enable direct
measurement of kinase activation, instead of a readout
of kinase activity through the use of KARs.
Current Opinion in Chemical Biology 2020, 54:63–69
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Visualizing the kinome in neuronal systems
Using FRET-based KARs to visualize neuronal PKA
activity
PKA is a critical integrator of calcium signaling within
neuronal circuits. Upstream of PKA are several G-pro-
tein-coupled receptors (GPCRs) and ion channels that
respond to neuromodulators and synaptic activity within
the brain [44,45]. The influx of calcium and regulation
of adenylyl cyclase activity produces cyclic AMP
(cAMP), which modulates PKA activity [46,47]. PKA
goes on to regulate several events within the nervous
system including synaptic transmission, transcription,
long-term potentiation, and learning [48]. PKA dysre-

gulation has also been implicated in a variety of neuro-
logical disorders and appears to be critical for
neurological function [49]. Therefore, several efforts
have been made to monitor PKA signaling in the brain.

GPCRs are coupled to different subtypes of trimeric G
proteins, such as Gs, Gi, and Gq. Among these, Gs- and
Gi-coupled GPCRs are known to critically regulate PKA
activity within the brain, but it was unknown if Gq-
coupled muscarinic receptors could activate PKA.
Using a FLIM-based A kinase activity reporter (FLIM-

AKAR), Chen et al. measured PKA activity in single
neurons stimulated by G⍺q-coupled muscarinic recep-
tor agonists [50]. Endogenous G⍺q-coupled muscarinic
receptors were sufficient to activate PKA, and through
the use of a PKA inhibitory peptide and pharmacological
perturbation of other GPCRs, PKA activity was deter-
mined to be required and specific for G⍺q-coupled
muscarinic receptor-mediated synaptic depression.
Further mechanistic explorations using FLIM-AKAR in
hippocampal slices revealed that G⍺q-coupled musca-
rinic receptor signaling activates PKA through either

calcium or PKC, in a mechanism specific for G⍺q
signaling. Furthermore, pharmacologic perturbation of
other endogenous G⍺q-coupled receptors could activate
PKA. Altogether, through the use of FLIM-AKAR and
pharmacological perturbation of hippocampal slices
using various G⍺q agonists and antagonists, the authors
revealed a novel role of endogenous G⍺q-coupled re-
ceptors in the activation of PKA for synaptic depression,
revising the known model of PKA signaling within the
brain [50].

Using a variant of FLIM-AKAR targeted to microtu-
bules, Ma et al. were able to measure PKA activity
within locomotive mice [51]. Targeted FLIM-AKAR was
expressed in vivo in cortical neurons of mice and imaged
using a device implanted in the barrel cortex.
Comparing between measurements of resting PKA ac-
tivity in awake mice and in brain slices, PKA activity was
found to be enhanced in vivo. Light anesthesia admin-
istered using isofluorane or the b-adrenergic receptor
antagonist propranolol induced reversible depression of
PKA activity across all neurons imaged, indicating that
Current Opinion in Chemical Biology 2020, 54:63–69
basal PKA activity is a hallmark of wakefulness in cortical
neurons. In mice running on a treadmill, PKA activity
was increased in the motor, visual, and barrel cortexes to
varying degrees, directly demonstrating that PKA ac-
tivity is increased during locomotion. The imaging ap-
proaches used allowed for single-neuron resolution, and
the authors found that each neuron has different am-
plitudes for PKA activity and kinetics, demonstrating

single-cell specificity during locomotion in awake mice
[51]. Altogether, these reports establish the use of
AKARs to study PKA activity in the brain and expand
visualization of the kinome from a Petri dish to awake
animals.

Imaging PKC dynamics using PKC activation
reporters
PKC was initially discovered in the brain and is enriched
in both neuronal and glial cells [52]. PKC is activated by
calcium and lipids to orchestrate both pre- and post-
synaptic signaling through the regulation of the cyto-
skeleton, ion channels, transporters, and GPCRs, which
implicates PKC in several neurodegenerative diseases

[53]. Upon interaction with calcium, PKC translocates
to the plasma membrane, encountering lipids, and
begins to exert its downstream effects [52]. There are
three families of PKC, conventional, novel, and atypical
[54], which have isozyme-specific localizations
throughout the brain [52], and allow for diversity in PKC
signaling [55]. Recent work using isozyme-specific
FLIM-FRET sensors for PKC has begun to unravel
PKC signaling in synaptic plasticity [56].

To monitor isozyme-specific PKC activity, Colgan et al.

developed two PKC biosensors to measure kinase acti-
vation. To measure kinase translocation to the plasma
membrane, various PKC isozymes were tagged with a
FRET donor. Upon translocation, the tagged PKC en-
counters the plasma membrane-localized FRET
acceptor, resulting in changes in FRET efficiency. To
monitor kinase activation, the pseudosubstrate domain
from a specific isoform of PKC tagged with a FRET
acceptor is recruited to the plasma membrane, inter-
acting with the activated membrane-bound PKC
isozyme tagged with a FRET donor resulting in a change

in FRET [56]. Using this biosensor design in mouse
hippocampal neurons, compartmentalized and transient
PKC activation was observed in dendritic spines during
structural long-term potentiation. Activation of struc-
tural plasticity in hippocampal slices was assessed in
neurons expressing isozyme-specific PKC reporters,
with each classical isozyme of PKC activated within
dendritic spines to differing degrees. Using neurons
expressing PKC biosensors from isozyme-specific
knockout mice, the necessity of each PKC isozyme for
structural plasticity was assessed. Only the classical PKC

isozyme PKC⍺ was required for structural plasticity.
PKC⍺ knockout mice exhibited learning deficits,
www.sciencedirect.com
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indicating that PKC⍺ is necessary for learning. Phar-
macological antagonists of N-methyl-D-aspartate
(NDMA) receptors and tropomyosin receptor B (TrkB)
applied to neurons expressing PKC biosensors reduced
PKC activation, whereas glutamate receptor antagonists
did not, indicating that PKC activity during structural
plasticity is mediated by NDMA receptor and TrkB
activity [56]. This example highlights the integration of

kinase activation reporters to understand kinase regu-
lation and correlate to behavioral studies in mice.
Perspectives on visualizing the kinome
In the nearly 20 years that KARs have been in use,

advancement in sensing capabilities from expansion of
the probable kinome [26] to use in animals has signifi-
cantly enhanced our understanding of kinases and their
function. We now have the capabilities to visualize
subcellular kinase activity in living systems in real time
and in whole animals.

Current and future work developing KARs with high
dynamic range, improved signal to noise, and low back-
ground will allow for KARs to be more useful for
measuring kinase activity in whole animals. Advance-

ments in imaging modalities will also allow for an
enhanced view of the kinome. For example, we have
worked on combining super-resolution techniques with
KAR design to image the kinome at super-resolution
which will facilitate an expanded spatiotemporal view
of kinome activity [57]. Using bioluminescence in KAR
design enables in vivo imaging [58e60]. NIR KARs also
have in vivo applicability as red-shifted light is able to
penetrate further into tissues compared to visible light.
Translocation-based KARs, where the movement of a
fluorescent protein from the cytoplasm to the nucleus
and reverse is used as a readout of kinase activity, have

been deployed in zebrafish [61] and could be combined
with 2p technologies for deeper imaging of the kinome
on a single-cell scale in whole animals.

As we learn more about the kinome, we can expand the
use of kinase biosensors to understudied and orphaned
kinases both in cells and in vivo. The generalizable
design of AKAR proved to be a gateway for kinase bio-
sensors, with biosensors for over 45 kinases available
[26]. Implementing the KAR design requires knowledge
of kinase-specific phosphorylation motifs. Various

experimental and computational approaches have been
developed to identify these motifs [62e70], resulting in
the identification of putative phosphorylation motifs for
over 80 protein kinases [65]. In addition, engineering a
functional kinase-dependent molecular switch requires
careful selection of a PAABD to match the phosphory-
lated substrate [65], and new affinity reagents may be
engineered on demand [71,72]. In some cases, confor-
mational changes in native substrates can also be used to
develop KARs [16,22]. In this respect, continuing
www.sciencedirect.com
advances in our overall understanding of the kinome will
speed the development of new KARs, adding spatial and
temporal dimensions to kinase networks.
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