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ABSTRACT: Real-time tracking of kinase activity in living
systems has revealed new modes of encoding signaling
information into spatiotemporal activity patterns and
opened new avenues for screening kinase modulators.
However, the sensitivity of kinase activity detection, which
is commonly coupled to a fluorescence resonance energy
transfer (FRET)-based readout, has often been a limiting
factor. Here we show that a kinase-inducible bimolecular
switch consisting of a substrate for the kinase of interest and
a phosphoamino acid binding domain can be designed to
sense different kinase activities and coupled to various
readouts, thereby allowing for examination of dynamic
kinase activity with increased sensitivity and versatility.
Specifically, we demonstrate that bimolecular switches de-
signed to sense protein kinase A (PKA) or protein kinase C
(PKC) activities can turn on FRET as well as biolumines-
cence signals. Notably, the FRET-based sensors gain larger
dynamic ranges in comparison with their unimolecular
counterparts; the novel bioluminescence-based reporters
for PKA and PKC show high sensitivity and a unique
capability to detect basal kinase activities and should enable
new applications in in vivo imaging of kinase activity and
high-throughput compound screening. Thus, this general-
izable design advances the molecular toolkit of kinase
activity detection and provides a means for versatile and
sensitive detection of kinase activity in various biological
systems.

Protein kinases are critical regulators of signal transduction in
all eukaryotic organisms, and they help translate environmental
cues into specific cellular responses. To understand how these key
signaling molecules achieve their specific functions, powerful tools
such as fluorescence resonance energy transfer (FRET)-based kinase
activity reporters (KARs) have emerged for investigating the spatio-
temporal regulation of protein kinases in the native context of the
cell, tissue, or organjsm.1 ~13 KARs utilize a kinase-sensitive molecular
switch flanked by a FRET pair as the reporting unit, indicating a
phosphorylation event with a change in FRET."* While these probes
have proven to be valuable tools for studying dynamic kinase activity
in living systems, they often suffer from limited dynamic range,">"®
which is a critical parameter for optimal kinase activity detection.
For instance, using a biosensor with limited dynamic range makes it

difficult to detect subtle yet physiologically relevant changes in kinase
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Scheme 1. A Kinase-Inducible Bimolecular Switch (KIBS)
Coupled to Reporting Units
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activity.”'® Furthermore, KARs that utilize readouts other than
FRET could offer significant advantages. For example, biolumines-
cence-based reporters, which would not need exogenous illumina-
tion, could eliminate background fluorescence signals and achieve
superior sensitivity, thereby enabling new applications such as in vivo
imaging of kinase activity'® ** and high-throughput compound
screening.18’23 Therefore, to achieve sensitive and versatile detection
of endogenous kinase activity in various biological systems, we
sought to develop a kinase-inducible bimolecular switch (KIBS) that
could be coupled to both FRET and bioluminescence reporting
units. We show that the FRET-based biosensors display enhanced
dynamic range in comparison with their unimolecular counterparts
and that the bioluminescence-based biosensors are sensitive at
detecting basal kinase activities. Moreover, these KIBS-based designs
are applicable to different kinases, thus providing a new general
strategy for developing sensitive KARs.

This KIBS consists of a kinase-specific substrate and a phosphoa-
mino acid binding domain (PAABD) designed to bind to the
phosphorylated form of the substrate, each fused to a separate
reporting unit. Upon phosphorylation of the substrate, intermole-
cular binding of PAABD to the phosphorylated substrate brings
reporting units A and B into close proximity, generating a FRET or
bioluminescence signal (Scheme 1). To test the KIBS design in the
context of FRET-based biosensors, we generated an A-kinase-
inducible bimolecular switch (A-KIBS) from a previously developed
unimolecular A-kinase activity reporter (AKAR)>* and utilized it to
construct a FRET-based bimolecular AKAR (BimAKAR)
(Figure 1a). This reporter consisted of a PKA substrate fused to
YPet, a yellow fluorescent protein (YFP) variant,”* and a phospho-
threonine-binding forkhead-associated (FHA) domain fused to
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Figure 1. Design and characterization of BimAKAR. (a) Schematic
representation of BImAKAR. (b) Time courses of Fsk (50 #M)-treated
HEK293T cells expressing BimAKAR (n = 9), BimAKAR in the
presence of 10 uM H89 (n = 12), and BimAKAR-T/A (n = 4) (data
represent mean = SEM). (c) CFP and YFP images showing the

localization of each portion of BimAKAR and pseudocolor images
showing the response of BimAKAR to Fsk.

Cerulean, a cyan fluorescent protein (CFP) variant,”® each targeted
to the cytosol with a nuclear export signal (NES). In HEK293T cells
treated with the adenylyl cyclase (AC) agonist forskolin (Fsk),
BimAKAR generated a marked increase of 53.5 & 3.0% in the
yellow/cyan emission ratio (n = 9) [mean = standard error of the
mean (SEM); n = number of cells] (Figure 1b,c). In contrast, when
BimAKAR-expressing HEK293T cells were pretreated for 10 min
with the relatively selective PKA inhibitor H89, the Fsk-induced
response was abolished (Figure 1b, red), confirming that the
bimolecular switch was specific for PKA. The specificity of A-KIBS
was further confirmed in HeLa cells, where stimulation with the
diacylglycerol mimic phorbol 12-myristate 13-acetate (PMA), a PKC
activator, failed to generate a response from BImAKAR, whereas Fsk
stimulation produced a robust response (Supporting Figure 1ab).
Furthermore, costimulation of BimAKAR-expressing HeLa cells
with Fsk and PMA induced a response comparable to that observed
with Fsk stimulation alone (Supporting Figure 1c), suggesting that
the presence of additional endogenously phosphorylated substrates
does not restrict the response of the bimolecular biosensor. Finally,
when the phospho-acceptor threonine of the PKA substrate was
mutated to an alanine (to give BImAKAR-T/A), application of Fsk
did not elicit a detectable response (Figure 1b, black), suggesting that
the FRET increase of BimAKAR results from PKA-dependent
phosphorylation at tlns designed threonine, as in the case of the
unimolecular AKAR”

One important advantage of genetically encoded KARs is that
subcellular localization signals can be used to target them to dlStlnCt
cellular compartments, where they can detect local kinase activity.”*
By targeting the substrate—YPet unit of BimAKAR to the plasma
membrane via a CAAX targeting sequence derived from K-Ras™®
and leaving the Cerulean—FHAI portion cytoplasmic, we showed
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Figure 2. Design and characterization of LumAKAR in HEK293T cells.
(a) Schematic representation of LumAKAR. mCherry serves as a
transfection marker. (b) Average response of LumAKAR and LumA-
KAR-T/A to Iso (1 uM) or vehicle DMSO (n = 4 for all treatments).
The ** label indicates p < 0.01. Each sample was normalized to the basal
signal before drug addition. (c) Representative response curves of
LumAKAR to vehicle control (black), Iso (1 M) then Pro (10 uM)
(blue), and Fsk (S0 #M) then Pro (red) (n = 7—8 for all treatments).
Each sample was normalized to the basal signal before drug addition and
then normalized to the average vehicle control reading at each time
point. (d) Average response curve of cells expressing LumAKAR in
response to Fsk (S0 uM) (n = S) from live-cell imaging experiments.
The inset displays bioluminescence intensity images of single cells
expressing LumAKAR that show the cytoplasmic localization of LumA-
KAR (left) before and (right) after drug addition. All of the assays were
performed in the presence of benzylcoelenterazine (S uM), and all
values represent mean £ SEM.

that this PKA-specific KIBS is still functional when separated into
different cellular compartments and can be harnessed for detecting
local PKA activity. Specifically, treatment of these cells with Fsk
caused a 44.5 & 4.5% (n = 9) increase in yellow/cyan emission
(Supporting Figure 2). Markedly, the dynamic range of this sensor
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was >S5-fold larger than the equivalent unimolecular biosensor
(AKAR4-Kras), which displayed a maximal Fsk-stimulated response
of 82 & 0.9% in HEK293T cells.”® The improvement in dynamic
range over the unimolecular equivalent may be a result of a decrease
in initial FRET due to physical separation of the donor and acceptor
FPs,'® and these data suggest that the bimolecular design may be a
particularly effective method for studying local kinase activity with
enhanced sensitivity.

To test the generalizability of the KIBS design, we generated a
C-kinase inducible bimolecular switch (C-KIBS) by replacing the
PKA-specific substrate in the A-KIBS with a PKC-specific substrate
sequence (Supporting Figure 3a). In HeLa cells, the resultant
biosensor, bimolecular C-kinase activity reporter (BimCKAR),
detected PKC activity by generating an emission ratio increase of
262 +2.1% (n = 7) in response to treatment with PMA, and this
response was further enhanced to 34.0 &= 2.6% following treatment
with the calcium ionophore ionomycin (Iono) (Supporting Figure
3b, blue, and Supporting Figure 3c). In contrast, treatment with Fsk
did not generate a FRET increase in HeLa cells expressing
BimCKAR (Supporting Figure 3d), and pretreatment of HeLa cells
expressing BImCKAR with the PKC inhibitor Go6983 abolished
the PMA-induced FRET increase (Supporting Figure 3b, red).
Taken together, these data demonstrate the specificity of BimCKAR
for PKC. Furthermore, no PMA-induced response was observed in
cells expressing BiImCKAR-T/A (Supporting Figure 3b, black).
Notably, the observed PMA-induced FRET change in BimCKAR
was substantially larger than that of the unimolecular CKAR, which
showed an increase in cyan over yellow emission of less than 10%
in response to a diacylglycerol mimic.” This improvement should
alleviate the difficulty in using the current CKAR and facilitate the
study of PKC activity dynamics in physiologically relevant systems.
Taken together, these data not only show that the KIBS design is
generalizable but also suggest that coupling a KIBS to a FRET pair
might be a general method of improving the dynamic range of
current unimolecular KARs.

We next investigated whether this bimolecular switch could turn
on bioluminescence as a readout of kinase activity. We chose to
couple the bimolecular switch to the fragment complementation of
the bioluminescent protein Renilla luciferase (RLuc)* for two
reasons. First, the fragment complementation of RLuc displays a
high signal-to-noise ratio and is sensitive enough to monitor signaling
events in single cells.”® Second, this complementation, unlike the
complementation of many fluorescent 2proteins,30 is reversible and
can thus track dynamic signaling events.” To generate a biolumines-
cence-based PKA activity biosensor,”’ FHAI was tagged with the
C-terminal fragment [amino acids (aa) 111—311] of the enhanced
RLuc variant RLuc8 and the PKA-specific substrate with the
N-terminal fragment of RLuc8 (aa 1—110)*7* (Figure 2a).
mCherry® was fused to the N-terminus of the PKA substrate as a
marker for expression and was not likely to be involved in resonance
energy transfer with RLuc8 (data not shown). In the presence of
benzylcoelenterazine, HEK293T cells expressing this biolumines-
cence-based AKAR (LumAKAR) treated with the [-adrenergic
receptor (3-AR) agonist isoproterenol (Iso) for 10 min showed a
46.8 + 13% (n = 4) increase in bioluminescence relative to vehicle-
treated cells, whereas the T/A mutation abolished the sensitivity of
LumAKAR to PKA (n = 4) (Figure 2b), thus validating the
functionality of the A-KIBS in the context of the bioluminescent
biosensor.

To further test the capacity of LumAKAR, transiently trans-
fected HEK293T cells were treated with different drugs and
tracked over time to monitor dynamic PKA activity. While

addition of the vehicle DMSO caused little change in the signal
(Figure 2c, black), treatment of cells with Iso or Fsk caused a
bioluminescence increase of 48.9 &= 4.4% (n="7) or 29.6 =+ 3.9%
(n =7), respectively. Importantly, the kinetics of the increase in
signal induced by the different compounds corresponded to the
expected increases in cAMP (and thus onset of PKA activity)
triggered by the different treatments.”*** Specifically, Iso induced
more rapid cAMP accumulation than the AC activator Fsk,** and
this discrepancy could be detected with LumAKAR (Figure 2c),
suggesting that this method, like its FRET-based counterpart, has
the desired temporal resolution for distinguishing different signals
that activate the signaling pathway. Next, to investigate the
reversibility of LumAKAR, we added the /3-AR antagonist propra-
nolol (Pro) to the cells that were first treated with Iso or Fsk. Since
Fsk functions downstream of the /3-AR, there was no reduction in
signal after Pro addition (Figure 2c, red). In contrast, in cells that
were first treated with Iso, Pro treatment dramatically decreased
the bioluminescence signal, reversing it to basal levels within
20 min (Figure 2c, blue, and Supporting Figure 4), thus demon-
strating that LumAKAR is a reversible biosensor. Taken together,
these data show that LumAKAR can accurately detect dynamic
PKA activity in a population of living cells in real time.

We next sought to test whether LumAKAR could detect PKA
activity with subcellular resolution. When HEK293T cells expres-
sing nuclear-excluded LumAKAR were imaged in the presence of
benzylcoelenterazine, PKA activity was detected specifically in the
cytoplasm, and treatment of the cells with Fsk caused a 6-fold
increase in signal above baseline (n = 5) (Figure 2d). Moreover, no
bioluminescence signal was detected with a 4 min exposure from
HEK293T cells expressing the T/A mutant of LumAKAR (data not
shown), suggesting that the increase in LumAKAR bioluminescence
results from PKA-dependent phosphorylation at the designed
threonine. These data further suggest that the baseline biolumines-
cence signal of LumAKAR prior to any stimulation mainly results
from basal PKA activity. Consistent with this observation, the basal
signal detected on a plate reader from a population of cells
expressing wild-type LumAKAR was on average 5-fold higher than
that of cells expressing LumAKAR-T/A. In comparison with other
kinase activity biosensors, LumAKAR appears to detect even the low
amount of basal PKA activity that exists in unstimulated cells, which
was often undetectable with the previous FRET-based AKARs
except at specific subcellular locations such as mitochondria and
membrane rafts.”**® Accordingly, this biosensor will be an impor-
tant addition to the molecular toolkit for PKA activity detection, as it
can be useful in characterizing the basal states of the cAMP/PKA
pathway in different cell types. In summary, the KIBS design has led
to the development of a novel bioluminescence-based kinase activity
biosensor for detecting PKA activity with several valuable features,
including high sensitivity, large dynamic range, desirable kinetic
properties, reversibility, and subcellular resolution in living cells.

To demonstrate that LumAKAR, like BImAKAR, can be adapted
to detect the activity of other kinases, we replaced the PKA-specific
substrate in LumAKAR with a PKC-specific substrate. In HEK293T
cells expressing bioluminescence-based CKAR (LumCKAR)
(Supporting Figure Sa), treatment with PMA plus Iono generated
a24.1 4 5.6% (n = 5) increase in bioluminescence relative to the
control (Supporting Figure Sb). Conversely, cells treated with the
PKC inhibitor G66983 showed a 10.1 & 3.3% (n = S) decrease in
bioluminescence signal relative to the control. This Go6983-induced
decrease in bioluminescence signal not only illustrates the depen-
dence of the LumCKAR response on the PKC activity but also shows
that LumCKAR, like LumAKAR, detects basal kinase activity in
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HEK293T cells. Importantly, HEK293T cells expressing LumCKAR
in which the target threonine was mutated to alanine showed no
change in bioluminescence relative to vehicle-treated cells when
treated with either PMA plus Iono or with Go6983, further
confirming that the LumCKAR signal resulted from PKC-dependent
phosphorylation at this designed threonine (Supporting Figure Sb).

In conclusion, we have enhanced the molecular toolkit for kinase
activity detection via the design of a versatile kinase-inducible
bimolecular switch that can be adapted to detect real-time kinase
activity dynamics with either fluorescence or bioluminescence read-
out in living cells. This biosensor design has led to the development
of FRET biosensors with significantly improved dynamic range as
well as novel bioluminescence-based PKA and PKC activity biosen-
sors with superior sensitivity and enhanced capabilities. Importantly,
these KIBS-based bioluminescence kinase activity biosensors repre-
sent a new class of activity biosensors that open new avenues for
studying dynamic kinase activities in living systems as well as for
developing and characterizing kinase inhibitors and activators. For
instance, in vivo imaging with kinase activity biosensors provides a
powerful assay for in vivo validation of drug—target interactions,”***
but it has been challenging to apply FRET-based kinase activity
biosensors in vivo because of various factors, including autofluores-
cence from cells and tissues. In the same vein, interference of
fluorescent compounds limits the use of FRET-based KARs in
live-cell high-throughput compound screening. Therefore, biolumi-
nesence-based AKAR and CKAR should find great use in both of
these applications. In this report we have also shown that this KIBS
design is generalizable in terms of both kinase specificity and readout.
Consequently, in much the same way that BimCKAR and LumCK-
AR were generated from their AKAR counterparts, it is likely that
novel luminescent KARs could easily be generated by using a KIBS
that is specific for a kinase of interest. Thus, this new technology
provides a generalizable method for diversifying the readout of kinase
activity detection and should have an impact in facilitating the study
of specific kinase activities in their native environments.
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